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TABLE OF ISOTOPES PROJECT 

E. Browne, J. M. Dairiki, R. E. Doebler, L. J. Jardine,* 
C. M. Lederer, E. Leon, M. Rinneberg,t A. A. Shihab-Eidin, 

V. S. Shirley and M. Whalley 

As of December, 1974, the first compilation 
of 225 (of a total of 262) mass chains has been 
completed. In addition, 100 of these mass chains 
have been updated to a final 1974 cutoff date. 
This work represents a total compilation effort of 
18.4 man-years since work on the 7th edition began 
in 1971. 

Computer processing of the tabular data is 
in routine operation. · The data for each mass chain 
are keyboarded and edited on the IRATE computer
terminal system.l Proof copy, including diagnostics 
on computer-detected errors in the data, is printed. 
The data are then proofread and edited, a second 
proof copy is produced and the corrections·- are 
checked. At a later date, after the mass chain 
has been updated to a final cutoff date, the new 
data are added, and any corrections to existing 
entries are made. (Most corrections at this stage 
involve only small changes in the data "flagging": 
e.g., an early y-ray spectrum, superseded by a 
later measurement, is flagged to indicate that the 
data should not be printed, but that the refer
ence ( s) should be included under "other".) 

Computer processing of level .schemes is like
wise in routine use. The output includes a semi
final plot for proofreading, diagnostics, and 
special tables useful for data checking. The 
latter include summaries of beta and alpha feeding 
and calculated log ft values or hindrance factors, 
tables and plots of transition energies vs level
energy differences, and lists of y-ray properties 
(energy, intensity, multipolarity) reordered by 
energy. Level-scheme data are entered (on punched 
cards) only after final updating; the data are then 
processed, the plots proofread, and corrections 
made on the card decks. 

Figure 1 shows the current status of these 
activities by mass chain. The totals are as 
follows: 

First compilation completed 
(Tabular data entered and 
proofread) 

Compilation updated to final 
cutoff date 

(Tabular data entered and 
p"roofread) 
(Level schemes entered and 
proofread) · 

225 

154f 

104 

73 

79 

A target date for final production of the 7th 
edition, July 1976, was set last year.2 We hope to 
keep this date as nearly as possible. However, in 
the face of recent reduction in personnel on the 
project, some delay is unavoidable. 

Level Scheme Formats 

As described in the previous annual report, 2 

TABLE OF ISOTOPES-71h EDITION 

Data compilation: 

Firat compila
tion eompleted 

Updated to 
final version 

Tabular data entrv: 

First compila
tion entered 

Updated verdon 
entered 

Level scheme in 

~ 

Fig. 1. Status of the mass-chain compilations for 
the 7th edition of the Table of Isotopes. Half
shaded boxes indicate first compilation only (mass 
chain not updated to final cutoff date) and tabu
lar data entry of first compilation (see legend in 
lower right-hand corner). (XBL 755-1222) 

level schemes will include a "skeleton scheme" for 
each mass chain and detailed schemes for each 
nucleus. The latter will conslst of a decay 
scheme, .including feeding from all radioactive 
parents, and a scheme summarizing the levels popu
lated by all nuclear reactions. A sample set of 
detailed schemes for 197Au is shown iri Fig. 2. 
Reaction levels too numerous to display are noted 
in comments (see Fig. 2); hopefully the decay 
schemes can be shown in their entirety. Reaction 
schemes involving many y-rays may also be abbrevi
ated by omission of some of the y-ray labels and/ 
or by "stackplotting" of the y-rays. 

Table of Nuclear Moments 

Two previous editions of this table, a stan
dard reference on the subject, have been published 
as appendices to conference proceedings.3 In 1974, 
production of the table was computerized by appli
cation of techniques developed for the Table of 
Isotopes. The data are entered in_a readily up
datable form on the IRATE system;l all informa
tion, including the introductory text, are input 
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TABLE Of NUCLEAR MOMENTS' 

V.S. Shirley and C.M. Lederer 

Table of Isotopes Project 
Lawrence Berkeley Laboratory 

Berkeley, California 94720 

This. table contains nuclear magnetic and quadrupole moments reported as of September, 1974. It 
supersedes the Table of Nuclear Moments published in the proceedings of the 1970 Rehovot Conference 
(Cf70 Hyplnt1255], and is similar to that table, except for changes described below. 

The major innovation concerns a changeover from standard typing and printing methods to d1rect 
computer input and typography. The systems used for this purpose were developed in Berkeley, and are 
currently being used for several LBL projects, including production of the 7th edition of the Table of Isotopes. 
The systems' features include direct generation of final output on Cilm, thorough checking of input data 
according to specified guidelines, and performance of certain calculations. For the Table of Nuclear Moments, 
the computer checked all data and references for correct syntax, calculated some of the moments rrom 
measured frequency or moment ratios, and applied diamagnetic corrections where appropriate. 

Nuclear species for which moments are reported are identHied in the first four columns of the table. 
The level-ener ank for ground stat ins energies (in units of st excited 

are ident· e energy [ =E-8 . Level 
the 

Nucleus Level I" [Standard] Method Reference 0 [Standard] Method Reference 

z " A ener11Y 
Half-life Spin {nm) (!') (!') (b) (0) (O) 

0 n 11.7.? m 1/2 -1913210 na PR 104 283{56) 

I H 1/2 +2 7928456 II JPCR 2 663(73) 

+08574376 1 [ 1Hj PC74 Fuller. +0.002875 20 It MB.R 
PRL 29 494(72). 

PR 78 204(50) PR 57 677(40) 

12 262. y 1/2 +2.97896014 6 [IH] PR 115 1012(59). 
PR 71 551(47) 

2 "' 
1/2 -2 1276243.? 8.i [I H) PR 185 1251(69) 

ZNat 2_,. 1202(68). -0.000644 7l.st •• PR 133 8270(64) 3 Li +0.8220561 J (2H] PL 254 440(67), [?Ll] 
ORNL-1775(54) 

J/2 +3.2564604 6 [2H] 
ZNat 2J. 1 202(68), 
PL 25A. 440(67), -0.0366 J It MB.R PR A4 251(71) 
ORNL-1775(54) 

-0.043 J st MB.R PR Bl 2025(70) 

849 7 ms 1.65335 J5 a 
+1.6532 6 
+1.6532 tJ 

4 •• J/2 -1.17749.? ( 1H] AB 

Journal-Code List 

AdNP Advan. Nucl. Phys. (Ed· M. Baranger and E Vogt. 
Plenum Press, New York) 

AKyo Annu. Rep. Res. Reactor lnst . Kyoto Univ 
AnP Ann Phys (Paris) 
APAu Acta Phys. Austr 
APLz Ann. Phys. (Leipzig) 
APPo Acta Phys. Pol. 
ArkF Ark. fys. (Superseded by Phys Scr.) 
AR67 HahMt Hahn-Meitner-lnst. fuer Kernforschung. Berlm, 

Annual report ( 1967) 
AR69 He.hMt He.hn-Meitner-lnst. fuer Kern!orschung. Berhn. 

Annual report ( 1969) 
AR71 HahMt Hahn-Meitner-lnst. fuer Kernforschung, Berlin. 

Annual report ( 1971) 
BAPS Bull. Am Phys. Soc. Ser. II 
8k64 PAC E Karlsson. E Matthias. e.nd K Siegbe.hn (editors). 

Perturb r Correlations. North-Holland 
p 964) 

JPCR 
JPJa 
JPJS 
JPPa 

ND 

NIM 

Nlnd 

NP 

J Phys. Chern. Ref. Data 
J Phys Soc. Jap 
J. Phys Soc Jap., Suppl. 
J Phy!'". (Paris) (name changed from J Phys 
Radium, 1963) 
Nucl. Data (Section A" Nuclear Data Tables -
superseded by At. Data and Nucl. Data Tables: 
Section B: Nuclear Date Sheets - supersedes 
looseleaf Nucl Data Sheets) 
Nucl. lnstrum. Methods (name changed from Nucl 
lnstrum. as of volume 4. 1959) 
Nucl. Phys. and Solid St Phys (India). Section B. 
Nucl. Phys. 
Nucl. Phys. 

Oak Ridge, Tenn. Report 
Oplics and Spectroscopy 

Fig. 3. Sample sections of the 3rd edition of the Table of Nuclear Moments. These include 
introductory material (top), the table itself (middle), and the journal-code list (bottom). 
The entire 23-page table, including the two-page introduction and one-page journal-code 
list, was produced by computer. · 
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Fig. 2. Sample of detailed level schemes for 197Au. (XBL 755-1224) 

and edited in this manner. The 3rd edition was 
completed late in 1974; sample sections are shown 
in Fig. o. This edition will again be published 
as part of a conference proceedings.4 Future 
editions will be published at shorter intervals, 
possibly in a compilation journal. 

Footnotes and References 

*Present address: Argonne National Laboratory, 
Argonne, Illinois 

tPresent address: Hahn-Meitner Institute, Berlin, 
West Gennany. 

frabular data for the remaining mass chains will be 
entered after the data have been updated to a 
final cutoff date. 
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2. E. Browne, J. M. Dairiki, R. E. Doebler, L. J. 
Jardine, C. M. Lederer, A. Shihab-Eldin, V. S. 
Shirley and M. Whalley, LBL-2366, p. 3 (1974). 

3. ·a) V. S. Shirley, Proc. Int'l. Conf. Hyperfine 
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Paris (1971). 

4. V. S. Shirley and C. M. Lederer, in Proc. Int'l. 
Conf. Hyperfine Interactions Studied in Nuclear 
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ALPHA DECAY STUDIES OF THE HIGH SPIN ISOMER OF 
BISMUTH-210 

D. Tuggle, F. Asaro and I. Perlman* 

210mBi is a metastable alpha emitter lying 
270 keV above the ground state of 210Bi and has a 
probable spin and parity of 9-. It decays princi
pally by alpha particle emission but a small beta 
branching was reported.l In previous workl-5 the 
alpha decay scheme was constructed from alpha 
singles, gamma singles, and a few alpha-gamma 
coincidence measurements. One author2 reported 
that he had observed a parity forbidden alpha 

branching to the ground state of 206Tl wh1ch has 
a spin and parity, 0-. Later data compilations6 
called the measurements doubtful. 

In the present work the decay characteris
tics of 210mBi were carefully measured using a 
sample that had been chemically purified and highly 
enriched by mass separations. The 210mBi was pro
duced by the reaction 209Bi(n,y) 210mBi (oc =19mb). 



The ground state of 210Bi was also produced 
Coc =15mb). It decayed by 6 emission to 210 Po 
with the relatively short half life of 5 days. The 
210Po was removed from the bismuth by fractional 
distillation and solvent extraction. The 210mBi 
was separated from the 209Bi in two mass separa
tions. The first was conducted at Oak Ridge 
National Laboratory and the second at LBL. The 
separation at LBL produced an aluminum backed 
source of 20 ~g of 210ffiBi containing less than 10% 
209Bi and with a total alpha activity of 25,000 
dis/min. 

The half life of 210mBi was measured using 
a bismuth sample that had not been mass separated, 
and had a 210mBi fraction measured as 0.13% by mass 
spectrographic analysis here at LBL. A known mass 
of this sample was deposited on a platinum disc by 
electrodeposition and the alpha activity was mea
sured in a Frisch grid chamber. • The alpha decay 
half life determined from this measurement is 
(3. 0 ± .1) x 10 6 years (see Table 1) . 

Table 1. Comparison of decay values. 

Half life 
(present) 

Alpha (3.0±.1) xl0 6 yr (total) 

Beta 

Alpha 
population 
(to 206Tl 

ground 
state) 

> 1 x 1012 yr 

Half life 
(literature) 

.3. 55 X 106 yr 

6 X 10 9 yi 

Branching 
ratio 

(present) 

a 

<3 X 10- 6 

The beta decay branching was determined by 
measuring the amount of 210Po alpha activity in the 
sample in equilibrium with 210mBi alpha activity. 
Our limit for this branching is much lower than 
previous valuesl,2 and may represent a better 
chemical separation of· 210mBi from the 210Po formed 
from the initial decay of the 5-day 210Bi ground 
state (see Table 1). 

The alpha particle energies of 210IDsi were 
measured with a surface barrier silicon detector 
with an active area of 150 mm2 • The conversion 
electrons in coincidence with alpha particles pop
ulating excited states in 206Tl give spurious peaks 
at the sum energies. These spurious peaks can be 
reduced by decreasing the counting geometry for the 
alpha measurement or by bending the conversion 
electrons away from the detector with a magnetic 
field. Both techniques were used and an upper 
limit of 1 x 10- 6 was set on the parity forbidden 
transition to the ground state of 206 Tl. Based on 
a Mang7 type calculation of alpha decay rates, this 
limits the parity admixture in 210mBi to less than 

6 

10- 4 • The energies and relative intensities of the 
alpha groups populating the excited states of 206 Tl 
were also measured and these are compared with 
previous work in Table 2. 

Table 2. Alpha energies and relative abundances. 

Energy (MeV) Relative Abundance (%) 
Present Literature a Present Literaturea 

4.224 0.01 
4.414 4.400 0.3 0.19 
4.579 4.568 0.5 0.96 
4.564 4.550 4.8 3. 74 
4.905 4.896 39.4 40.4 
4.941 4.935 55.0 54.6 
5.201 5.201 < lxl0- 4 0.04 

aRe£. 2 

The energies and relative intensities of the 
~arnrna rays associated with the alpha decay of 

10mBi were measured with a Ge(Li) detector. The 
results of those measurements are compared with 
previously reported values in Table 3. The decay 
scheme of 206Tl along with the low energy levels 
of 210Bi and 210Po are shown in Fig. 1. 

Table 3. 

Present 

266.7 
305 .. 1 
330.4 
344.7 
369.1 
535.0 
634.3 
648.6 
731 

aRe£. 3 
bRe£. 2 

Gamma ray energies and intensities. 

Energy Relative Intensity 
Literaturea Present Literatureh 

265.7 100 100 
304.8 55.7 54 
329.1 1.3 1.1 
344.0 1.4 1.4 
369.6 1.4 1.3 

(534) 0 0.5 0.5 
(634) 0 0.3 0.02 
649.8 7.0 5.6 

cThese two gamma rays were not observed by Ref. 3; 
the values given are for Ref. 2. 

The branching ratios for the alpha decay of 
210mBi to excited states of 206Tl were calculated 
using a method developed by Mang.7 Harmonic oscil
lator wave functions and the configurations of Kuo8 
were used. A radial parameter of 9.3 Fermis. was 
chosen, and barrier penetration was calculated with 
a pure Coulomb potential between the alpha and the 
daughter nucleus. The values for the a and S size 
parameters used in the calculations were 0.17 and 
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Table 4. 

Alpha 
energy 
(MeV) 

4.941 
4.905 
4.564 
4.579 
4.414 
4.224 

4.564 
4.579 

4.905 

4.941 

> 1 • 1o-• 5.201 

13
_ t 112=4.2min 

10+) 

206Pb 

(XBL 756-3316) 

Comparison of calculated and measured 
relative intensities. 

206Tl 

level I ( ) Experi- Calculated 
(kev) mental 

266 2- 55.0 82.6 
305 1- 39.4 16.2 
650 1- 4.8 1.1 
635 2- 0.5 0.04 
801 3- 0.3 0.002 
994 2- 0.01 0.0006 

•' 
0 

7 
6 ir~') 

4 ,; -
0.47 Frn- 2 respectively. The results of the calcu
lations are listed in Table 4. The deviation in 
experimental and theoretical alpha abundances 
populating the higher excited states of 206Tl 
becomes increasingly larger with excited state 
energy. This may indicate that Kuo's configura
tion mixing is inadequate. 

We are indebted to Maynard C. Michel for 
his guidance in the mass separations and measure
ments. 
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K-SHELL ELECTRON SHAKE-OFF ACCOMPANYING ALPHA DECAY 

M. S. Rapaport, F. Asaro, and I. Perlman* 

An electron ejected by the passage of an a 
particle through the Coulomb field shares in a 
complementary fashion in the a emission energy. 
The a spectrum associated with electron shake-off 
from a particular subshell will have a maximum 
energy equal to essentially the a particle energy 
without shake-off less the binding energy of the 
electron. The present work was undertaken to 
measure directly that part of the alpha spectrum 
connected with the electron shake-off effect in 
the K shell and to determine the differential 
shape of this spectrum and compare it with theo
retical predictions. We hoped to improve the 
precision of previous measurements of the total 
K shell probability and delineate more clearly 

the discrepancy between experiment and the Migdal 
theory. 

The general experimental ~rocedure was to 
measure the alpha spectra of 2 0 Po and 238 Pu which 
were in coincidence with K x-rays. The K x-rays 
were detected with a solid state detector of pure 
Ge which had a full-width-at-half-maximum (FWHM) 
of l.~keV for a 122 keV y-ray and an overall 
detection efficiency of 13.5% at that energy. The 
a particles were detected with Au-Si surface-bar
rier type detectors with geometries of about 2-3%. 

The 238Pu was purified by elution from an 
anion column and then vaporized in vacuum from a 



tungsten filament onto a 0.002 inch thick mylar 
foil. The source which had been collimated to an 
area 5/16 inch in diameter during vaporization was 
invisible and had an activity of -v 1. 2 x 10 7 a 
dis/min. 

Two vials of 210Po were purchased from New 
England Nuclear. The 210 Po was catalogued as 
carrier-free and of natural origin although inves
tigation at the conclusion of the experiment 
showed it was prepared by the reaction and decay: 

2o9Bi(n,y)21oBi S s;ay 21op0 • 

The 210Po from one of the vials was further puri
fied by fuming to near dryness with concentrated 
HN0 3, loading onto a cation column (DOWEX SO) with 
.2M HCl, washing with 2M HN0 3, and eluting ~he 
210 Po with 2M HCl. The eluent was evaporated to 
dryness and vaporized like the 238Pu onto a .002 
inch thick mylar foil. The source was -v 1. 7 x 10 7 

a dis/min and was invisible. 

The 2 3 8Pu was measured in a coincidence unit 
for a total running time of 15 days. The a singles 
spectra were measured and recorded every day as 
were the coincident spectra. The y singles spectra 
were monitored continuously. The a- K x-ray 
coincidence spectra for the one day runs were 
summed and this total spectrum is presented in 
Fig. 1. The abscissa is the analyzer channel in 
which the coincidences appeared, and it is roughly 
linear with the ci particle energy. The ordinate 
is the total number of observed coincidences in 
the l~day period. The highest energy peaks, a0 
and a 4 4, are due to accidental coincidences between 
the most intense a groups and radiation in the K 
x-ray gate. The most intense peak, a 296 , is due to 
true coincidences with K x-rays from conversion of 
the 153 keV y-ray and with the Compton background 
of this y-ray in the K x-ray gate region. 

The abundance of the a group associated with 
K shell shake-off is (0.83 ± 0.11) x 10- 6 per 2 38Pu 
a particle. 

The nomenclature for·the normal a groups 
shown in Fig. 1 is the usual one with the energy 
of the excited state being a subscript to the a 
symbol, e.g. the 238Pu a groups populatin~ the 44 
keV excited state in 234U is designated 2 8Pu a 44 
or simply a 44 . We suggest for the a groups remov
ing orbital electrons in their passage through the 
Coulomb field, that the shell designation of the 

100 

50 238Pu' 
Clz96 

a; I 
c:: 144iK.O c:: ace. 
0 ··.,'':: .c a44 j<> u 0 0 ... 10 r- ·:· I -
"' Q. 00 
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Channel number 

Fig. 1. 238Pu a spectrum in coincidence with 
uranium Ks x-rays. (XBL 744-2875) 
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electrons be added as a subscript before the 
excited state energy. Thus, the 238Pu a group which 
populates the 44 keV state in 234U and which also 
causes a K electron to be removed would be desig
nated 238Pu etK 44 or simply aK 44 . To determine if 
these observed'coincidences had the proper maximum 
energy for a 2 3 8Pu a0 particle which ejected a K 
electron with about zero kinetic energy we extrapo
lated their high energy side (Fig. 2) and that of 
238Pu a0 to -v one quarter of their peak height. 
There was a difference in energy of ll5 ± 10 keV 
which agrees with the K binding energy of uranium, 
115.6 keV. 

The 210Po was also measured in the coincidence 
unit for a total running time of 15 days. The ex
periment was very similar to that for 238Pu except 
that a larger fraction of the K x-ray peak could be 
used in the gate as there are no gamma rays in 
210Po decay near the gate energy. The various 
coincidence runs in the 15 day period were summed 
and the total spectrum is shown in Fig. 2. The 
highest energy peak, a0 , is due to accidental coin
cidences with the main a group. 

By extrapolating the two peaks (Fig. 2) in the 
same fashion as for the 238Pu experiment, we found 
the difference in energy was 88 ± 1 keV in excellent 
agreement with K shell binding energy of lead, 
88.0 keV. The abundance of the particles associ
ated with K shell shake-off is (1.65 ± .16) x 10- 6 
per 210 Po a particle. 
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Fig. 2. 210 Po a spectrum in coincidence with lead 
Ka x-rays. Theoretical shape normalized to peak 
height. (XBL 744-2876) 

According to Migdal'sl theory the differential 
probability of ionizing one of the electrons may be 
expressed as 

dP = ls 

+ smaller terms , (1) 

where v is the velocity of the a particle, r is 
the radial distance from the nucleus, B is the 
binding energy of a ls electron, R- is the angular 
momentum of the continuum states, Ek is the kinetic 
energy carried off by the ionized ls electron and 
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Tahle 1. Probahility of electron shake-off from the K shell. 

Isotope Ref. Experlinent 

21op0 6 l.Sxl0- 6 

7 2.0 

8 1.6 

4 1.5 
·This 

1.65 work 
2 38Pu 15 0.51 

This 0.83 work 

k = ~. This equation is like Migdal's equation 
15 except the summation over the angular part of 
wave function and of the two electrons has been 
carried out. The matrix element can be readily 
calculated with hydrogenic wave functions and the 
probability equation becomes 

- i; arctan k/Z 
e 

where Z is the charge of the daughter nucleus. 
One gets the total ionization probability by 
numerical integration. 

(2) 

A more realistic set of wave functions would 
be of the self consistent type. We used the tabu
lated2 Hartree-Fock-Slater central potentials to 
solve the Schrodinger equation for the continuum 
electrons and applied the Noumerov3 integration 
method. 

Table 1 summarizes the experlinental results 
and our theoretical results on the shake-off effect 
in a. decay. 

Using our calculations of shake-off probabil
ity as a function of electron ener~ and the exper
lin~ntal average peak shape in the 10Po a. singles 
spectrum, we determined the shape of the a. spectrum 
associated with the shake-off of K electrons which 
would be expected from Migdal's theory. The theo
retical shape was normalized to the same peak 
height as the experlinental curve and is shown as 
a dashed line in Fig. 2. The a. singles spectrum 
had a small perturbation about 300 keV below the 

'peak due to instrumental effects and this is 
reflected in both the calculations and the coinci
dence spectrum. As seen in Fig. 2, there is a 
definite discrepancy between the experlinental and 
theoretical curves. The probability of electron 
shake-off decreases more rapidly than the theoret
ical prediction as the electron energy increases 
(i.e., as the a particle energy decreases). 
Ovechkin and Tsenter4 observed the same effect in 

Stated Theory Theory 
Error (Hydro genic) (H-F-S) 

±33% 
±16% 

±31% 

±27% 

±10% 2.67 X 10- 6 2.87 X 10- 6 

±SO% 

±13% 1.7Sxl0- 6 1.66xl0- 6 

comparing electron energy measurements with 
Migdal's calculations, but the authors felt their 
experimental work was not sufficiently precise to 
indicate a definite discrepancy. 

A distinctly different type of theoretical 
treatment was published recently by J. S. HansenS 
after the present work was concluded. Hansen 
obtained a value of 2. 02 x 10- 6 for the total K 
shell ionization probability for 210Po which is 
somewhat closer in agreement with the experlinental 
result than any of the theoretical values. 
Although not discussed in the present work, 
Hansen's calculations for L and M shells were 
in far better agreement with the experlinental 
results than any other theory. 

After compilation of this work Briand et al9 
published a paper in which the a. spectra associated 
with K shell shake-off was also measured. 
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THE ELECTRON-CAPTURE DECAY OF 206Po* 

L J. Jardine t and A. A. Shihab-Eidin 

Earlier investigations of electron-capture 
decay of 206Po were carried out by Arbmanl and 
Stoner2 before high-resolution Ge(Li) detectors 
were av~ilable. More recent in-beam reaction 
studies ,4 have provided some properties of the 
high-spin states of 206Bi. Direct measurements of 
the alpha spectra of 210At have also been made,S 
and we have recently6 carried out the a-y coinci
dence measurements of 210At weak alpha decay 
branch to complement these recent studies of 206Bi 
level structure. 

We have remeasured the y-ray singles and yy 
coincidences following electron-capture decay of 
206Po using Ge(Li) detectors. Sources of 8.8 days 
206Po were obtained_via the 209Bi(p,4n) 206 Po reac
tion. The targets were allowed ~o stand for sev
eral days following bombardment (at 37~42 MeV) 
until the 207Po impurity had decayed away. This 
was then followed by chemical separation to remove 
the 207Bi activity, in addition to the 206Bi activ
ity which grew in from the decay. 

Gamma-ray singles spectra were obtained with a 
35-cm 3 coaxial Ge(Li) detector (system resolution 
2. 6 keV (FWHM) at 1332 keV) and a 10 cm3 planer 
Ge(Li) detector (system resolution 1.4 keV (~D 
at 122 keV). Three parameter y-y coincidence 
measur~ments (E 1, E2, ~t) were carried out with two 

.. 
-J~.~ 

~ = 

_J_• __ _ 

_J_• __ _ 

2• 

- '---- -

35-cm3 coaxial-Ge(Li) detectors. The width of the 
prompt time distribution was about 35 ns (R~). 
Approximately 50 coincidence sorts were performed 
at a resolving time of about 70 ns. Seventy-seven 
y-ray transitions pbserved in the y-ray singles 
were assigned to the electron-capture decay of 
206Po. Our results for the y-ray energies are in 
rather good agreement with the transition energies 
determined from the internal conversion-electron 
measurements of Ref. 7 for transitions observed in 
both types of measurements. Multipolarities for 
many y-rays were deduced from the comparison of 
experimental subshell ratios7 and/or experimental 
conversion coefficients with theoretical values of 
Hager and Seltzer.8 Conversion coefficients were 
calculated from the relative electron intensities 
of Ref. 7 and our relative y-ray intensities. 

Coincidence measurements and sum-difference 
relationships among y-ray energies have been used 
to construct the scheme shown in Fig. 1. Spin and 
parity assignments are based upon log ft values of 
the electron-capture branches, transition multi
polarities and previously reported data.l-7 Also 
included in Fig. 1, are levels populated by the 
alpha decay of 210At.S,6 The decay scheme of 
Fig. 1 is substantially difflrent than the pre
vious one proposed by Arbman because of the dis
covery7 of an intense (93% of EC decays) 10.84 keV 

0.52l3 

Fig. 1. Level scheme of 2D6Bi. Relative photon intensities (with errors in italics) from 
the 206 Po decay are shown above the transitions. Relative alpha intensities from the 210At 
decay and calculated alpha hindrance factors are shown. The absolute intensity of the 
286.2 keV y-ray was calculated from the level scheme to be 22.8 ± 2.0 photons per 100 decays 
of 206 Po. (XBL 7412-7847) 
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Ml transition depopulating a new 3+ state at 
70.8 keV. 

No theoretical calculations of the level 
structure of 206Bi have been made. However, its 
low-lying level structure might a priori be char
acterized by one (proton) particle-three (neutron) 
hole states arising from couplings of the (odd) 
83rd proton with the (odd) 123rd neutron. To 
estimate qualitatively the number and type of such 
states, we show in Fig. 2 the experimental9,10 
states of 209Bi and 205 Pb. The first three states 
of 209Bi are due9 to the proton single-particle 
orbitals of lh912 , 2f712 , and li1312 . The four 

states 205 Pb at 0, 2.3, 270 and 1014 keV are 
duelO predominantly to an odd neutron (or three
neutron holes) in the 2f512 , 3p112 , 3p312 , and 

lil3/.2 sin¥le-particle orbitals, respectively. The 
remaining 05 Pb states shown are presumably of a 
more complex nature. If one now considers coup
lings of the lhg;2 and 2f7/2 Rrotons with the 
three neutron hole states of 05Pb, the degenerate 
band structure shown in column 4 of Fig. 2 results. 
Finally, all known experimental states of 206Bi are 
shown (with a shifted energy for the ground state) 
in the last column of Fig. 2. Relations between 
experimental levels and the lp-3h configurations 
assumed responsible for it are indicated by dashed 
lines. 

(7/2) 

(3/2-) 

t.9~79 

1.921 

11 

13/2+ !.6085 Configuration 

7/2- 0.8966 

g;z- o 

2098. 126 
83 I 

Ex pt. 

(3/2-) 1.374 

(5/2 7/2 )- 1.26471 

712- 1.04369 
13/2+ ~ 
~ 

(1/2 3/2-) 0.8028 
512- 0.7614:5 

7/2- 0.70343 

3/2- 0.57611 

3/2- 0.26979 

l/2 - 0.00223 
~ 

205Pb 123 
82 

Ex pt. 

1). 
Q 2 6 

The rather low Q-value for the electron-cap
ture decay of 206 Po helps to make an interpretation 
of the levels of 2 0 6Bi easier as only five states 
receive any measurable direct electron-capture 
decay in the present level scheme. Electron-cap
ture decays to these 1+ states from the even-even 
o+ ground state of 206 Po proceed via an allowed 
beta transition. Subsequent y-ray decay of these 
1+ states populates states of spin 2, 3, 4, and 5 
until the 6+ ground state is reached. 

In Fig. 2 we have shown five possible (degen
erate) multiplets formed from couplings of the odd 
proton and the odd neutron (or three-neutron holes) 
that give rise to 1+ states in the energy range of 
interest. (It may only be fortuitous that five 1+ 
states are presently experimentally identified.) 
The 1+ state at 1389.5 keV receives most of the 
electron-capture decay and is believed to arise 
from the coupling of a 2f7/2 proton to the three
neutron holes with a configuration of the ground 
state of 205Pb. Such a configuration of 206Bi can 
be written explicitly as 

-1 -2 
(rr(f7/2)\J(f5/2) (pl/2) )1+ 

The o+ ground state of 206 Po is of a two proton
four neutron hole character with the probable 
dominant configuration 

2 -2 -2 
(rr(h9/2) \J(f5/2) (pl/2) )o+ · 

3+ 0,5233 

206 8.123 
83 I 

I p- 3h degenerate model Ex pt. 

Fig. 2. Comparison of the experimental 206 Bi level scheme with the predictions of a simple 
coupling model. The experimental 12,13 states of 206Bi and 205 Pb are used to estimate the 
energies and range of spins from multi~lets formed from couplings of the odd proton and the 
three-nuetron holes (lp-3h states) in °6Bi. (XBL 7412-8385) 



An allowed single-particle electron-capture decay 
of the type 

EC 
TI2f7/2 - v2f 5/2 

can be used to explain the electron-capture decay 
to the 1+ state at 1389.5 keV if the ground state 
wavefunction of 206 Po has a second component of 
the fonn 

Decay to the other 1+ states in 206Bi (with some
what higher log ft values) probably proceeds via 
the same single-particle mechanism through admix
tures of the 

configuration present in the wavefunctions. 

States assigned to the configurations 

-1 -2 
(TI(h9/2)v(f5/2) CP1;2) )2,3,4,5,6,7+ , 

-1 -2 
(7T(h9/2)v(pl/2) Cf5/2) i4,5+ and 

are shown in Fig. 2. Calculations of electromag
netic transition probabilities and alpha decay 
rates using these assumed configurations for states 
of 206Bi populated in the alpha decay of 210At have 
previously been·made.6,11 The results indicated 
that agreement of the theoretical calculations with 
existing experimental data could be obtained if 
some configuration mixing among these three config
urations was allowed. 

Finally the states in the energy range of 
734.0 - 1103.1 keV are presumably of a rather com
plex structure and we cannot presently ascribe a 
specific configuration to these states using only 
qualitative arguments. However, two states 
observed3,4 in recent in-beam experiments in this 
energy range merit some additional remarks. A 10-
isomer of 1 msec at 1043 keV has been assignedl2,13 
the configuration 

This is also consistent with the qualitative 
predictions of Fig. 2. Decay of this isomeric 
state to an 8+ state at 814 keV has been observed. 
This 8+ state,, as suggested from Fig. 2, might 
arise from a coupling of a h9/2 proton with a 7/2-
state of 205 Pb. The dominant configuration of the 
7/2- state of 205 Pb is expected to be of the type 

12 

with perhaps the following internal coupling 

Thus the 8+ state of 206Bi might have a major com
ponent of the type 

Perhaps these latter two states provide further 
evidence that the level structure of 206Bi can be 
regarded as a series of one particle-three hole 
states, at least up to 1389 keV. 
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ALPHA DECAY OF 210At TO LEVELS IN 206Bi* 

L. J. Jardine t and A. A. Shihab-Eidin 

Alpha-gamma coincidence measurements were 
carried out for the weak alpha-decay branch of 
210At to supplement previous high resolution mag
netic spectrometer measurements of the a spectrat•2 
The completed alpha decay scheme of 210At and the 
recent detailed studies of the electron-capture 
decay of 206Po3,4 and the 205Tl(a,3ny) reaction5,6 
provide complementary information on the nature 
and decay characteristics of low-lying 206Bi 
levels. 

Astatine sources were produced at the 88-Inch 
Cyclotron via the 209Bi(a,3n) reaction, followed 
by chemical purification and separation. 

Three parameter CEa, Ey, ~t) coincidence 
measurements were carried out using a 10 cm 3 

(active volume) Ge(Li) detector (1.5 keV (~ 
resolution at 122 keV) and a 6 mm diameter Au-Si 
surface barrier detector (16 keV (~ resolution 
at 4.8 MeV). Gates were set on the relatively 
intense three alpha groups ae 3 , a 140 and a

167
• The 

energies and relative intensities of the coincident 
y-rays are given in Table 1. The relative intensi
ties of the a

83
, a 140 and a 167 groups calculated 

from the relative y-ray intensities of Table 1 and 
the theoretical internal conversion coefficients, 
assuming the four y-rays were of pure Ml multi
polarity, gave good agreement with a-singles 
measurements of Ref. 1. This constitutes a weak 
argument supporting assignments of Ml multipolar
ity for these four transitions. 

TABLE 1. Y-rays measured in coincidence with 210At 
alpha particles. 

y-ray energy Relative y-ray a gate 
(keV) intensity 

83 ± 1 766 ± 153 a83 

140 ± 1 100 al40 

106 ± 1 272 ± 54 al67 

167 ± 2 174 ± .35 al67 

The 206Bi level scheme deduced from oura-y 
coincidence data is shown in Fig. 1. We have also 
included other known levels below 500 keV observed 
from the electron-capture decay of 206 Po 3,4 and 
the 205Tl(a,3ny) reaction5,6 from which spin and 
parity assignments for all levels except those at 
83 and 167 keV were derived. The decay character
istic of these two levels OQtained in the present 
experiment together with the relative alpha decay 
rate calculations of Ref. 7 make a spin and parity 
assignment of s+ for both of these levels most 
probable. 

5+ 8 3 h 

210At 
85 

a 0.17% 

3+ 0.5233 

' 
2+ 0.4092 

' '0.400 0.4t 21 

3.4+ 0.3527 

~~ 
CYO' 

4+ ~ 0.2004 
~<o' -=--5+ .......... -$> ~ 0.167 • 26.0t 6.0 

7+ 0"':--~~ 0.140 4.4! 49 ""'r.!? . 
5+ i ~ II o.os3 • 29.8t 14 

3+ 

7.8 JlS 4+ 
\_ rro9' ____/ O.Q708 
,~-..... I ~-0599 8.1t 70 

6+ 

2o6Bi 
83 

-~l._~t_ __ J§ .I 

Fig. 1. Level scheme of 206 Bi. Relative alpha 
intensities, 1 relative photon intensities for the 
167 keV level and calculated8 alpha hindrance 
factors are also shown. Spins, parities and level 
energies below 0.524 MeV are shown as deduced from 
previous studies,3-6 of the level structure. 

(XBL 745-846A) 

The 206 Bi nucleus with 123 neutrons and 83 
protons is three neutron-hole and one proton 
removed from the magic 208Pb core. Thus the low
est-lying states of 206Bi are expected to be de
scribed (in zeroth order) by configurations 
resulting from the coupling of the lhg;2 proton 
( 209Bi ground state) to the 5/2-, 1/2- and 3/2-
three-neutron hole states in 205 Pb at 0.0, 23 and 
263 keV, respectively. The configurations for 
these three multiplets are 

-1 -2 
[n(h9/2)v(fs;2) v(pl/2) l2,3,4,5,6,7+ 

-1 -2 
[n(h9/2)v(pl/2) v(fS/2) l4,s+ 

-1 -2 
[n(h9/2)v(p3/2) v(pl/2) 13,4,5,6+ 

and 

respectively. The separation energies between the 
centers of mass of these three configurations are 
identical to the excitation ener~ies of the first 
5/2-, 1/2- and-3/2- states in 20 Pb. These small 
separations imply that the lower-lying states of 
spin and parity 4+ and s+ must have rather exten
sive admixtures from the above three configurations, 
while the lowest states of spin and parity 2+, 3+, 
6+, and·?+ are expected to be somewhat "purer" in 
character, belonging basically to a pure 



-1 -2 
[n(h912)v(f512) vCr112J l 

configuration. 

Relative alpha decay rate calculations7 and 
electromagnetic transition rate calculations were 
carried out to test the above qualitative conclu
sions. To obtain agreement with experimental 
results it was found necessary to include admix
tures from the above three configurations in 
describing the wave functions of the 4i, si, Sz 
and 4z states, with wave functions for 6i, 3i, 7i 
and 2i states limited to the pure 

-1 -2 [n(h912)v(f512) v(p112J l 
configuration. 

In Table 2 we give a set of wave functions 
for the 6i, 4i, 7i; and 5z states (obtained by. 
trial and error) that correctly reproduces the 
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experimental results from the a-decay studies when 
the relative alpha decay rates and electromagnetic 
transition rates are calculated. In Table 3 we 
show a comparison between calculated and experi
mental electromagnetic transition rates using the 
wave functions of Table 2. 

In conclusion, both a- and y-decay rate calcu
lations indicated that an appreciable admixture 
from the 

configuration, in addition to those from the 
-1 -2 

[n(h912)v(f512J v(p1; 2) l 

-1 -2 
[n(h912 )v(p112) v(f512J l 

and 

configurations are required for the description of 
the wave functions of the 4i and 5z states (and 

TABLE 2. Wave functions for some 206Bi states deduced from the electromagnetic transition probabil
ities calculations. These give consistent results with experiment when electromagnetic 
transition probabilities and a-decay rates are calculated. 

-----------------------------configurationsa ----------------------
Energy 

JTI lnCh912)v(f512J-1Cp112J-2) 1 
-1 -2) (keV) n(h912)v(p112) (f5; 2J 

0 6+ 
1 1.0 

60 4+ 
1 vo. 74 - v'-o.16 

140 7+ 1 1.0 

167 5+ 
2 v'D.Os - v'OTs 

~bers in the table represent the amplitudes of the configurations composing the state. 

TABLE 3. Comparison of electromagnetic transition probabilities, using the wave functions 
of Table 2 in the decay of 206Bi states with available experimental data. 

Relative a 
y-ray Theoretical transition probability 

Transition E branching Multipolarity T(t.) X 10- 9 sec- 1 

(Ji-+Jf) (keV) intensity 
(expt.) (expt.) (Ml calc.) (E2 calc.) (expt.) 

+ + b 
3.4 X 10- 7 52-+ 71 27 n.o. (E2) 0 

5z -7 4i 107 1.6 ± 0.5 (Ml) 3.00 2.5xl0- 4 

5+ -r 6+ 
2 1 167 1.0 (Ml) 1.16 5.8 X 10- 3 

+ + 71-7 61 140 1.0 Ml 6.63 0.013 

4i -7 6i 60 1.0 E2 0 l.lSxl0- 6 (1.2 ± 0.1) X 10- 6 

~e value for the oscillator parameter v used in the calculation of T(E2) was 0.1659. 
Other parameters are discussed in the text. 

bTransition was not observed. 
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also for the 4z and Si states) in order to get 
agreement between theory and experiment. It will 
be interesting to find out if these qualitative 
conclusions will still be valid when theoretical 
wave functions in a larger and more realistic 
configuration space become available. 

Footnotes and References 

*Condensed from LBL-2943, Nucl. Phys. A244, 34 
(1975). 

tPresent address: Argonne National Laboratory, 
Argonne, Illinois. 

1. N. A. Golovkov, Sh. Guethk, B. S. Dzhelepov, 
Yu. V. Norseev, V. A. Khalkin, and V. G. Chumin, 
Izv. Akad. Nauk. SSSR (ser. fiz.) 33, 1622 (1969). 
(translated page 1489). --

2. R. W. Hoff, Ph.D. Thesis, University of Calif
ornia, Radiation Laboratory Report UCRL-2325 (1953) 
unpublished. 

0 
15 

13 \ 2 3 

3. M. Fujioka, M. Kanbe, and K. Hisataka, Phys. 
Rev. Lett. 31, 114 (1973); private communications, 
September 1973 and October 1973. 

4. L. J. Jardine and A. A. Shihab-Eldin, Lawrence 
Berkeley Laboratory Report LBL-3447 (1974), unpub
lished, to be submitted to Phys. Rev. f· 

5. U. Hagemann, K. H. Kaun, W. Neubert, W. Schulze 
and F. Stary, Nucl. Phys. A197, 111 (1972). 

6. Y. M. Rakivnenko, 0. P. Klyucharev, V. 0. 
Lutsik, V. V. Ramaev, I. A. Ramanii, E. 0. Skakun, 
G. T. Yatsenko, and K. S. Goncharov, Ukr. Fiz. Zh. 
li· 1029 (1972). 

7. A. A. Shihab-Eldin, L. J. Jardine, and J. 0. 
Rasmussen, Lawrence Berkeley Laboratory Report 
LBL-2366 (1973), p. 175; ibid. LBL-3409 (1974), 
to be published in Nucl. Phys. ~-

8. C. M. Lederer, Lawrence Berkeley Laboratory 
Report LBL-1996 (1973). 

THE HALF-LIFE AND THE a-DECAY BRANCHING RATIO OF 207Po* 

B. Parsa t and S. S. Markowitz 

207Po was produced via 3He activation of lead 
samples. Polonium was chemically separated from 
the irradiated targets. Gamma and a spectra were 
measured with Ge(Li) and surface-barrier a counters, 
respectively. The decay o± the 992-keV y-ray of 
207Po was followed and a half-life of 5.84 ± 0.07 
hr was obtained for 207Po. The a-decay branching 
of 2 0 7Po was measured to be 0. 0210 ± 0. 0023 per cent. 

Footnote and Reference 
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ALPHA AND GAMMA BRANCHING IN 2-msec 213 Ra DECAY 

D. G. Raich, t H. R. Bowman, R. E. Ep_pley, :j: 
J. 0. Rasmussen, and I. Rezank<! § 

We have observed a direct a-branch in the 2.1 
msec decay of 213mRa. The isomer was produced by 
bombardin~ a thin c~ 0.6 mg/cm2 ) isotopically 
enriched 04 Pb target with ~ 60 MeV 12C beams from 
the SuperHILAC. Recoil products were stopped in 2 
atm of helium and jetted to a semiconductor detec" 
tor. Transport and counting times in the milli
second region were achieved throu~h the use of a 
very small volume He cell (~ 1 em ) and short 
capillary, and a computer-based data collection 
system which, during the ~ 20 ms interval between 
HILAC pulses, directed counting into a series of 
timed "buckets". 

Three a-groups have been tentatively assigned 
to 213mRa decay, having energies of 8.47, 8.36; and 
8.25 MeV in an intensity ratio of about 8:5:1. The 
assignment of the two stronger groups is fairly 

certain, and i~ pa~ticular it has been ~ossible to 
rule out cpntr~but~ons from 214 Fr and 2 4mFr decay 
here. The existence and assignment of the weakest 
group is as yet less certain. These energies cor
respond to Q-values of 8,63, 8.52, and 8.41 MeV. 
Valli and Hyde's investigation! of 2.75 min grounq~ 
state 213 Ra a-decay likewise found three groups, 
corresponding to Q-values of 6.859, 9.7SO, and 
6.645 MeV. From this we conclude that the isomeric 
state of 2 1 3 Ra must lie about 1770 keVabove the 
grounc.i state (see Fig. 1). · 

Such an assignment requires that we revise 
somewhat the 213 Ra level scheme andy-ray tables 
that we put forth tentatively in last year's Annual 
Report,2 and it supports some of the reservations 
e~ressed there. Additional y-ray data from 
20 Pb( 12C,5n) 213 Ra experiments this year at Yale 



lead to similar conclusions. Careful singles 
counting in the x-ray region fails to support our 
original inclusion of the 49 keV y-ray, so that 
has been dropped. And yyt coincidence experiments 
show coincidences only between the three major 
y-rays, 160.9, 546.3, and 1062.5 keV. The 210.5 
keV y-ray is not in coincidence, even though it 
tracks the others in excitation function and half
life; thus we believe it belongs to 209 Rn rather 
than 213Ra. The resultant new level scheme is 
shown in Fig. 1. 

"' 
5/2- i 
----' ...... '-- 54 6-3 

N 
UJ 

1/2- 2.75 min -.,..._.__ o.o 
213 
aeRo 12s 

Ea (MeV) 

6.520 

6.623 
6.730 

Ca= 6.895 MeV 

Fi~. 1. Tentative level scheme to account for 
21 mRa decay data. (XBL 756-3317) 
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This new level scheme is capable of showing 
intensity balance down the y-cascade, and it yields 
K-fluorescence of the right order of magnitude. 
Considering the 9/2- and 11/2- levels to be members 
of the TI(h9/2) 6v(Pl/2) multiplet, it actually comes 
closer to following the trends of neighboring 125-
neutron isotones. The introduction of an unob
served low-energy transition is a little distaste
ful, but there seems to be no other way of account
ing for the halflife and a-energy data. The unob
served transition must be highly retarded, never
theless, to give a 2.1 ms half-life; but if we 
consider the isomeric state to be primarily 
v(il3/2), the configuration change required in 
going to the 11/2- level of the TI(h9j2) 6v(Pl/2) 
multiplet could account for such retardation. 

Work is continuing to more thoroughly check 
out additional consequences of this proposed level 
scheme. 

Footnotes and References 
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LEVELS OF lS6Dy AND DECAY SCHEME OF l56Ho ISOMERS* 

S. Iwata, t T. Tamura, t J. 0. Rasmussen, and R. Needham§ 

Previous studies1 have been made of the decay 
of 156Ho, and they have shown population of daugh
ter states up to spin 6. Ekstrom et al2 have mea
sured the spin of 56 min 15 6Ho to be I = 1. The 
above facts suggest that there may be a short-lived 
higher-spin ground state that rapidly equilibrates 
with the 56 min, spin 1 isomer. 

In ~arlier work at the Yale He~vy Ion Acc~ler
atQr Laboratory we have studied the gamm~ spectra, 
mainly produ~ing the activities by boron-11 bom
bardments of samarium oxide targets. In the summer 
of 1974 we m~de new studies, producin~ the activity 
by way of the parent erbium-156 by ( 1 C,3n) reac
tion on-isotopically enriched 147 Sm oxide. This 
new work was done at the cyclotron of the Institute 

of Physical and Chemical Research (RIKEN), Japan. 

We present in Fig. 1 a partial decay scheme 
extending the earlier work. -Our y-y coincidence 
experiments were not very informative due to 
troubles from strong annihilation radiation. Thus, 
the assignm~nts are mainly based on energy sums. 
That there is still more complexity to the decay 
is indicated by the table of additional gamma rays 
not fitted into the decay scheme. 

We are especially grateful to Director H. Kimit
subo and colleagues of the Institute of Physical 
and Chemical Research, Wakai-shi, Saitama-ken, Japan, 
for making available their heavy-ion cyclotron and 
high-resolution gamma spectroscopic apparatus. 
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TABLE 1. Unassigned high energy y rays (keV) of 
15680 . 

1001. 32(W) 1155.35(M) 1205.80(W) 
1218.03(S) 1292.49(M) 1301.43(M) 
1337.86 (M) 1416. 04(S) 1422.60(M) 
1432.9l(M) 1453.04 (S) 14 71.04 (S) 
1528.09(M) 1535.43(M) 1543.62(M) 
1632.88(M) 1647.97(S) 1761. 70 (M) 
1820.11 (M) 1854.62(M) 2020.73(S) 
2025. 9l(M) 2042.9l(S) 2218.46(S) 
2252.08(M) 2331.28 (S) 2392.29(S) 
2458.26(W) 

Intensity scale: (W) weak, (M) mediwn, _(S) strong. 
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NEW i1312 ISOMER 207 Rnm AND ITS SPIN RELAXATION TIME 
IN LIQUID MERCURY* 

I. Rezanka,t I. M. Ladenbauer·Bellis,t and J. 0. Rasmussen 

In the process of systematic investigation of 
nuclear isomers and their properties at Yale Heavy 
Ion Accelerator (HILAC), a previously unreported 
isomer 207Rnm was observed and its properties were 
studied. 

The isomer was originally produced by bombard
ments of a thick natural Hg target with 120 MeV · 
12C ions from the Yale HILAC. · 

In the study which followed, a thin (10 mg/cm2
) 

self-supporting Au target and 14N ions with ener
gies varying from 70- 120 MeV were used. The y 
and x rays were detected during and after the 
accelerator beam pulse by means of several Ge(Li) 
detectors ranging in size from 8 to 40 cm 3

• 

The standard beam duration of the HILAC is 2 
ms and is followed by 98 ms beam-off period. How
ever, for some of these experiments, the beam 
pulses were narrowed down to about 150 ~s at the 
same repetition rate of 10 Hz. The data collection 
was performed under computer control and the PDP8/I 

computer was programmed for a wide variety of 
collection modes including a real-time analysis of 
the half-lives associated with different peaks of 
the spectrwn. The photon radiations summarized in 
Table 1 are assigned to the isomer with a best 

TABLE 1. Transitions in 207Rnm decay. 

I photon Itransit 
a 

E 
(keV) (% of decays) (% of' decays) 

K x rays 77 ± 7 
234 ± 1 21 ± 5 126 ± 30 

665.1 '±: 0.1 98 ± 2 lOOb 

aAsswning E2 and M2 multipolarities for the 234 
and 665.1 keV transitions, respectively. 

bAdopted value. . 



half-life value set at 181 ± 18 ~s. 

A prompt (within the resolving time of ""40 ns) 
coincidence relation was established between the 
665.1 keV y line and the Rn Kx group when using a 
standard fast-slow coincidence circuitry and two 
Ge(Li) detectors with volumes.40 and 8 cm 3 , respec
tively. Consequently, the isomer is a Rn nuclide. 

The mass number of the Rn isomer was deter
mined as A= 207 by the measurement of relative 
excitation functions. Based on the coincidences 
observed in the decay of the isomeric state, 
between the 665.1 keV y line and the Rn Kx rays, 
the two transitions connected with the isomer 
decay, 665.1 and 234 keV, appear to be in cascade. 
Furthermore, due to the observation of the 665.1 
keV transition in the prompt gamma rays while the 
234 keV y line was not seen in beam at all, the 
665.1 keV transition populates the 207 Rn ground 
state. 

A (20 ± 15)% anisotropy in the beam direction, 
of the intensity of the 665.1 keV line was observed 
during the first 1 ms after the beam pulse when 
bombarding the thick Hg metallic target at room 
temperature with 12C; by analogy with the relaxa
tion time of 205 Pbffi in liquid Hg foundl to be equal 
to 0. 4 ± 0. 2 ms, the relaxation time of Rn recoils 
could be expected to be comparable with the mea
surement time. The anisotropy indicated a quadru
pole character of the 665.1 keV transition and its 
multipolarity was assigned as E2. The assignment 
of the M2 multipolarity of the 234 keV transition 
followed then from the measured y- and x-ray . 
intensities. 

Considering the regular occurrence of the 
5/2- ground state for the nuclei with N = 121, the 

18 

level scheme as shown in Fig. 1 was proposed and 
the isomeric level was assigned as the i13/2 shell
model state. 

181 fLS 
1312+ 899 

234 
(21) 

M2 

9/2- 665.1 

665.1 
(98) 

E2 

9.3 min 
5/2---.1...-

Fig. 1. Decay scheme of 207Rnm. (XBL 755-1223) 

The hindrance factor of 530 for the delayed 
M2, 13/2+ + 9/2- transition in 207Rn was calculated 
by means of Weisskopf formula,l this value agrees 
well with the hindrance factors of 1500 and 290 
calculat1d for the transitions of the same type 
observed in 205 Pom and 207m, respectively. 

Footnote 

*A more detailed report is in Phys. Rev. C10, 766 
(1974). 
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HIGH-SPIN ROTATIONAL STATES IN 169Hf FROM THE 
159Tb( 14N, 4n'}') REACTION AND DECAY OF 169Ta* 

E. der Mateosian,** I. Rezanka,t W. S. Ribbe, :j: 
I. M. Laden bauer-Bell is,§ and J. 0. Rasmussenf 

Studies of nuclear high-spin rotational states 
have led in recent years to the discovery of two 
new effects: sudden changes of the moment of 
inertia at h~gh rotational velocities (backbend
ing)l,2 and the weakening of the coupling of the 
last odd Rarticle to the core in unique parity 
St!ltes.3,_ A complete understandingof both effects 
has not yet been achieved; both may be, in fact, 
re1!lted to Coriolis effects.5 To arrive at a more 
definitive theoretical explanation, further exper
imental measurements are needed. The experimental 
~tudies should probably stress two directions: 
stJ.ldying the nuclear high spin states in new nuclear 
species, and extending the knowledge about already 
investigated nuclei to even higher spin states. 
This stJ.ldy of 169Hf has followed both lines. 

The experimental work on this project was done 
as a cooperative effort of Yale Heavy Ion Acceler
ator, Lawrence Berkeley, and Brookhaven National 

Laboratories. The first experiments on this study 
were made at the Yale Heavy Ion Accelerator (HIA) 
where both the decay of 169Ta and the in-beam gamma 
ray excitation functions of 169Hf in the 159Tb( 14N, 
4n) reaction were studied. Following this prelim
inary in-beam spectroscopy, the final experiments 
on yy-coincidences and angular distributions were 
done at the Brookhaven Laboratory tanden van de 
Graaf. 

Although all the data are important for the 
level assignment and interpretation, the results 
of the coincidence experiment provided the most 
direct information about the rotational bands in 
169Hf. The coincidence results formed the main 
basis for the assignment of all rotational levels 
resulting from this study. 

The three lowest levels of the 5/2-[523] 
rotational band were already assigned from the 
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169Ta decay. Here, in the in-beam study, this band 
was also observed and identified up to considerably 
higher excitations. It.was found that it consisted 
of two cascades with weak cross-feeding. The only 
~I = -1 transitions positively observed here, are 
the two lowest ones; otherwise, only the ~I = -2 
stretched transitions formed the band up to spins 
31/2 and 29/2. 

The two strong cascades shown in the coinci
dence spectra of Fig. 1 are obvious candidates for 
the decoupled positive parity band occu5ring regu
larly in odd-neutron rare earth nuclei. This 
assignment follows both.from their spacing and from 
their population patterns. The delayed coincidences 
of both cascades with the 28.8 keV, El transition 
ending in the ground state prove this assignment. 
Although such a band is a Coriolis mixture of 
several Nilsson orbitals originating in the i 13/ 2 
shell model state, and the perturbation may be 
effective even for low rotational excitations, the 
prevailing single particle character for the low 
excitations should be 5/2+[642]. The spacings and 
intensities in the stronger of the cascades show, 
for example, that the 218.6 keV y-line is the 
17/2+~+ 13/2+ transition; this, and the angular 
distribution enable us to assign this band starting 
with the 9/2+ level and extending reliably to spin 
41/2 and tentatively to 49/2. The level scheme of 
169Hf resulting from this study is shown in Fig. 2. 
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5/2+[642] I+ 1/2 ODD 

'3 ( J 0 

Fundamental information can be obtained from 
the E2/Ml mixing amplitudes o. This analysis is 
important for the assignment of the 5/2-[512] band. 
Information of two kinds is available for this 
purpose: the results of the angular distribution 
measurements, and the cross-over-to-cascade branch
ing ratios within the band. Generally the branch
ing ratios yield more accurate absolute values of 
o but cannot determine the sign, and the reliability 
hinges on the validity ofthe strong coupling model. 
The angular distributions determine the sign of o 
unequivocally and its absolute value usually rather 
inaccurately, both in a model-independent way. 
Deduced mixing amplitudes are given in Table 1. 

The mixing amplitude is strictly
7

related to 
the nuclear g-factor by the relation 

OoEY 1 
1. 073 (I

2 
- 1)~ 0 

(1) 

where Q0 is the nuclear quadrupole moment in 
barns, ~ the energy of the cascade transition in 
MeV, and I the initial spin. The value of 5.5 
barns was taken for the value of Q0 , extrapolated 
from the tabulated B(E2) values of heavier Hf 
nuclei 8 according to the A-dependence of the 2 + 0. 
transitions in the doubly-even nuclei. The results 
of this determination are given in column 6 of 

GATE: 218.6 + 326.3+ 423!1 + 505!1 + 569.7 + 
615.6 keV 
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Fig. 1. Coincidence spectra added for the two cascades in 5/2+[642] band; I + 1/2 
odd in upper part, I + 1/2 even in lower part of the figure. (XBL 748-4005) 
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Fig. 2. 169Hf scheme based on this study. (XBL 7 48-4004) 



0 0 :) /"l v ~'-i J 0 
,, 
() ,;_-·--

d 
~)I 

.,) I 
21 

TABLE 1. Mixing amplitudes and g-factors in negative parity bands of l69Hf. 

-----Mixing amplitudes, o -----
Band Initial From angular From branching Adopted 

spin distribution ratio value 

a 
(gK - gR)exp (gK - gR)th 

5/2-[523] 9/2 ±0.70 ± 0.2lb -0.70±0.21 -0.13 ± 0.04 -0.12 

5/2-[512] 9/2 -4 .. 0 to ~o.os ±0.35 ± 0.10 -0.35±0.10 -0.47 ± 0.15 -0.62 

11/2 -6.0 to -0.03 ±0.22 ± 0.07 -0.22±0.07 -0.66 ± 0.22 -0.62 

13/2 -10 to +0.02 ±0.18 ± 0.05 -0.18 ± 0.05 -0.79 ± 0.26 -0.62 

aValues of gK extrapolated from Ref. 27, and gR = +0.3 were used. 
bFrom analysis of coincidence spectra. 

Table 2, and in column 7 they are compared with 
the calculated9 values. For that purpose, the 
value of 0.30 was used for gR. The agreement 
appears to be good. 

There is no abrupt change in moment-of-inertia 
at high spin in any of the bands measured here. 
This observation can be interpreted as favoring 
Stephens' and Simon's explanationS of backbending. 
If indeed the decoupled il3/.2 two-neutron band is 
responsible for the backbena1n~ in the 168Hf, one 
would not expect the band in 1 9Hf based on the 
il3l2 neutron to backbend. On the contrary, the 
mixing with the three-neutron states of the same 
shell-model character would be strong, and the 
moment of inertia would change only gradually in 
the 5/2[642] band, as is observed here. 

Footnotes and References 

*A more complete report is published in Phys. Rev.· 
Cll, 1767 (1975) .. 

**Present address: Brookhaven National Laboratory, 
Upton, New York 11973. 

tPresent address: Xerox Corporation, Rochester, 
New York. 

fpresent address: Stadt Rudolf-Virkchow Kranken
haus, Strahlungsabteilung, 1 Berlin 65. 

§Present address: Heavy Ion Accelerator Laboratory, 
Yale University, New Haven, Connecticut 06520. 

* Present address: Lawrence Berkeley Laboratory, 
University of California, Berkeley, California 
94720. 

1. A. Johnson, H. Ryde, and J. Starkier, Phys. 
Letters 34B, 605 (1971). 

2. A. Johnson, H. Ryde, and S. A. Hjorth, Nucl. 
Phys. Al79, 753 (1972). 

3. S. A. Hjorth, H. Ryde, K. A. Hageman, G. 
L9Svh9Siden, and J. C. Waddington, Nucl. Phys. Al44, 
513 (1970). 

4. I. Rezanka, F. M. Bernthal, J. 0. Rasmussen, 
R. Stokstad, I. Fraser, J. Greenberg, and D. A. 
Bromley, Nucl. Phys. Al79, 51 (1972). 

5 . F: S. Stephens and R. S. Simon, Nucl. Phys. 
Al83' ,257 (1972). 

6. F. S. Stephens, P. Kleinheinz, R. ~. Sheline, 
and R. S. Simon, Nucl. Phys. A222, 235 (1974). 

7. F. Boehm, G. Goldring, G. B. Hagemann, G. D. 
Symons, and A. Tveter, Phys. Letters~. 627 (1966). 

8. R. A. Sorenson, Rev. MOd. Phys. 45, 353 (1973). 

9. I.-L. Lamrn, Nucl. Phys. Al25, 504 (1969). 



22 

HIGH-SPIN STATES IN 191,193,195Au 

P. 0. Tj0m,* M. R. Maier,t D. Benson, Jr.,+ 
F. S. Stephens and R. M. Diamond 

/ 

A nrnnber of experimental studies have estab
lished the existence of decoupled bands in nuclei; 
these bands have been rather unambiguously identi
fied in the neutron-deficient La and rare-earth 
nuclei, in the Hg region, and probably also in the 
Sc, Se, and Pd regions.l Here we will report on 
results from a study of the 191

•
193

•
195Au nuclei. 

In the Au nuclei a low-lying 11/2- state is 
known,2 which at first might be thought to be the 
n = 11/2- Nilsson state, indicating a prolate 
deformation for these nuclei. Recent results show, 
however~ that t~e nu~le~ in this mass region are 
oblate,~-6 and 1f th1s 1s the case also for the Au 
nuclei, the n = 1/2 Nilsson orbital is closest to 
the Fermi surface and, within the context of the 
strong-coupling model, cannot explain the existence 
of the known low-lying 11/2- states. However, the 
model of a particle coupled to a rapidly-rotating 
non-spherical corel,6 is consistent with the 11/2-
assignment and with the observed band built on this 
state. The aim of the present study was to test 
insofar as possible the adequacy of such a rota
tion-aligned model for the negative-parity levels 
of this nucleus. 

Several reactions have been used to populate 
states in 191

•
193

•
195Au, i.e., Ir(a,xny)Au with 

26, 2g, and 42 MeV a beams and Os( 7Li,xny)Au with 
50 and 58 MeV 7Li beams. The targets were mounted 
on thin A1 backings and were enriched in 191 Ir, 
193 Ir, 1900s and I 920s. The Berkeley 88-Inch 

23/2" 2186.9 23/2- 2173.5 

1991.0 10 ns 

Cyclotron provided the alpha and 7Li beams. The 
gamma-ray spectra were detected with one or two 8 
cm 3 planar and one 30 cm 3 coaxial Ge(Li) detectors. 
The singles gamma-ray spectra were recorded both 
in-beam and off-beam, which make it possible to 
distinguish between prompt transitions and ones 
which are delayed by > 3 ns. The angular aniso
tropies were measured with the detectors at 30° 
and goo for the a reactions, and at 45° and goo 
for the Li reactions. Gamma-gamma coincidence 
measurements were performed with both detectors 
at goo relative to the beam direction. 

The level schemes deduced for the 191
•

193
• 

195Au nucleus are shown in Fig. 1. The detailed 
experimental data are available in the published 
report of this work.? The favored bands in these 
Au nuclei are well established. Figure 2 shows the 
bands in comparison with the corresponding bands in 
doubly-even Pt and Hg nuclei. As seen from the 
figure, the 11/2- + 15/2- energy spacings are very 
close to the o+ + 2+ ener~ spacing in the Hg iso
topes, whereas the o+ + 2 energy spacing in the 
Pt isotopes are somewhat smaller. For the higher 
spins, the agreement between the energy spacings is 
also much better for Au and Hg than for Au and Pt. 
In the Pt isotopes, the number of empty levels 
available to the proton pairs is two rather than 
one, as it is for Hg and Au. This might be the 
reason for the greater similarity of the energy 
spacings in Au and Hg. 

1947.7 12 ns 

(2112+) 1813 8 ns 

388 

13/2+ 1490.4 13/2+ 
19/z- 1419.0 (15/2") 1399.0 19/2" 1404.54 

(17/2")f+l373.5 1365.9 

725.5 
669.8 

I 535.7 

721.2 675.7 671.7 718.5 

890.7 893.96 

9/2+ 863.3 9/2+ 

15/2" 686.2 

7/2+ 712+ 

11/2" 290.1 4s 5/2+ 318.49 31s 

~258.0 3/2+- \261.75 
224.8 549.8 241.53 

312+---o 1/2+- -38.2 I I 2+ 61.41 

3/2+___..... 
0 3/2+-- 0 

191Au 193Au 195 Au 

Fig. 1. The decay schemes for 191 Au, 193Au, and 195Au. The widths of the arrows indicate the 
relative intensities of the transitions following the (a,2ny) reaction for 193Au and 195Au 
and the (Li,6n) reaction for 191 Au. (XBL 743-24g3) 
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Fig. 2. The bands based on the 11/z- state in the odd-mass Au nuclei compared to the 
ground-state bands in the adjacent Hg and·Pt nuclei. (XBL 743-2491) 

Apart from the decoupled band, levels having 
spins 7/2-, 9/2-, 13/2-, and 17/2- are observed at 
excitation energies which do not differ more than 
20 keV for 19 3 Au and 19 5 Au. From the study of the 
decay of 191Hg, 7/2-, 9/2-, and 13/2- levels are 
also observed in 191Au at about the same excitation 
energy as in the other Au nuclei. Since these 
three Au nuclei are so similar, a comparison 
between the observed ,and calculated energy levels 
is only made for one case and this is shown for 
1 9 5 Au in Fig. 3. 

The calculation, similar to those previously 
made,l is based on a particle-plus-rotor model, 
using a perfect (rigid) rotor Hamiltonian for the 
core. Thus it does not include the possibility of 
asymmetric shapes, shape changes, vibrations, or 
large individual 2-qp components. All of these 
effects might be expected to occur in the Au region, 
so that the calculations in Fig. 3 should only be 
considered as a first approximation. The calcula
tion has no parameters. The h2 /22r and S values 
were derived from the average 2+ energy in 194Pt 
and 196Hg according to expressions given in Ref. 1. 
This is about the same result one would get by 
basing these quantities on an average h2 /2(f value 
from the 2+ and 4+ states in 196Hg. 

Even with this relatively crude calculation 
the agreement between the experimental results and 
the calculation is rather convincing. The decou
pled-band members (11/2, 15/2, and 19/2) reflect 
the core energies, and would be improved by using 
core spacings more realistic than those of the 
rigid rotor, as can be seen in Fig. 2. The 7/2 and 
3/2 states are approximate members of this band, 
and this is the first time such low-spin states 
have been ~ssociated with a decoupled band. Their 
qualitative agreement with the calculation suggests 
that the rotation-aligned coupling scheme may apply 
to low-spin, as well as high-spin, states. The 
13/2 and 17/2 states are members of the a.= j -1 = 
9/2 band (sometimes called the unfavored band), and 
the fact that this band lies considerably lower 
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Fig. 3. A comparison of the observed negative
parity levels in 195Au with those calculated from 
a particle-plus-symmetric-rotor model. The heavy, 
dashed lines indicate levels not observed in this 
work. (XBL 743-2492) 

than calculated can be caused by non-axial shapes. 
Such shapes are likely to be important in the gold 
region as indicated by the low-lying second 2+ 
states' in the even-even Pt and Hg nuclei. The 9/2 
state is an approximate member of this band. The 
second 11/2 and 15/2 states would belong to the 
a. = 7/2 band, and the second 13/2 state to the 
a. = 5/2 band. Figure 2 shows all the experimental 
negative-parity states below 1.25 MeV, and all the 
calculated ones below 2.3 MeV. The significant 
features of the comparison seem to us to be a) the 



agreement in energy of the decoupled band and of 
the 6 or 8 lowest-energy states, and b) the occur
rence, in general, of the correct states in the 
energy region shown. Calculations including shape 
asymmetry have been made,8 and seem to provide a 
major improvement over the comparison in Fig. 3. 

Two other kinds of levels are seen in these 
gold nuclei. Isomeric states with probable spins 

·of 21/2+ are seen in all three nuclei, and probably 
result from the hll/2 proton hole coupled with the 
well-known core s- states. While a plausible 
structure exists for these s- states, a number of 
unexplained features remain.? In addition, there 
are systematically occurring bands based on the 
low-lying positive-parity levels in these gold 
nuclei. These states are very likely based on the 
sl/2 and d3/2 orbitals, but the appropriate two
shell calculations are not available for comparison. 
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HIGH-SPIN EXCITATION MODES IN EVEN Hg NUCLEI* 

D. Proetel,t R. M. Diamond, and F. S. Stephens 

The mercury nuclei, with Z = 80, have only two 
protons less than the magic number 82 and lie in 
the transition region between the strongly deformed 
prolate rare-earth nuclei and the spherical lead 
nuclei. The heavier Hg isotopes are considered to 
be nearly spherical (vibrational) with small oblate 
deformation.l Negative-parity bands have been 
observed2,3 in these nuclei starting at spin 5. 
The E2 transition probabilities4,5 connecting the 
lowest members of these bands have strengths of 
about 30 s.p.u., indicating some collectivity. The, 
negative parity, the fact that the lowest spin in 
the band is 5, and the occasionally very close 
spacing of the s- and 7- members, however, suggest 
a single-particle nature for these states in which 
an i 1312 neutr~n is cou{lled to a p112 , p312 , f 512 , ... 
neutron. In the very neutron-deficient mercury 
isotopes with A= 184 and 186, a change from small 
(probably) oblate deformation to large prolate 
deformation has been found6 in the yrast states 
around spins 2 and 4, respectively. 

The nuclei with A= 194, 196 and 198 have been 
studied following (a.,xn; x = 3,4) reactions on 
enriched self-supporting platinum targets of 
approximately 5 mg/cm2 thickness. The a. beam was 
provided by the 88-Inch Cyclotron of the Lawrence 
Berkeley Laboratory. Excitation functions for the 
(a.,3n) and (a.,4n) reactions have been studied in 
the energy range between 34 and SO MeV. The nucleus 
188Hg has been studied with the reactions 

172Yb( 20 Ne,4n) at 104 MeV and 164Dy( 28Si,4n) at 
128, 135, and 144 MeV, and in the S deca~ of 188Tl, 
which has been produced by bombarding 16 Ho with 
28Si and 159Tb with 32 S. These heavy-ion beams 
were produced by the HILAC at the Lawrence Berkeley 
Laboratory. The time structure of the beams (pulse 
width~ 10 ns, distance between beam burst ~ 150 ns 
at the cyclotron and ~ 6 ms pulse width with a rep
etition rate of 36 sec- 1 at the HILAC) were used to 
accumulate in-beam (IB) and off-beam (OB) spectra 
in order to determine isomeric transitions and 
short-lived activities. Approximate A2 coefficients 
for the y transitions were determined by measuring 
the anisotropy of the y-ray emission at two angles 
in the reaction plane. Gamma-gamma coincidences 
were recorded between a coaxial and a planar Ge(Li) 
detector using conventional fast-slow coincidence 
techniques. 

Low-lying levels in the three Hg isotopes with 
A= 194, 196 and 198 were known previously to the

7 6+ and 7- states,2 and in 188Hg to the 4+ state. 
Our experiments agree with all previous assignments, · 
and add levels up to around spin 12 in both the 
positive- and the negative-parity bands. The decay 
schemes for the nuclei studied follow quite 
straightforwardly from the coincidence data, and 
are shown in Fig. 1. A great help in the case of 
188Hg is the y spectrum from the S decay of 188Tl 
which populates with decreasing intensity levels in 
188Hg up to the 8+ state, and so determines the 
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Fig. 1. The level and decay shcemes of the low-lying high-spin states in mercury nuclei with 
A= 188, 194, 196, and 198 as they follow from previous studies and the present work. . 

sequence of these y rays uniquely. 

Info~ation on the low-lying high-spin states 
is now available for almost all even-even and odd-A 
mercury nuclei from A= 184 through 200. The Hg 
nuclei with 190 ~A~ ZOO are believed to be of 
oblate deformation, and the B (E2; 2+ + o+) values 
indicate moderate collectivity in these nuclei, of 
a type historically called vibrational. However, 
the 10+ states, with their small transition ener
gies to the 3+ states and their small B(E2 ;10+ + 8+) 
values, seem to be mainly due to (nhil;2) excita
tion. With the neutron-deficient Hg isotopes, 
A< 190, a very different transformation appears 
at higher spin. There is evidence for a change to 
large prolate deformation (small values of h 2 /2~ 
and large B(E2) values) for states above a spin 
value which decreases with decreasing neutron 
number from 6+ in 188Hg to 2+ in 184Hg. Thus, the 
high-spin states of the yrast band show one type 
of behavior for A > 190, and a different type for 
A < 190. In either case, these nuclei with small 
deformation find it necessary to change the nature 
of their yrast band at higher spins, to either 

' large prolate deformation (A < 190) or to a 
stretched pair of high-j particles (A> 190), in 
order to accommodate larger amounts of angular 
momentum more economically. 

Finally, the negative-parity band built on the 
5 state shows both considerable collective quadru
pole character (enhanced B(E2) values among the 
members) and a strong two-particle component, par
ticularly of [vi13/2,vj]. Some aspects of the 
levels (including having the natural parity members 
lowest and starting with 5-) can be understood by 
shell-model calculations including residual inter-

(XBL 743-2500) 

actions,8 but the enhancement of the B(E2) values 
requires additional mixing of the states so obtained 
with each other, and with the collective motion of 
the core. 9 
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DECOUPLED BANDS IN ODD-MASS MERCURY ISOTOPES* 

D. Proetel,t D. Benson, Jr., :j: A. Gizon, § J. Gizon, § 
M. R. Maier,ll R. M. Diamond, and F. S. Stephens 

The schemes of the low-lying high-spin states 
in mercury isotopes with A= 1gs, 1g7, and 1gg have 
been studied by y-ray spectroscopy following (a,xn) 
reactions on separated platinum targets. Excita
tion functions for the (a,3n) and (a,4n) reactions 
have been studied at seven different energies 
between 34 and 50 MeV, with a beams provided by the 
88-Inch Cyclotron of the Lawrence Berkeley Labora
tory. The time structure of the cyclotron beam 
(pulse width~ 10 nsec, distance between beam 
pulses ~ 150 ns) was used to accumulate in-beam 
and off-beam spectra in order to determine isomeric 
transitions and short-lived activities. The aniso
tropies of the y-ray angular distributions have 
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Fig. 1. Decay scheme for the low-lying high-spin 
states in 195Hg. (XBL 741-2231) 

been measured at 45° and goo in the reaction plane. 
Conventional fast-slow coincidence techniques were 
used to record y-y coincidences between a planar 
and a coaxial Ge(Li) detector, both located at goo 
with respect to the incident beam. 

The decay schemes of the low-lying high-spin states 
in the three nuclei, 195

•
197

•
199Hg are shown in· 

Figs. 1-3. Although we are dealing with odd nuclei 
near the closed proton and neutron shells, the 
spectra of the odd-A Hg nuclei are relatively 
simple and remarkably similar to those of the 
adjacent even-even Hg nuclei. We observe a posi
tive-parity band based on the 13/2+ state connected 
with stretched E2 transitions, and a presumably 
negative-parity band starting at 21/2- which decays 
into the positive-parity band around spin 21/2. 
Figure 4 displays all available data on the 2+, 4+ 
and 6+ states for even-even mercury nuclei and the 
13/2+, 17/2+ and 21/2+ states in the odd-A mercury 
isotopes (solid bars) and the 5- 7-, and g- states 
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together with the 21/2(-), 25/2(!) and 29/2(-) 
states (broken bars) in the even-even and odd-A 
nuclei. (The spectra of the odd-A nuclei have been 
shifted so that the 13/2+ states match up with the 
o+ states in the even-even Hg nuclei.) A striking 
regularity is apparent in the 2+, 4+, and 6+ states 
and the corresponding 13/2+, 17/2+ and 21/2+ states 
through a range of 14 neutron numbers. Clearly," 
decoupled bands are occurring in the odd-A Hg 
nuclei with spin sequences 13/2, 17/2 and 21/2 and 
energies very similar to the core energies in the 
even-even Hg isotopes. In the context of the 
rotation-alignment modell,2 this implies oblate 
deformation for these nuclei, since for s< 0 the 
low~ states of the i1312 subshell are close to the 
Fermi surface. For prolate deformation, one would 
expect a normal rotational band based on the 13/2+ 
state, with the usual spin sequence and energies 
approximately proportional to I (I+ 1). Some of the 
unfavored states of the decoupled band (a = 11/2) 
also seem to be seen, and their excitation energies 
follow qualitatively the predictions of the rota
tion-aligned coupling scheme. This provides addi
tional evidence that this new coupling scheme may 
be a useful description for the low-lying high-spin 
states in these nuclei, and the large differences 
in energy between members of the multiplets show 
that weak-coupling schemes are invalid here. It 
appears that the strongly deformed (prolate) rare
earth region and the spherical lead region are 
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Fig. 4. Level systematics for the low-lying high
spin states in Hg isotopes with A= 184 through 
A=200. Plotted are the o+, 2+, 4+, and 6+ quasi
rotational states in the even-even and the 13/2+, 
17/2+, 21/2+, and 25/2+ decoupled states in the 
odd-A nuclei (solid bars) as well as the 5-, 7-, 
and 9- and 21/2-, 25/2-, and 29/2- negative-parity 
states (dotted lines) in the. even-even and odd-A 
nuclei, respectively. The spectra of the odd-A 
isotopes have been shifted in energy so that their 
isomeric 13/2+ states match up with the ground 
states in the even-even Hg isotopes. The numbers 
refer to the transition energies between the posi
tive-parity states. The data on 191 •

192
• 193Hg are 

from W. F. Davidson (private communication), the 
ones on 187Hg are our own preliminary results. 

CXBL 7 41- 2233) 

connected by a transitional region with oblate 
deformation. 

The observation of a probably negative-parity 
band in the odd-A mercury nuclei, starting at spin 
21/2, strongly suggests that the excitation of a 
(decoupled) il3L2 neutron hole plays a major role 
in the 5-, 7-, 9-, ... bands recently discovered in 
the even-even mercury isotopes. 
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LIFETIMES AND g-FACTORS IN DECOUPLED BANDS* 

K. Nakai,t D. Proetel, :j: R. M. Diamond, and F. S. Stephens 

Recently,a number of decoupled bands have been 
reported in odd-mass nuclei in various regions of 
the nuclear chart,l and an interpretation of these 
bands as examples of the rotation-aligned coupling 
scheme has been suggested.2 If this interpretation 
is correct for nuclei in the "vibrational" regions, 
it indicates a greater importance of collective 
rotation than was previously thought to be likely 
in nuclei having such small deformations. Studies 
of the electromagnetic properties of these bands 
can be helpful in distinguishing among the possible 
coupling schemes, namely, weak, strong, and rota
tion-aligned. 

The odd-mass Er isotopes were chosen for this 
first study because the lifetimes and the g-factors 
of the even-even Er nuclei are known,3,4 and these 
are essential-for comparison. Lifetimes of the 
17/2 (j+2) and 21/2 (j+4) members of the de
coupled bands in 157Er and 159Er have been measured 
using the recoil-distance Doppler-shift method. 
From the lifetimes determined for 157Er, the g
factor of the 17/2+ state was calculated by analyz
ing time-integral PAD data taken during experiments 
to determine4 g-factors in the even-even Er nuclei. 

In the lifetime measurements, an 4 0Ar beam 
from the Berkeley 88-Inch Cyclotron was used to 
bombard self-supporting targets of 122Sn and 124Sn 
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Fig. 1. The fraction of unshifted intensity, F, vs 
target-plunger distance for the 17/2 + 13/2 and 
21/2 + 17/2 transitions of 157Er. The distance is 
given in units of 25 ~, and a scale in psec is 
shown at the top. The lines are the computer fits 
to the data. (XBL 743-2672) 

about 850 ~g/cm2 thick. The beam energy was 171 
MeV, near the maximum of the excitation functions 
for the (40Ar,5n) reactions. Since some y transi
tions of 158Er were also seen in the spectra 
obtained, their lifetimes were determined for 
comparison with the previous results,3 but the 
accuracy was poorer in these even-even measurements, 
because the beam energy was not optimized for the 
4n reaction. The ratios, (unshifted intensity)/ 
(unshifted +Doppler-shifted intensity), for the 
transitions of interest at each plunger distance 
were obtained and analyzed with a computer program 
that fits three cascading gamma transitions simul
taneously, and allows for another cascade of three 
transitions to feed the group being determined. A 
plot of the experimental ratios vs plunger distance 
for 157Er is shown in Fig. 1. The recoil velocity 
was determined to be v/c = (2.10 ± 0.02)%. 

TI1e B(E2) values obtained are compared with 
those in the neighboring even-even Er nuclei in 
Fig. 2. The B(E2) values in the odd-mass nuclei 
are considerably larger than the average values in 
the even-even nuclei. This indicates that the odd
mass states are not examples of weak coupling, as 
such a coupling scheme requires that these reduced 
transition probabilities be identical to those of 
the core, i.e., the neighboring even-even nuclei. 
However, both the rotation-aligned and the strong-
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Fig. 2. Plots of B(E2) vs A. The solid curves 
correspond to weak-coupling (even-even) values, 
and the dashed curves to rotation-aligned ones. 
The crosses and circles correspond to measured 
values in even-even and odd-mass nuclei, respec
tively. (XBL 743-2671) 
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coupling schemes lead to larger B(E2) values, much 
closer to the observed ones. 

To distinguish between these two possibili
ties, the results of an earlier time-inte¥rated 
PAD measurement4 of the g-factors in 156

• 
58

•
160Er, 

using the strong hyperfine field acting on the 
highly-charged ions recoiling into vacuum, was 
re-evaluated to also extract the g-factor of 157Er. 
The result for the 17/2+ state of 157Er is lgl = 
0. 0 5 ± 0. 0 5. This can be compared with the calcu
lated values, using gs(effective) = 0.6 gs(free), 
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gR = 0.40, and g£ = 0 for neutrons, weak coupling, 
-0.04; strong coupling, +0.18, +0.38, and +0.35 for 
K = 1/2, 3/2, and 5/2; and rotation-aligned, -0.02. , 
So only the rotation-aligned wave functions give 
reasonable agreement for both types of measurement 
made here. The energy levels of these nuclei are 
also in best agreement with this scheme, though it 
is clearly only approximate, especially for 159Er. 
These measurements are relatively easy to make, 
and can be applied rather generally to identify the 
type of coupling in particular nuclei. It will be 
interesting to make these measurements on other 
"decoupled" bands in regions of low deformation. 

€')) 
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BACKBENDING AND ROTATION ALIGNMENT* 

F. S. Stephens, P. Kleinheinz,t, R. K. Sheline, :j: and R. S. Simon§ 

i 
l 

It is now clear that a rather sudden struc
tural change occurs in the ground-state rotational 
band of a considerable number of rare-earth even 
nuclei at high angular momenta.l,2 Early evidence 
for such a change came from the population patterns 
of such bands following (HI ,xn) reactions, 3 but the 
conclusive step was the observation of irregulari
ties in the rotational-energy spacings.4 These 
irregularities are such that two or three rotation
al transitions in the region of I"' 12-20 become 
lower in energy with increasing I, whereas transi
tions above and below this !-region have the normal 
(rotational) monotonic increase in energy with I. 
If the moment-of-inertia, fF, is plotted against 
the square of the rotational frequency, w2

, such 
a behavior produces a "backbending" curve (larger 
SF but smaller values for w2 ). There has recently 
been considerable interest in determining the 
nature of the structural change responsible for 
this behavior. The purpose of this paper is to 
pursue the consequences of the "rotation-alignment" 
explanation for this change in order to see if it 
is consistent with relevant data in adjacent odd 
nuclei. 

The underlying model for the effects we want 
to estimate here will be that suggested by Stephens 
and Simon6 (SS). The basic proposal is that cer
tain 2-quasiparticle states in even-even nuclei 
gain enough Coriolis energy by aligning their 
angular momenta with the rotation axis (rotation 
aligned) so that at high spin values they become 
the lowest states. At the beginning of the rare 

earth deformed region the 2-quasiparticle states " 
involved would almost certainly be those from the 
il~/2 shell. This alignment effect can be estimated 
using the SS model, however several parameters 
enter these calculations, which makes a unique 
prediction appear difficult. At this point it is 
useful to remember that most of the parameters 
entering into the 2-quasiparticle calculation for 
even nuclei also enter in much the same way into 
the !-quasiparticle calculation of the lowest i13/2 
band in an odd nucleus. Such bands are observed 
throughout the rare-earth region and it seems clear 
that backbending in the even nuclei should be 
related to the characteristics of these bands in 
the adjacent odd nuclei if the rotation-alignment 
model is correct. We will make this comparison, 
first qualitatively for the whole rare-earth 
region, and then quantitatively for two pairs of 
nuclei. 

If we look at the lowest il3/2 band in an odd
neutron rare-earth nucleus one characteristic 
feature of the energies is the presence of a term 
whose sign alternates as I increases: this term 
has been called? the "signature" term. This alter
nation of energies is the beginning of the rotation
alignment process, and can be traced back to the 
Coriolis-induced amplitude of the ~ = 1/2 orbital 
in the wave function, and further, to its decoupl
ing term. Thus, this signature term is related to 
the extent of alignment, though it is not a direct 
measure of it. Therefore, it would be of interest 
to compare the size of this term with the degree 



of backbending in the adjacent even nuclei. In 
Fig. 1 we have plotted all the information on rota
tional levels of even nuclei in the rare-earth 
region from N "" 90 tlirough Z"" 76. A figure similar 
in this respect has been given by Sorensen. 2 We 
have plotted in Fig. 2 the rotational levels of 
the lowest i 13; 2 band in the odd-mass nuclei. The 
effects of tne alternating energy term are apparent. 
The rotation-alignment model would imply some cor
relation between the size of the alternating energy 
term and backbending. Comparison of Figs. 1 and 2 
suggests that this may well be the case, but a more 
quantitative comparison would be useful. 

One of the effects that Coriolis mixing has on 
the levels of the lowest mixed band is a compression 
of the band; that is, an increase in the apparent 
moment of inertia. It is not difficult to arrive 
at a quantitative expression for the compression 
of the lowest i13;2 band in the odd-neutron nuclei. 
If the band is decoupled (rotation aligned), then 
the I = 17/2 to 13/2 separation should be just the 
average I= 2 to 0 separation in the two adjacent_ 
even nuclei. Thus, the ratio, 6£(17/2+13/2)/32£ 
(2+ 0), should be 6/32 = 0.188 if the band is 
decoupled. This ratio should be 1.00 if the band 
is not mixed at all. This "compression factor" for 
the odd nuclei has been included in Figs. 1 and 2, 
and we have drawn a rough contour line for a com
pression factor of 0.45. It is apparent that these 
numbers correlate rather closely with the size of 
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the alternating energy term. Furthermore, the 
contour line approximately divides the backbending 
even nuclei from those that do not seem to back
bend, though more data are badly needed in the 
lower right portions of Figs. 1 and 2. We find 
the correlation between compression factor and 
backbending, as indicated in Fig. 1, quite encour
aging, and will now try to test these ideas by 
direct calculation. 

The above discussion suggests that calcula
tions of the type made by SS for the even nuclei 
should be first tested against the adjacent odd 
nuclei, and adjustments of the parameters be made, 
if necessary, in order to fit these odd nuclei. 
Thus, we start with an a priori estimate for the 
parameters, and an order for varying them until a 
satisfactory fit of each !-quasiparticle band is 
achieved. Then this identical set is used for the 
2-quasiparticle states in the adjacent even nuclei. 
Two sets of nuclei have been done: 161

•
162Er in a 

backbending region, and 171
•

172Hf in a non-back
bending region. The details of the mathematical 
procedures are given in Ref. 5. 

It seems possible to characterize the bands 
in the odd nuclei roughly by two features; a com
pression from the input (1'1 2 /23) 1 value and a 
magnitude for the energy oscillations. It is well 
known that both these quantities are too large if 
one does the Coriolis calculations with the a priori 
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Fig. 1. Gr?und-~and level energies in doubly-even rare earth nuclei. The plots give the 
moement-of-~ertla Ct versus the square of the rotational frequency w2 , both quantities derived 
from the transition energy. In a few cases where more than one possible choice exists, the 
lowest-energy transition is always used. Tentatively assigned band members are indicated by 
an omitted dot. The compression factors C and the contour line for C = 0.45 are derived from 
!he 17/2+ + 13/2+ level spacings observed in the odd-N nuclei (Fig. 2), and from the mean value 
E(2 + 0) of the 2+ energies in the adjacent even nuclei. The data references are given in Ref. 5. 
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in the neighboring doubly-even isotopes) versus the square of the spin of the upper level. 
In this plot an unperturbed rotational band gives a horizontal line (with the ordinate close 
to one), a band following the equation E "' AI (I+ 1) + BI 2 (I+ 1) 2 gives a straight line with 
the slope B. The compression factor C derived from the 17 /2+ + 13/2+ transition energy :1,::; 
indicated for each nucleus. In several nuclei with N~99 only one E2 cascade was observed, 
which establishes the energy-favored band members with I= j, j +2, ... ; these points are 
connected by a broken line to indicate the absence of the alternate band members. (For 
illustrative purposes this is al~o done for several complete bands.) Dots are omitted for 
tentatively assigned band members. Reference to the original data is given in Ref. 5. 

parameters described. The Coriolis matrix elements 
must be reduced, and to do this we chose the form 
used by SS, which is decreasing f(U,V). We use: 

f(U,V) b' qp -, lqp (1) 
/ 2qp- 2qp' 

where n is adjusted to fit the odd nucleus. Our 
procedure, therefore, was to fit the compression 
of the !-quasiparticle banc;l with n, and then fit 
the energy oscillation by varying e., (the hexilde
capole deformation). To obtilin the fits shown in 
Fig. 3 for ~ 61Er and 17 ~Hf, only these two quanti
ties had to be varied from the a pr{Qri tnput 
values (see Ref. 5). The re~ults for the even 

·nuclei are also shown in Fig, 3, They seem to us 
to be very encouraging, ~tnce th©re are no adjust~ 
able parameters in~ these cal>es. Thi~ kind of~ 
agreement betwe~n the calculated and observed 

,behavior suggests both that the input par~eter? 
are behavingcas we have proposed ~d thqt the bii~ic 
ideas may be correct, 

Both the qualitative ~urvey and the. detail?d 
calculations we have made support the rotqtion" 
alignment explanation of back bending. It seem? 
plausible that all the backbending in the rare
earth deformed region could be due to these i13/2 
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fig, 3, A compari?on of ~xperimental (dots) and 
calcu1qte.d (line.?) properties of leyels in the 
pg,ir:; of nuclei ! ~ 1 , 16 '2Er and 171 'P 2Hf. The plots 
are. of the same type as those in Figs. 1 ~d 2. 
The 1e.ft side of the figure shows the. fits gptaine.d 
for the lowest il~/2 bqpd in the ogq nuc+eus of 
each pair, qnq tn~ right side. shows the results for 
the doubly-even nucleus calculated using the same 
parameters. (XBL 736-3105) 



2-quasiparticle states, though in the Os region it 
is quite possible that the hg;2 proton shell is 
more important, or even that another process is 
involved. 
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ANGULAR-MOMENTUM EFFECTS ON CONTINUUM GAMMA RAYS 
FOLLOWING HEAVY-ION REACTIONS* 

P. 0. Tj0m.t F. S. Stephens, R. M. Diamond, 
J. de Boer,+ and W. E. Meyerhof§ 

The gamma-ray spectra following heavy-ion (HI, 
xn ) reactions have two main features: discrete 
lines from heavily populated low-lying levels of 
the final product nu~lei, and a continuum which 
presumably represents all the higher transitions, 
none of which has sufficient population to be 
resolved with present techniques. The present work, 
using p, ! 60, and 84 Kr projectiles, shows that 
large variations occur in the number of gamma rays 
in the continuum region depending mainly on the 
outgoing channel, and that this variation may be 
understood in terms of a simple model. 

In our work it was essential to specify the 
reaction channel because many channels occur simul
taneously in the reactions and·a composite continu
um of gamma rays would be difficult to interpret, 
Thus we measured the continuum in coincidence with 
known discrete transitions that specified particu
lar channels, as was done by Sunyar.l For the 
dis~rete lines we used a 40 ~c Ge(LiJ detector at 
an angle gf goo to the inciqent beam direction and 
about 5 em from the target. The continuum gamma
rays were detected in a 7. 5 x 7. 5 em Nai crystal, lS 
em from the target, and at angles of oo, 45°, an(:! 
goo. An absorber, consisting of 0.32 em Pb and 
0. 32 em Cu, was p:).a~ed in front of the Nai detector, 
resulting in an overa:).l detection efficiency that 
is very nearly constant for any gamma ray above 
0.5 MeV. Since there are known discrete lines in 
the spectra of interest ~p to about 0. 6 MeV, and 
since there are not likely to be many continuum 
gamma rays below this energy,l we took 0,6 MeV as 
the lower limit for measurements of the continuum. 

Beams of 347 MeV 84 Kr provided by the Berkeley 
SuperHILAC were used to bombard targets of 82 Se 

(1.3 mg/cm2
) enriched to g7%. This produced the 

compound nucleus 166Yb~ and various discrete lines 
in the final nuclei 16 Yb(3nJ, 162Yb(4n), and 
161Yb(5nJ could be used as coincidence ¥ates. A 
target of 9g% enriched 150 Sm (1.4 mg/cm) was also 
bombarded at the Berkeley 88-Inch Cyclotron with 
88 MeV 160 to produce the same compound nucleus and 
products. Both targets were evaporated onto Pb 
backings about 25 ~ thick, which stopped the beam 
and recoiling nuclei with no appreciable background. 
We also bombarded a 16 5Ho target (220 mg/cm2

) with 
25 MeV protons at the cyclotron in order to produce 
the compound nucleus 166Er, and product nuclei 
163Er(3nJ ang 16 ~Er(2n). The average numbers of 
gamma rays, Ny, associated with each discrete line 
are given in Table 1. 

The variations of Ny in Table 1 are more than 
a factor of 10 overall, and nearly a factor of 3 in 
various 160 + 150 Sm reactions alone. Such large 
variations are not likely to be caused simply by 
the difference in excitation energy resulting from 
different numbers of neutrons evaporated. This is 
shown by the p + 16 5Ho reaction, where a difference 
of one neutron causes a change of less than two 
gamma rays. It seems more likely that these large 
variations in Ny result from angular-momentum 
effects. This can be tested by application of the 
simple sharp-cutoff model. 2 Using this model we 
could estimate the root-mean-square angular momen
tum, £rms• going tnto each reaction channel. To 
test whether the Nl values from Table 1 correlate 
with these £rms va ues, we have plotted these 
quantities against each other in Fig. 1. For the 
p + 1 6 5Ho case, we took an average (weighted by the 
~ross sections) for the 2n and 3n reactions of 
Ny = 3. It is quite apparent that a correlation 
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TABLE 1. Average number of continuum gamma-rays above 0.6 MeV. 

E(keV) 

162Yb(4n) 

166 2+0 11 8 

320 4+2 14 10 

437 6+4 12 9 

521 8-> 6 12 9 

579 10+ 8 9 

163Yb(3n) 

202 17 ;2+ + 13/2+ 20 14 

>
IZ 

f 

345 

232 

21;2+ + 17 ;2+ 19 

161Yb(5n) 
17 ;2+ + 13/2+ 10 

1 
Fig. 1. The average number of continuum gamma 
rays (Ey > 0.6 MeV) coincident with the lowest 
observed discrete transition (2 + 0 or 17/2 + 13/2) 
vs the input £ ~ values. The cross is for the 
165Ho(p,xny) 16~ Er reaction and the circles, tri
angles and squares are for the Sn, 4n and 3n re
actions from 160 + 150 Sm (open) and 8 ~K + 82 Se 
(solid). The parentheses on the 84 Kr + 82 Se ~ata 
indicate that considerable uncertainty in the £rrns 
values is introduced by the target thickness in 
this case. (XBL 746-3366) 

exists in Fig. 1, although the relationship is not 
so good as to completely exclude the possibility 
of some other effects. For example, there is some 

9 

5 

E(keV) 

163Er(3n) 

127 (13/2+ + 9/2+) 1.2 

165 (15/2+ + 13/2+) 2.2 

171 (13/z- + 11/z-) 2.3 

190 9/2- + 5/7- 1.3 

213 (15/2+ + 11/2+) 1.3 

218 (17 ;2+ + 13/2+) 1.7 

236 1112- + 7 ;2- 1.6 

16 "Er(2n) 
208 2+0 3.7 

314 4+2 3.3 

410 6+4 3.2 

suggestion that the 84Kr + 82 Se reaction produces 
slightly more gamma rays than does the 160 + 150Sm 
reaction. Nevertheless, we conclude that most of 
the variation of Ny is due to variation of the 
input angular momentum. 

It is also interesting to consider whether 
there are enough gamma rays to carry of the rrns 
£-values. Figure 1 shows tnat an input angular 
momentum of 30h gives about 10 gamma rays. Since 
a rnultipolarity higher than E2 is not likely, this 
accounts for a maximum of 20 h. However, the 4n 
reactions from both 160 + 150Sm and 84 Kr + 82 Se 
have at least five discrete gamma rays below 0.6 
MeV which are known to carry off lOh. In the odd
mass cases (3n and 5n reactions) even more angular 
moment~ !s carried off by the discrete lines. 
Thus the Ny values are consistent with the rrns 
£-values estimated from the sharp-cutoff model 
provided the continuum gamma rays are predominantly 
of the stretched (I + I-2) E2 type. It is not yet 
clear whether the angular distributions are ~onsis
tent with this requirement. The situation is some
what relieved since the neutrons may carry off a 
few units of angular momentum, and there may be a 
few continuvrn g~a rays below 0.6 MeV. 

Footnotes and References 

*condensed from Phys. Rev. Lett. 33, 593 (1974). 

tOn 1eave from the University of Oslo. 

tan leave from the University of Munich. 

§On partial 1eave from Stanford University, 

1. A, Sunyar, Proceedings of Heavy-Ion Summer 
Study, ORNL Report, CONF-720669, edited by S. T. 
Thornton (1972). 

2. J. M. Blatt and V. F. Weisskopf, Theoretical 
Nuclear Physics (John Wiley & Sons, New York, 1952). 



34 

EVIDENCE FOR ASYMMETRIC SHAPES FROM HIGH-SPIN ODD-A SPECTRA* 

J. Meyer ter Vehn,t F. S. Stephens, and R. M. Diamond 

Rotational bands built on high-j states of 
unique parity in odd-A nuclei have a simple theo
retical interpretation and can give rather detailed 
information about the nuclear shape and moments-of
inertia. In particular, this holds for nuclei with 
small deformations in the vicinity of closed shells 
in which the odd nucleon represents either a pure 
hole or a pure particle in the high-j orbital. It 
has been shown that a particle (hole) on a prolate 
(oblate) core tends to decouple from collective 
rotation by aligning its angular momentum to the 
rotation axis of the core .1 This leads to decoupled 
bands with spin sequence j, j + 2, j + 4, ... and 
energy spacings equal to those of the core. On the 
other hand, a hole (particle) in the prolate (oblate) 
core is strongly coupled and displays a normal 
rotational spectrum with spin sequence j , j + 1, 
j + 2, ... -

The present calculation based on a single-j 
nucleon coupled to an asymmetric rotor shows that 
there is a continuous transition from decoupled to 
strongly coupled bands obtained by changing the 
shape asymmetry y of the nucleus from prolate (y = 
0°) to oblate (y = 60°) through a series of asyrnrnet
ric shapes. In this transition, shown in Fig. 1 
for a deformation 8•A2/3 = 5 and j = 11/2, many 
levels change energy rather sharply relative to 
others; for e:x:aJilple, the "ynfavored" states, I = 
13/2, 17/2, ... all drop considerably relative to 
the "favored" ones, I= ~5/2, 19/2,, ... This 
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I 
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Fig. L Spectrum of a j ;= 11/2 particle c:oupled to 
an asymmetric rotor with all yrast levels I ~ 23/2 
as functions of y. (XBL 743-2656) 

complex pattern of levels provides a severe test 
of the asymmetric rotor model, and one of the 
objectives is to apply this test to several nuclei 
in the Z = 80 region. It is also important to 
realize that some new types of information can be 
extracted from these odd-A spectra, provided the 
model is applicable. This is basically because 
the y-dependence enters not only through the rota
tional Hamiltonian as in the even-even nuclei, but 
also through the Hamiltonian ofthe single particle. 
One can, therefore, easily differentiate between 
oblate and prolate shapes, and this determines y 
in a range from 0 - 60° ·rather than only 0 - 30°. 
Furthermore, the level shifts, like the favored
unfavored one mentioned, are sensitive to the way 
the moments-of-inertia depend on shape, and thus 
can test the assumption of irrotational flow. 

In Figs. 2 and 3, the calculation is compared 
with unique parity states in 187Ir, 195Au, and 
197Tl. The parameters 8 andy are derived from 
the lowest excited states of adjacent even nuclei, 
also shown in the figures. None of the parameters 
is adjusted in the odd-A calculation. Compared 
with the calculation based on axially symmetric 
cores (y =.0° ,60°), the triaxial calculation leads 
to remarkably improved agreement with experiment, 
in particular concerning the position of unfavored 
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s~ectra in 1 7 Ir with parameters 8 and y fitted to 
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Fig. 3. Comparison of calculated and experimental spectra in 19 sAu and 197Tl with 
S andy fitted to 196Hg. (XBL 743-2653) 

states. As seen for 19 sAu, the second 11/2 and 
15/2 states strongly support the assumption of 
shape asymmetry. It should be noticed that 19 sAu 
and 197Tl have the same core 196Hg and the same 
~parameters. For 19 sAu a decou~led h1112-hole 
spectrum is obtained and for 1 7Tl a strongly
coupled h9;2-particle spectrum - in agreement with 
experiment. These results represent considerable 

• evidence for triaxial deformations in these nuclei. 
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INTERPRETATIONS OF LINE STRUCTURE IN 
DELAYED-NEUTRON SPECTRA 

A. A. Shihab-Eidin, F. M. Nuh, * S. G. Prussin,* H. Franz,t 
J.-V. Kratz,t K.-L. Kratz,t W. Rudolph,t and G. Herrmann 

A dominant feature of all recently measuredl-4 
high-resolution delayed neutron spectra (see Fig. 1) 
is prominent line structure with densities small 
compared to the expected level densities (e.g., the 
number of neutron lines for asAs account for about 
1% of the levels available through allowed S-decay. 5) 
The line structure in 85As and 135Sb delayed-neu
,tron spectra was shown4 to account for the majority 
(~ 60%) of the total neutron intensity. Statistical 
and possible systematic errors precluded a unique 
definition of the remaining intensity, although the 
presence of an underlying, continuous neutron dis
tribution could not be ruled out. A second dominant 
feature of 85As and 135Sb spectra is the· absence of 
appreciable neutron intensity above 1.6 MeV (8 sAs) 
and 2.0 MeV (13 sSb) even though larger ranges are 
possible for the neutron energies (large energy 
window, (Qs - Bn)). Franz et al4 demonstrated that 
this was mainly due to the dominance of neutron 
emission from intermediate levels to excited levels 

in the final residual nucleus. They also suggested 
that the extent of neutron decay of intermediate 
levels in esse to more than one level in 84 Se is 
small. 

Two possible interpretations of the line
structure in delayed-neutron spectra have been 
proposed so far. Shalev and Rudstam2 suggested 
that for 87Br and 1371 delayed-neutron spectra, the 
mean spacing of apparent neutron lines represents 
the true mean level spacing in the emitter nuclides 
( 86 Kr and 136Xe, respectively). They used these 
"experimental" mean level spacings to obtain a 
normalized set of level density parameters in both 
regions. These parameters were then used to calcu
late level densities for other neutron emitting 
nuclei (84Se and 134TeJ that can then be used to 
predict the envelope of the energy distribution of 
delayed neutrons and the mean line spacing in their 
spectrum. They obtained fair agreement for 13 sSb 
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Fig. 1. Relative neutron intensity for 135Sb, taken from Ref. 4. (XBL 755-1220) 

and rather poor agreement for 85As. The problem 
in their approach lies in the fact that the mean 
level spacing they derive from the line structure 

• of the delayed-neutron spectrum is only an "effec
tive" rn.ean level spacing, (i.e., it is the mean 
level spacing for those states that are strongly 
fed by 8-decay). Indeed for 85As the peaks in the 
spectrum are much more widely spaced than can be 
accounted for by conventional spin-dependent level
density calculations with shell and pairing correc
tions5 (the so-called "back-shifted" zero-order 
Fermi gas model). However, Huizenga and Moretto6 
have cautioned that for nuclei near closed shells, 
the magnitude and energy dependence of level densi
ties, when calculated with a more realistic model 

,(system of interacting fermions in shell-model 
states), can be quite different from the prediction 
of the previous model, especially at low excitation 
energies. 

· The second interpretation proposed was suggest
ed simultaneously by Hansen? and by Karnaukhov et 
al8 to explain the less pronounced line structure 
in delayed proton spectra. They interpreted the 
line structure as a statistical fluctuation result
ing from the finite statistical distributions of 
parameters that determine the delayed-particle dis
tribution (i.e., the beta strength function (S6), 
delayed-particle width (fp) and level density lP) 
in particle emitting nucleus). The application of 

this approach to the interpretation of line struc
ture in measured delayed proton spectra seemed to 
be quite successful. The conditions for the appli
cability of this method are that L'.E » D »T, where 
D is the mean level spacing (1/p) and L'.E is the 
particle spectrometer resolution. 

In order to compare the line structure in the 
experimental delayed-neutron spectra with predic
tions of such a statistical model, we have followed 
the general method for non-overlapping levels dis
cussed by Hansen? and Karnaukhov et al.s For 
neutron-emitting nuclides of interest, it was found 
that the condition D>>f required for the validity of 
this method is not rigorously satisfied in the 
energy region of interest (above En) as can be seen 
from Table 1. However, this condition is suffi
ciently valid (D ~ 2r) in the energy region of 
interest, that Erickson fluctuations are not 
significant.9,10 

The expression for the variance in neutron 
intensities can be written out as:7,8 
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TABLE 1. Estimates of(~) for daughters of the precursors 87Br and 85As. 

Emitter Neutron r/Da 
Precursor energy 

En Ex En J'T = 1/2- 3/2- 5/2-

(MeV) (MeV) (MeV) 

e7Br 5.51 5.6 0.1 0.017 0.017 0.002 
6.5 0.9 0.0169 0.0169 0.004 

85As 4.1 4.2 0.1 0.016 0.016 0.024 
5.7 1.6 0.174 0.174 0.05 

6.3 2. 2' 0.317 0.317 0.239 

6.9 2.8 0.467 0.467 0.449 

aD calculated using the level density fonnula of Gilbert and 
Cameron.5 r calculated using the "Oxford Optical Code" by 
Wilmore.12 

where 
rif 

I I w(I,I.) • I 0 (E) • ____!;_ 
i f 1 ~ r 1 

a 2 + 6 1 - 2 -4- + I { ~) if [ rif rif' 2] 
rl f'\rl 

w is the beta decay partition function, r8(E) is 
the average beta intensity feedi~! levels at energy 
E in the intermediate nucleus, rfi is the partial 
neutron width from level i to level f in final 
nucleus, ri is the total level (i) width, and f 
is the fermi function. Partial neutron widths 
were calculated using the expression 

where TJ, is the .Q,th partial neutron transmission 
coeffic1ent. These T.Q,'s were taken from optical
model calculations.ll,12 Level densities were 
calculated using the fonnulation of Gilbert and 
Cameron.5 

The variance calculations were carried out 
for the 87Br, 85As, 135Sb, and 137I precursors. 
Neutron emission to four excited states in 84Se 
and 134Te and to two excited states in 136Xe were 
included in the calculations. Only allowed 8 
transitions were considered, and a constant beta 
intensity was assumed. This is not an unreasonable 
approximation, as it has been shown that the beta 
strength function for delayed-neutron precursors 
must have a reasonably strong ener~ dependence in 
the energy region of interest.2,13, 4 This yields 

a slowly varying beta intensity in the energy 
window (Q - J3n) , which can be approximated by a 
constant average value. 

The calculated theoretical variance for all 
cases decreases smoothly with energy, with a small 
increase at an energy corresponding to the first 
excited state in the final daughter (if energetic
ally accessible). In contrast, the e~erimental 
functions are relatively constant for 7Br and 1371, while showing a slowly increasing energy 
dependence for 85As (Fig. 2) and a logarithmically 
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Fig. 2. Theoretical and experimenta118 fluctua
tions in the relative neutron intensity for the 85As precursor. (XBL 756-3319) 



increasing energy dependence for 135Sb (Fig. 3). 
Thus there is general disagreement between the 
theoretical and eXperimental variances, especially 
for 85As and 135Sb. However, for 87Br and 1371, 
the large experimental variance uncertainties and 
the small energy window make the results of the 
comparison not as conclusive. 
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Fig. 3. Theoretical and experimental18 fluctua
tions in the relative neutron intensity for the 
135Sb precursor. (XBL 756-3318) 

The energy dependence of the calculated theo
retical variance is directly proportional to the 
energy dependence of the average level density and 
therefore the increasing energy de~endence of the 
experimental variance in 8 5 As and 3 5 Sb cannot be 
reconciled with predictions of the statistical 
model for non-overlapping levels. However, a 
combination of a decrease as a function of energy 
in the effective number of channels available for 
neutron emission and a breakdown of the condition 
D ~ 2f (thus bringing in Ericson fluctuations) might 
explain such a behavior. The present calculations 
do not support this contention, though we cannot 
rule out this possibility completely and it is 
worthy of further investigation. The magnitude of 
the fluctuations was found to be strongly dependent 
upon the level density and only weakly dependent 
upon variations in the partial neutron width (as 
a result of variations in optical model parameters) 
andy-decay width (which was held constant)lS. 

We conclude from these comparisons and the 
experimental data that the 8-strength function for 
levels in the eneriT range 5 - 8 MeV in the emitter 
nuclides 85 Se and 35Te must possess strong local 
resonances not accounted for in the simple statis
tical model. Unless large, local fluctuations in 
the level density occur that are not contained in 
the normal level density formulations, the data 
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indicate high selectivity in 8 decay and in the 
subsequent neutron emission to levels in the final 
nucleus, as evidenced by the lack of high-energy 
neutrons in 85As and 135Sb spectra. 

These observations might be explained in terms 
of particle-hole structures involving the d5/2 or 
g~/.2 proton orbitals. The last two neutrons in 
8 As occupy the d5; 2 orbital just beyond the closed 
shell N = 50. A crude estimate locates the energy 
of the two-particle, one-hole configuration 
[rr(d512)1(f5; 2)-1;v(d512)1] at 6- 7 MeV in 85 Se, 
and the more complex structure resulting from decay 
of a g9/2 neutron should lie within several MeV of 
this energy. It is possible that the selectivity 
in 8 decay is probing that part of the particle
hole structure in 85 Se contained in the antianalog 
state (AIAS) orthogonal to the analog state (IAS) 
of the 85As ground state. Using the value of 110 
MeV for the Lane potential,l6 the AIAS is calculat
ed to lie near 6.3 MeV in 85 Se and should have its 
strength spread by strong coupling to core polari
zation states.l7 Since the strength of Gamov
Teller 8 decay to the AIAS is proportional to that 
of the t.T=l, Ml y-transition between the IAS and 
AIAS, this correlation may possibly serve as the 
basis for interpretation of the structure in the 
delayed-neutron spectrum from 85As. 

Finally, the present calculations depend upon 
the validity of many assumptions and approximations • 
that were made to simplify the calculations. These 
need to be further investigated in detail. We are 
currently investigating the effect on the variance 
calculations of explicitly including a beta 
strength function proportional to level density, 
and calculating level densities using the more 
realistic model of interacting fermions in shell
model states. 
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MASS YIELD DISTRIBUTIONS IN THE REACTION 
OF 84Kr IONS WITH 238u* 

J. V. Kratz, t A. E. Norris, :j: and G. T. Seaborg 

Thick uranium targets were bombarded at the 
superheavy ion linear accelerator with 605 MeV 84 Kr 
ions, dissolved shortly after the end of bombard
ment, and separated chemically into 7 fractionsl 
that were assayed for a-particle and y-ray activi
ties. We have measured cross sections for 129 
isotopes. Through an interlaboratory collaboration 
a lanthanide-actinide fraction from an intense 24-h 

- bombardment was radiochemically analyzed by the Los 
Alamos Scientific Laboratory nuclear chemistry 
group, which resulted in yield information on 27 
additional nuclides.2 The independent and cumula
tive yields are plotted versus mass number in Fig. 
1(a). A detailed listing of the data and a 
descriRtion of their analysis will be given else
where. The apparent scatter in the data in Fig. 
1(a) occurs because independent yields, and even 
many of the cumulative yields, represent only a 
fraction of the total mass yields. Figure l(b) is 
a contour map of the independent yields in a Z - A 
plane, indicating yield locations relative to the 
stability line. The pronounced structure revealed 
by the isopleths in the figure indicate that several 
yield distributions with different charge and mass 
dispersions, hence different origins, are super
imposed on each other. To calculate the final mass 
yields, we integrated, at each mass number the 
Gaussian charge dispersion curves that were fitted 
to the data.4 The final results are shown in Fig. 
1 (c). 

Component A is determined by the yields of 
heavy-rare-earth nuclides and by the yields of very 
neutron-deficient Mo, Tc, Ag, In, Sn, Sb, I, and 

·cs isotopes. This component shows the expected 
characteristics of the binary fission product 
distribution originating from the fission of a 
composite nucleus. For component B, the heavy-. 
~ass branch is defined by the cumulative yields of 
neutron-rich nuclides peaking at A"" 140. Figure 
l(b) shows how distinctly the neutron-excess yields 
are separated from those of component A in this 
mass region. Gu1ded by our results from the reac
tion 40Ar on 238U, where a low-energy fission of 
transfer products near 238U was observed,5 we 
assign this component to a double-humped low-energy 

fission product distribution. The light branch of 
this distribution was obtained by reflecting the 
well-defined shape of the heavy one, and its mass 
location was deduced from the cumulative yield 
balances for the isotopes 112 Pd, 111Ag, and 107Rh. 
From the observed charge distribution and the peak
to-valley ratio, we estimate an excitation energy 
of the fissioning nuclei of - 15 MeV. We find a 
value of 200 mb for the cross section of this 
transfer-induced fission as represented by compo
nent B. There should be a corresponding reduction 
in the heavy-rabbit-ear (component F) cross section 
as compared to its complementary light-rabbit-ear 
(component E) cross section; our measurements do 
show that component F has a cross section about 
200 mb (actually 280 mb) smaller than component E. 

After subtraction of contribution B from the 
yield data in the mass range 67 ~A~ 140, we are 
left with yields that can be resolved into two 
Gaussian distributions [components C and D in Fig. 
1 (c)], peaking around A= 85 and A= ll2. Distribu
tion C [full width at half-maximum (FWHM) "" 20 mass 
units] is probably identical with the "quasi-Kr" 
events observed in Refs. 6 and 7. Apparently, the 
complementary "quasi-U'' distribution is missing. 
Because much kinetic energy in the deep inelastic 
interaction of 84Kr with the target nucleus goes 
into excitation, one would expect a high-energy 
cascade fission of the "quasi-U" nuclei leading to 
a symmetric fission product distribution centered 
slightly below A= ll9. Actually, we do observe 
such a distribution (component D). From a mass and 
charge balance for the complete process -"quasi
fission" followed by a cascade fission of the 
"quasi-U'' (which process might be termed "quasi
ternary-fission") - one can conclude that in the 
most probable interactions 13 neutrons and no 
protons are evaporated. The yield of component D 
is 840 ± 120 mb (200%), indicating that 67 - 100% of 
the "quasi-U'' nuclei undergo fission. The shape 
and width of the distribution suggest that the 
average excitation energy of the "quasi-U'' must 
have been ~ 45 MeV. 

The excess yields around A= 195 (component G) 
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Fig. l(a). Independent and cumulative yields of 
individual isotopes, calculated with the assumption 
of a general interaction barrier of 450 MeV (see 
Ref. 3) correspondin~ to an effective target thick
ness of 11.6 mg U/cm . 

(b). Contour lines for equal independent 
yields in mb. 

(c). Total integrated mass yields (upper and 
lower limits are indicated at those mass numbers 
for which experimental data were obtained) and 
their decomposition into individual components: 
(A) complete fusion-fission, (B) transfer-induced 
fission, (C) quasi-Kr, (D) cascade fission of the 
quasi-U, (E) and (F) transfer reactions ("rabbit 
ears") , (G) yields of unknown origin. 

(XBL 746-3449) 

are unexplained. Suggested explanations such as 
target contamination and feeding of these mass 
chains by a-decay from higher masses can be exclud
ed. We have also considered whether this peak 
might be a surviving nonfissionable tail (due to 
high fission barriers) at the light-mass-number end 
of the fissioning "quasi-U'' distribution of nuclei. 
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The prima.ry "quasi-U'' distribution (FWHM "" 20 mass 
units) could hardly extend into a mass region - 40 
mass units below the target mass while still yield
ing cross sections of a few millibarns. Attempts 
to force a considerably broader complementary dis
tribution through the mass yields around A= 185 
resulted in an unreasonable imbalance in cross 
section for the quasi-ternary-fission process. We 
conclude, then, that the excess yield around A= 195, 
which we refer to as the "goldfinger", more likely 
originates from a hitherto unobserved reaction 
channel. 

The paucity of data points between peaks F and 
G is due to the experimental difficulty of measur
ing the small yields of the predominantly short
lived isotopes in this region using radiochemical 
techniques. 

As a consequence of the interpretation pre
sented here, the total reaction cross section is 
the sum of the production cross sections for com
ponents A/2, C, E, and G: 1265 ±205mb. The mean 
geometrical cross section in the energy interval 
450 to 605 MeV (lab) can be estimated as 

Ji (1 - B/E)dE 

E - B 
= 1130mb , 

where B = 450 MeV, 3 E = 605 MeV, and R = 16.0 fm. 

To conclude, we wish to point out that our 
analysis of the total mass yield distribution, and 
its decomposition into the components indicated in 
Fig. 1, is consistent with the results obtained for 
84Kr on 209Bi in the kinematic coincidence e~eri
ments.6,7 Our data confirm the assumption6,7 that 
the quasi-Kr distribution is centered close to the 
projectile mass. It appears that > 92% of the Kr 
interactions with U in the investigated energy 
interval feed inelastic and deep inelastic reaction 
channels where only little mass transfer occurs. 
It is only in very few collisions (- 4%) that a 
composite nucleus is formed. 
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TRANSFER PRODUCTS RESULTING FROM THE HEAVY ION REACTION 
OF 40Ar WITH 197 Au 

I. Binder, R. J. Otto, M: M. Fowler, and D. Lee 

As part of the on-going radiochemical study 
of heavy-ion reaction mechanisms, 1 the reaction of 
40Ar and 197Au has been used to look at transfer 
products in the neighborhood of the target nuclide. 
This region is not readily accessible to particle 
identification techniques, and this radiochemical 
study will complement work already done2 in study
ing products in the vicinity of the projectile. 
Precise isotopic distribution curves permitted by 
the sensitive radiochemical methods will aid in the 
calculation of cross sections in multi-element, 

.mass distribution experiments. The gamma-ray 
analysis method used here permits resolution of 
nuclear isomers and determination of isomer ratios 
and some angular momentum effects. The yields in 
proximity to the target, 197Au, will not be dis
torted by low-energy fission reactions found with 
a 2 3 8U target. 3 

In this experiment ~old foils (SO mg/cm2
) are 

bombarded with 340-MeV 4 Ar projectiles produced at 
the Berkeley SuperHILAC. Essentially all the reac
tion transfer products are caught within the foil. 
Th~ foil is dissolved, and chemical separation 
schemes have been developed to quickly isolate Os, 
Au, Hg and Pb samples free of most interfering 
contaminants. Gamma-ray spectra are recorded for 
each of the samples, and the product nuclides are 
identified using half-life, gamma-ray energy and 
chemical information.4 

The resulting plots of relative yield versus 
mass number (Fig. 1) appear to be rather Gaussian 
despite the interference of feeding from radioac
tive precursors to some of the yields. The center 
of the distribution is in the region of neutron
deficient isotopes, suggesting that substantial 
neutron evaporation has occurred. Given two 
possible isomeric states, the high-spin state 
(e.g., 1991Ilj-(g, 183g0s, 204mPb) is the favored 
product. 

The gold isotopic distribution (Fig. 2) pro
vides a special case. Two Gaussian curves seem to 
be superimposed. The broader, lower curve contain
ing points for the high-spin isomers better corre
sponds to the curves obtained for the other elements. 

Looking at Fig. 2, the narrow-A curve contain
ing low-spin states of gold probably represents the 
"rabbit ears" of earlier studies3 in which a few 
nucleons are transferred without much internal 

excitation. The wider, high-spin, neutron defi
cient curves seen for all the elements thus far 
investigated are likely due to deep-inelastic reac
tions in which more nucleons can be exchanged and 
there is a greater degree of internal excitation. 

In examining the gamma rays from the various 
samples, some radiations could not be identified 
with any known nuclide. Interestingly, several 
gamma rays from the gold fraction seem to have 
similar half-lives (see Table 1). It is possible 
these originate from previously undiscovered 
isomers of gold. Heavy-ion reactions, in which 
much angular momentum can be brought in by the 
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projectile, may provide an important method for 
synthesizing high-spin states. This is worthy of 
further study. 
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TABLE 1. Energy and estimated T112 for some un
identified activities . 

E(keV) Tl/2 

158.7 56 days 
211.7 60 days 
499.5 5.2 hr 
635.3 6.8 hr 

1158.2 7.1 hr 
1309.6 5.5 hr 
1407.4 5. 7 hr 
1519.7 6.0 hr 
1782.1 6.3 hr 
1934.7 6. 5 hr 
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RECOIL RANGE STUDIES FROM REACTIONS 
OF 40Ar WITH 209Bi AND 232Th 

R. J. Otto, T. Raunemaa, M. M. Fowler, 
K. Williams, and G. T. Seaborg 

Recoil range studies are a well-known and 
useful method of studying reaction mechanisms.l 
The stacked foil method inherently yields results 
that represent partial integrals of the energy and 
angular distr~butions of the reaction products. 
These results must then be fit with a postulated 
reaction model. Small and sometimes not so small 
differences seen with kinematic studies are lost; 
however, the important advantage of recoil range 
studies is that they can be used in conjunction 
with radiochemical methods. 

A series of stacked recoil foil experiments 
were carried out at the Su~erHILAC facility with 
288-MeV 40Ar ions on thin 32Th targets and with 
300-MeV 40Ar ions on thin 209Bi targets. The 
target geometry for the 40Ar + 209Bi experiments 
is shown in Fig. 1. The target geometry for the 

40Ar + 232Th experiments was the same as shown in 
Fig. 1 except that the Th targets consisted of 0.2 
to 0.7 mg/cm2 of electrodeposited Th02 on a 0.075 
mil Ni backing. Following the first Th experiment 
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the Th02 target and Ni backing were dissolved and 
chemical separations were done yielding a Ra,Ac 
fraction, a Th,Pa,U1 Np fraction and a Pb,Bi 1 Po 
fraction. 223Ra, 224Ra, 22sRa_22sAc, and 2zGAc 
were found in the Ra,Ac sample based on the identi
fication of the alpha particle energies associated 
with each decay chain. Peaks in the Th,Pa,U,Np 
fraction were seen with alpha energies correspond
ing to 226Th and its alpha decay chain. The Pb,Bi, 
Po fraction contained a small amount of 212Po 
resulting from the decay of 224Ra, produced during 
the bombardment, and subsequent growth of 212Pb 
prior to the chemical separation. In the following 
40Ar + 232Th experiments the alpha activities of 
the target and recoil foils were determined direct
ly. Alpha particle counts observed between 5.1 and 
6.4 Mev·were summed for each of the recoil foils. 
These energies, based on the chemical se~arations 
above, correspond primarily to 225Ra, 22 Ac and 
223Ra transfer products. The relative distribution 
of these 225Ra, 225Ac and 223Ra products in the 
forward recoil foils is shown in Fig. 2. The range 
distribution of Ra and Ac transfer products shown 
in Fig. 2 is consistent with the energy and angular 
distribution of the complementary quasi Ar products 
measured in the reaction of 40Ar with 232Th.2,3 
The small but significant fraction of transfer 
products with rang~ of~ 4.2 mg/cm2 and correspond
ing to an energy equal to complete momentum trans
fer plus Coulomb repulsion could result from a deep 
inelastic process having a 1/sine angular distribu
tion. This process is suggested in a kinematic 
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study of the light quasi 40Ar complements to Ra 
and Ac.2,3 

One important object of these studies was to 
determine the usefulness of high resolution gamma
ray counting of the stacked A1 recoil foils for 
identifying reaction mechanisms. Figure 3 shows 
the recoil range distributions of a transfer 
product (211At) and complete fusion-fission or 
quasifission followed by fission of the heavy 
complement products (86 Zr, 120Sb, 182Re) from the 
reaction 40Ar + 209Bi. The complete fusion-fission 
and/or quasifission followed by fission of the 
heavy complement products were identified on the 
basis of gamma-ray energy and relative intensity. 
The intensity of gamma-rays associated with fusion
fission or quasifission followed by fission of the 
heavy complement products is small relative to that 
associated with the 40Ar + 27Al transfer reaction 
product produced in the A1 recoil foils and there
fore a careful analysis of the gamma-ray spectra 
was needed. The computer code SAMPo4 was used to 
identify the peak energies and absolute intensities 
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in the gamma-ray spectra from each of the recoil 
foils. The range distributions of the quasifission 
followed by fission of the heavy complement and/or 
complete fusion-fission products are clearly 
differentiated from those of the transfer products. 
These results will be used to correct cross sections 
from the mass yield studies of 40Ar with 238U and 
209Bi for recoil losses.5 Using the stacked foil 
method along with radiochemistry and gamma-ray 
analysis, it may be possible to identify the 
reaction mechanism associated with the "goldfinger" 
phe~omena, seen as excess yields around A=

6
195, 

and reported by Kratz, Norris and Seaborg. 
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RADIOCHEMICAL MASS YIELD DISTRIBUTION STUDIES IN THE REACTION 
OF 40Ar WITH 238u AND 209Bi AND 25.2 GeV 12c WITH 238u 

R. J. Otto, M. M. Fowler, D. Lee, I. Binder, and G. T. Seaborg 

The radiochemical mass yield distribution of 
605 MeV 84 Kr with 238U reported by Kratz, Norris, 
and Seaborgl clearly distinguished five components. 
They were 

1) transfer products showing as "rabbit ears" 
on the mass distribution curve (700 ± 120 mb); 

2) "quasi-Kr" products centered at A"" 85 cor
responding to the new "quasifission" reaction 
also observed by others in kinematic coinci
dence measurements (470 ± 70 mb) and the pro
ducts from symmetric fission of their comple
ments ( 420 ± 60 mb); 

3) neutron-excess products from low-energy 
fission of Z"" 92 nuclides (200 ± 40 mb); 

4) products from complete fusion-fission (55± 
15 mb); and 

5) unexplained neutron-deficient yields near 
gold at A"" 195 which we refer to as the "gold
finger" ("'40mb). 

Thick depleted uranium (30 mg/cm2
) and bismuth 

(125 mg/cm2
) targets were bombarded with 340 MeV 

40Ar ions. The targets were subjected to a chemical 
group separation scheme developed by Kratz, Liljen
zin and Seaborg,2 with some small modifications to 
account for the differences in chemical properties 
of bismuth and uranium. The Ge(Li) gamma-ray 
counting and analysis used to identify and measure 
cross sections of the nuclides is the subject of 
another report.3 

We have made a preliminary comparison of the 
independent and partial chain yields for the 340 
MeV 40Ar + 238U reaction with those reported2 for 
the 288 MeV 40Ar + 238U reaction. Based on this 
comparison and examination of the relative yields 

of nuclides as related to the valley of beta sta
bility for the nuclides over the mass number range 
A"" 40 to A"" 92, the relative contribution of the 
complete fusion-fission process compared to other 
reaction channels is not as large as previously 
reported.4 

In addition to the complete mass yield distri
bution studies of 340 MeV 40Ar with thick 238U 
targets, the isotopic distribution of I and Br 
isotopes from the same reaction with 212 to 288 MeV 
40Ar ions was determined. Figures 1 and 2 show the 
cross sections for the I and Br isotopes identi
fied by gamma-ray energy and half life for 40Ar 
with incident laboratory energies between 340 and 
212 MeV. Since thick U targets were used, the 
cross sections represent integrated formation cross 
sections between the incident ion energy and the 
barrier, calculated to be 206 MeV (Lab) using 
r = 1.4 fm. The Gaussian shaped curves drawn 
tRrough points representing the yields of the 
neutron-deficient I isotopes represent best fits 
to the independent yield data in this region. The 
Gaussian-like isotopic mass yields probably result 
from quasifission followed by fission of the heavy 
complement (type 2 above) or from complete fusion-
fission (type 4 above). The neutron-excess I and 
Br products are produced by low energy fission of 
nuclides with Z"" 92. 

An analysis of the iodine isotopic distribu
tions in terms of a complete fusion-fission 
mechanism may be made. Assuming that the neutron
deficient isotopic distributions in Figures 1 and 
3 result from fusion-fission only, 15 ± 1 and 
11 ± 1 neutrons would be emitted in the fusion
fission process from the 40Ar + 238U and 40Ar 
+ 209Bi reactions, respectively. The relatively 
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large neutron to proton ratio of the compound 
nucleus with respect to the neutron to proton ratio 
of stable Br isotopes would shift the center. of 
the Br isotopic distributions to the neutron ex
cess side of the valley of beta stability. Neutron 
deficient Br isotopes seen in Fig. 2 result from 
40Ar contamination trapped in the uranium metal 
target. The target arrangement did not allow for 
accurate beam intensity measurements. However, 
the cross section ratios shown in Fig. 4 provide 
information about the excitation functions of the 
I and Br isotopes independent of beam intensity 
and chemical yield. The 126 I to 135 I ratio indi
cates that the barrier is about 20 MeV higher for 
the fusion-fission or quasifission mechanism than 
for the transfer-reaction mechanism. The ratio of 
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~roduction cross section ratios for the reaction of 
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the reaction barrier. (XBL 753-2559) 

82 Br, an independent yield isotope, to 135 I, a 
cumulative yield isotope with a short-lived parent, 
is also shown in Fig. 4. Since 82Br is produced 
in the transfer reaction mechanism as well as in 
the fusion-fission or quasifission mechanism, the 
evidence for a difference in barriers between the 
two type of reactions is not clearly seen. 

The isotopic yields of I from 340 MeV 40Ar 
with a thick 209Bi are shown in Fig. 3. As expected, 
the low energy fission neutron-excess products are 
not seen. The Gaussian curve fit through the 
neutron-deficient I isotopes has the same width as 
was found with 340 MeV 40Ar + 238U but centered at 
A= 125. 2 almost 1. 5 mass units lower than the center 
for the 40Ar + 238U curves (Fig. 1). 

A mass yield distribution study using relativ
istic heavy ions was also begun at the Bevalac. A 
12C beam intensity of~ 10 9 particles/pulse was 
attained. The iodine isotopic yields from the 
reaction of 25.2 GeV 12C with a 250 mg U target is 
shown in Fig. 3. The complete radiochemical sep
aration used for the 40Ar bombardments as described 
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Fig. 3. Iodine isotopic yields from the reaction 
of 340 MeV 40Ar with a thick 209Bi target and from 
the reaction of 25.2 GeV 12C ions with a 238U 
target. (XBL 753-2560) 

above was used with the 25.2 .GeV 12C + U experiment. 
Gamma-rays were seen for many nuclides between 
Z"" 20 and Z"" 92 with strong peaks for nuclides such 
as 28Mg, 24Na and neutron-excess low-energy fission 
products. An interesting comparison can be made 
between yields of cesium from 2.0 GeV protons on 
238 U5 and the yields of iodine from this experi
ment. The comparison shows that, in the case of 
the iodine, there is an enhancement in the yields 
of neutron-deficient isotopes relative to that 
observed in the case of cesium. 
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EXCITATION FUNCTIONS OF COMPOUND NUCLEUS PRODUCTS 
FROM THE REACTION 40Ar + 175Lu 

J. R. Alonso, C. T. Alonso, A. Ghiorso, 
J. M. Nitschke, and M. Nurmia 

Introduction 

One aspect of heavy ion physics that is 
receiving a great deal of current attention is the 
probability of compound nucleus formation using 
heavy beams on heavy targets. It is now clear that 
true compound nucleus formation does not occur as 
readily for very heavy projectiles as it does for 
the lighter projectiles, and that although full 
momentum transfer processes do occur with high 
probability the usual result is some form of com
posite system whose shape precludes the possibility 
of complete fusion into a compound nucleus.l Thus 
a study of the effect of projectile size and total 
system charge on compound nucleus formation by a 
direct observation of the complete fusion products 
has a direct bearing on, among other things, the 
probability of synthesis of transuranic and super
heavy elements. In addition, the details of 
particle evaporation from compound nuclei produced 
with heavy beams are not well understood, and a 
measurement of the ratio of charged particle 
emission to neutron emission is important. There
fore we are undertaking a systematic study of com
pound nucleus formation and evaporation, starting 

.with argon beams on progressively heavier targets. 
Preliminary results from the first study of this 
type are reported here. 

For a direct and unambiguous detection of 
compound nucleus products it is important to work 
in a region where the neutron-evaporation products 
are isotopes of known alpha decay energies and 
half-lives. Thus the light actinium isotopes 
210 - 213Ac are the heaviest products that can be 
easily reached, implying that 175Lu is the heaviest 
target that can be used with 40Ar to observe (xn) 
products from a coT?ound nucleus reaction. A 
detailed study of 1 5Lu + 40Ar can yield a good 
picture of many compound nucleus products, and 
ratios of (xn), (pxn), and (axn) cross sections can 
be evaluated. The use of heavier targets such as 
181Ta can also yield compound nucleus information, 
but the important (xn)/(axn) ratio cannot be mea
sured because the light protactinium isotopes are 
too short-lived to be detected with our apparatus, 
or are unknown. 

It is hoped that eventually an extrapolation 
of ou2 measurements, together with those of Hahn 
et al for lighter targets, will yield some trends 
~hat could give us some insight concerning the 
probabilities of compound nucleus formation for 
heavier beams on heavy targets. 

Experiments 

Our experimental techniques are the same as 
those used in our recent discovery of element 106.3 
These involve the transport of activity from the 
target area by an aerosol-gas stream to a low
background alpha counting area. Thin targets of 
metallic lutetium of thickness ~ 1 mg/cm2 were 
evaporated on 2.7 mg/cm2 aluminum backings. The 

argon beam energies ranged from 157 to 242 MeV. 
The energies were adjusted in gross steps by retun
ing the SuperHILAC and in fine steps by inserting 
degraders in the beam line. A solid state counter 
directly ~ehind the target measured the attenuated 
beam after it had traversed both the degraders and 
the target. 

Table 1 lists the alpha activities detected 
as well as the reaction which produced them. Note 
that some of the Fr products may have originated 
from the alpha decay of actinium parents, but the 
much higher yield of (axn) to (xn) products implies 
that this effect is negligible. A typical alpha 

TABLE 1. 

Alpha 
Reactions Activities Half-life energy 

(sec) (MeV) 

(40Ar,2n) 213Ac 0.93 7. 377 
3n 212Ac 0.80 7.362 

4n 211Ac 0.25 7.480 
5n 21 oAc 0.35 7.482 

p Zn 212Ra 13 6.869 
p 3n 211Ra 15 6.910 
p·4n 2!0Ra 4.7 7.018 
p 5n 2 09Ra 3.8 7.008 

a Zn 209Fr 59 6.647 
a 3n 208Fr 52 6.647 

a 4n 207Fr 14.7 6. 773 

spectrum is shown in Fig. 1. This is a sum of the 
spectra observed in each detecting station around 
the periphery of the collecting wheel. Figures 2, 
3, and 4 give excitation functions for the (xn), 
(pxn), and (axn) products, respectively. These 
data are preliminary, with a fully computerized 
analysis still in progress. Figure 5 is a compo
site of the curves drawn through the experimental 
points. These excitation functions are broadened 
by about 5 - 10 MeV beca\.lse of the energy dispersion 
of the beam in the degraders and the target. 

Discussion 

The parameters obtained from theoretical fits 
to these excitation functions reinforce our prev
ious observation that our understanding of these 
processes is very limited. Two sets of calcula
tions were performed. The first was a Sikkeland
type neutron evaporation calculation which does not 
include charged particle emi~sion but does include 
nuclear deformation effects.·. This code has proven 
to be very useful and quite accurate for trans
uranic element neutron evaporation cross sections 



for projectiles up to neon. The second treatment 
utilized the code ALICE developed by M. Blann et 
al.5 This code includes all modes of evaporation 
from the nucleus but does not include prompt or 
direct particle emissions. 

The more efficient neutron evaporation code 
was used to undertake a search in the Wood-Saxon 
(r0 ,d) parameter space for optimum values to fit 

LOG SCALE 
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Fig. 1. Example of alpha spectrum obtained for the 
40Ar + 175 Lu reaction products. The peaks are 
labeled by energy (in MeV), parent isotope, and by 
particles boiled off from the compound nucleus to 
give each product. (XBL 756-3323) 
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Fi~. 2. Experimental excitation functions for 
21 - 213Ac activities, produced by pure neutron 
evaporation from the compound nucleus. 

(XBL 756-3330) 
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the observed (xn) excitation functions. The opti
mum parameters were found to be r 0 = 1.32 fm and 
d = 1.0 fm. In contrast, the parameters found by 
this code for transuranic element production with 
light projectiles were r 0 = 1.25 fm and d = 0.5 fm. 
The implication is that for Ar + Lu the effective 
nuclear interaction radius is larger and the sur
face is more diffuse than for reactions involving 
lighter projectiles on heavier targets. Deforma
tion effects are included in these calculations, 
so they cannot be responsible for the lower effec
tive barriers. 

2n 212Ro 
175Lu ( 40Ar • P 3n) 2"Ro 

IOOnbL-~---L--L-~L--L--~--L-~---L--~~ 
140 160 lBO 200 210 240 

E 10 b (MeV) 

Fig. 3. Experimental excitation functions for 
20 ~- 212Ra isotopes, produced in (40Ar,pxn) 
reactions. (XBL 756-3327) 
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Fi9. 4. Experimental excitation functions for 
20 - 209Fr isotopes produced in (40Ar,axn) reactions 

(XBL 756-3328) 
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Fig. 5. Composite of experimental excitation func
tion curves from Figs. 2-4. Experimental points 
have been left out for clarity. (XBL 756-3331) 

These parameters were used in the ALICE code 
with the results shown in Fig. 6. For comparison, 
the dotted lines show the predictions for the 
parameters (r0 = 1.17 fm and d = 0.574 fm) which 
are normally used with this code and which were 
selected on the basis of experimental data from 
the lower mass regions. Although there is similar
ity between theory and experiment (Figs. 6 and 5), 
the detailed agreement is poor. For example, the 
experimental excitation functions are much broader 
than the predictions, the observed (pxn) cross 
·sections are about 10 times higher than predicted, 
and the (2n,3n) prediction peaks at too low an 
energy and is too strong with respect to the (4n, 
5n) curve. Nevertheless, gross features are 
reproduced by the theory. 

Using these parameters from the Ar + Lu reac
tion to predict cross sections for the 4 0 Ar + 2 0 8 Pb 
reaction yields cross sections for 245 Fm and 246 Fm 
which are at least three or four orders of magni
tude too

6
high compared to recent experimental 

results. It is apparent that the region of 
targets from Lu to Pb sees the onset of one or 
more new mechanisms that are radically diminishing 
the probability of compound nuclear formation. 
Although the Ar + Lu parameters obtained here 
cannot be used to describe compound nucleus forma
tion for heavier targets, perhaps an analysis of 
trends in the parameters themselves as a function 
of target size may lead to an extrapolation that 
has more validity. Further studies of this nature 
are in progress. 
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Fig. 6. Predictions for observed excitation func
tions made by the ALICE code of M. Blann et al,5 
using nuclear potential parameters of r 0 = 1.32 fm, 
d = 1.0 fm, which best fit our observed reaction 
threshold. The dotted lines indicate the higher 
reaction barrier obtained for r 0 = 1.17 fm, d = 
0.?74 fm, the parameters built lllto the code. 

(XBL 756-3329) 
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SEARCH FOR 260Rf 

M. Nurmia, E. K. Hulet,* K. Williams, and A. Ghiorso 

We have continued our efforts to find the miss
ing isotope 260 Rf. As in our earlier experimentsl 
we have concentrated our work in the half-life 
range of SO ms to one second because of the re
peated claim2 that 260Rf has a half-life of 100 ms. 

We bombarded a target of 249 Bk with 15N ions 
in the rotatin~ drum system described in Ref. 3. 
The reaction 2 9Bk( 15N,4n) 260Rf is expected4 to 
have a cross section of 14 nb at 82 MeV; this is 
in accordance with the measured production cross 
sections of neighboring nuclides. 

No spontaneous fission activity with a half
life within the above limits was observed in these 
e~eriments, and we conclude that the half-life of 
26 Rf is quite likely to be shorter than 2S ms. 
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ELEMENT 106 

A. Ghiorso, E. K. Hulet,* J. M. Nitschke, J. R. Alonso, 
R. W. Lougheed,* C. T. Alonso, M. Nurmia, and G. T. Seaborg 

The identification of new elements at the 
upper end of the periodic table is especially 
difficult because of extremely low production rates 
and because there are large uncertainties in pre
dicting their nuclear properties. For these 
reasons, positive identification requires some 
means of determining the atomic number directly. 
Among the proven methods are (1) the measurement of 
distinctive K-x raysl,2 following a-decay and (2) 
the establishment of a genetic link between an a
emitter of a new element and a previously identi
fied daughter nuclide. Our identification of 
element 106 is based on the latter method because 
of its higher sensitivity. This method was also 
used in discovering a-emitting isotopes of ruther4 
fordiurn (element 104)3 and hahnium (element lOS). 
In the case of element 106, we have carried this 
method one step further by demonstrating that the 
granddaughter (2 5 5No, tl.: = 3 min, E main alpha group 
8.11 MeV (S7%)5,6,1 is 2 in the chain of a-decay of 
263 106. Thus, our proof for the atomic number of 
element 106 comes from demonstrating the following 
decay sequence: 26 3106 ~ 25 9Rf ..£..? 55 No ...Q.... 

These genetic relationships were e~tablished 
in two ways depending on whether or not the 263 106 
a-particles escaped from their backing surface. 
(1) In the case where these particles were detected 
leaving the surface we observed with a certain 
probability in a time interval of 12 seconds the 
alphas of the 3-second daughter 259 Rf (E = 8.77 
and 8.86 MeV) that also were directed outward; i,e., 
we observed the 263106 ~259Rf~ decay sequence. 
(2) In the case where the 263 106 alphas were 
directed into the backing surface (and hence were 
not detected), the recoil energy imparted to the 

daughter nucleus allowed it to escape from the 
surface and to be implanted in the face of an 
opposing detector. Upon periodically moving these 
detectors away from the original sources, the a
decay of daughter 259Rf and the subsequent a~decay 
of the granddau~hter were observed; i.e., we 
detected the 2 5 Rf ~ 2 5 5No ~ decay sequence. 
Considering the finite thickness of the deposits 
containing the 263106 atoms, the considerable 
recoil energy required to transfer the observed 
number of daughter 259Rf atoms to the detector 
faces could be furnished only by a preceding a
emitter. We thus were provided with a second 
genetic linkage to 263106 by a-decay. 

Our experimental apparatus is illustrated 
schematically in Fig. 1. The 180 beam obtained 
from the SuperHILAC had an average current of 
3 x 10 12 ions/ sec and was wobbled electromagnetic
ally over the target area to prevent localized 
overheating of the target. The target was both 
edge-cooled by contact with a water-cooled copper 
block and gas-cooled by helium impinging on the 
aluminum target backing. The energy of the 18 0 
ion beam emerging from the target was determined 
by measuring the energy of these ions scattered 
from the target into a Si(Au) surface barrier 
detector placed at 30° to the beam axis. 

The target was prepared by subliming 2S9 ~g of 
2 49Cf as CfF

3 
onto a 27 vg/rnm2 substrate of 99.999% 

pure Al. The 249Cf, deposited over a 6.3 rnrn diam. 
area had an average surface density of 8.3 ~g/rnrn2 • 
It was covered with a thin (0.3 ~g/rnrn2 ) layer of Al 
to prevent any transport of the californium to the 
detection system. 
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Fig. 1. Schematic representation of the experiment. 
(XBL 748-3899) 

Atoms of 263 106 along with other transmutation 
products recoiled from the target into a stopping 
chamber and were swept by a flow of helium through 
Teflon tubing (4.8 m long, 1.24 mm inside diam.) 

· into an adjoining counting area. The introduction 
of NaCl aerosol into the helium increased the 
transport efficiency to 80% or more. After a 0.1 
sec transit time, the radioactive products which 
emerged from the Teflon tube were deposited onto 
the rim of a 45 em diam. wheel which was rotated 
45o each sec to collect ~ new deposit. Alpha par
ticles from the deposits were then examined by a 
series of seven detecting stations each having 50 
mm2 Si(Au) surface barrier detectors positioned 
within 0.5 mm of the wheel rim. An eighth 100 mm2 

Si(Au) annular detector analyzed the a-activity of 
the deposit while it was being collected. Thus, 
each deposit was a-analyzed for seven sec (1 sec at 
each station) before it returned to the collecting 
position. Since new deposits were layered over the 
old, the wheel was advanced by 1.5° every 30 min to 
reduce the buildup of long-lived radioactivities in 
the deposits being analyzed. 

If an a-particle from the decay of 263 10~ is 
observed, then another a-particle from the decay of 
its daughter, 259Rf, should follow within a few 
daughter half-lives. Both events must originate 
from the same deposit, but they may be observed in 
separate detectors because the wheel advances the 
deposit every second. After considering the count
ing geometry and the decay and gating intervals we 
calculated a detection efficiency for these "mother
daughter" pairs of 28% compared to "mother only" 
events. 

In addition to monitoring mother and daughter 
a-decays directly, we used a detector shuttle system 
(shown in the inset of Fig. 1) to detect daughters 
and granddaughters resulting from a-recoils. By 
moving the detectors away from the wheel, we could 
distin~ish between recoil-implanted and wheel
borne 55No and 259Rf. Much larger amounts of 
these nuclides were made by direct nuclear reac-

tions than by a-decay from 263 106 and thus consti
tuted a high background on the wheel. The set of 
seven detectors monitoring the wheel was shuttled 
every 6 sec to a low-background position facing 
seven stationary detectors, while another set of 
movable detectors resumed the monitoring of the 
wheel. In the event that a 259Rf daughter had re
coiled from the wheel onto a detector and we later 
observed a-decay of this daughter with the detector 
in the off-wheel position, this detector was not 
returned to the wheel position until 10 minutes had 
elapsed. This time period permitted an adequate 
opportunity for observing the subsequent a-decay 
of the 3-min granddaughter, 255No. 

Alpha and fission pulses from the detectors 
were amplified and passed through an analog-to
digital-converter to a PDP-9 computer. The compu
ter recorded on magnetic tape all the event infor-
mation, including a-energy, t-ime, detector location, 
and wheel position. The PDP-9 also controlled the 
operation of the wheel and shuttle systems. We 
used off-line computer programs for correlating 
the arrival time of selected a-events with the 
time, a-energy, and detection location of other a
events. Using events in the 259Rf energy region 
to define time origins, the intervals of 0 to 12 
seconds and 50 to 62 seconds preceding these events 
were scanned for correlated decgys. The first time 
range gave possible mother-daughter correlations, 
the second provided a good measure of the accident
al background. 

Earlier experiments performed in the Berkeley 
laboratory in 1970-71 had shown several promising 
mother-daughter events and daughter recoils. How
ever, because of background radioactivities arising 
from Pb, Bi and Be in the target, these experiments 
were unable to provide sufficient proof of the 
atomic number. Our current a-spectra are virtually 
free of these background activities and show promi
nently only those a-emitters ~reduced from the 
reactions of 180 ions with 24 Cf. 



The gross a.-.spectnun above 8 MeV, SUlllllled using 
the data from the wheel detectors, is shown in Fig. 
2(a). Alpha groups at 8.77 and 8.86 MeV have been 
identified previously as belonging to 259R£.3 We 
attribute most of the 87 events in the groups at 
9.06 MeV and near 9.25 MeV to the a.-decay of the 
new nuclide, 263 106. By means of a least-square 
analysis the number of these events observed at 
each wheel position (1 sec intervals) was found to 
decrease with a 0. 9 ± 0. 2 second half life. 

The 9.06 and 9.25 MeV alphas are followed 
within 12 seconds by daughter alphas at 8.77 and 
8.86 MeV, as shown in Fig. 2(b). The ratio of the 
time-correlated daughters to gross 263106 events 
is roughly equal to the detection efficiency we 
derived for this process. An application of Pois
son statistics indicates that, with 95% confidence, 
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Fig. 2(a). Sum of alpha spectra from stations 1 
through 7. The integrated beam intensity was 
1.34 x 10 18 particles of 180. 

2(b). Al~ha events in the 0- 12 second inter
val preceding 59Rf events (8.65 to 8.91 MeV). The 
12 second time interval represents four 259R£ half 
lives. 

2 (c). Alpha events in the 50- 62 second 
interval preceding 259Rf events. A 50-second time 
displacement was chosen to determine the accidental 
spectnun. Only one alpha event was found within 
the 263106 energy region, as had been expected from 
Poisson statistics. (XBL 749-4129) 
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a maximum of 2.5 out of fourteen 263 106- 259 Rf decay , 
pairs might be attributed to .accidentals. Random 
alphas occurring 50 - 62 sec before 2 5 9Rf decay 
events are shown in Fig. 2(c). We infer from these 
data that the new activity decays by emission of 
9.06 and 9.25 MeV a.-particles to 259 Rf and, there
fore, can belong only to 263106. 

Some 22 atoms of recoil-transferred 259Rf 
were observed to decay in the off-wheel detectors. 
Shortly after such daughter events, granddaughter 
255No a.-particles were detected in about a fifth of 
all off-wheel daughter decays. Considering the 
small number of granddaughters, this ratio may be 
expected from the ~ 70% counting geometry and the 
~50% E.C. branching by 255No.7 In Table I we give 
a sUllllllary of all daughter-granddaughter and mother
daughter events. 

From the rate of producing our new activity 
with a-energies of 9.06 and 9.25 MeV, we calculate 
a formation cross-section of~ 0.3 nb at an 180 
energy of 95 MeV. Very little of this activity 
was made by 180-ion beams of~ 91 and~ 100 MeV, 
which indicates a rather narrow excitation func
tion. These preliminary measurements are consis
tent with our calculated excitation function for 
the 249 Cf( 180,4n) reaction, which shows a half
width of 7 MeV and a maximum cross section of 0.2 
nb.8 

Spontaneous fission of 263 106 could not be 
determined because of interference from 2.7 hour 
256 Fm, a spontaneous fission emitter produced in 
the bombardments. However, spontaneous fission is 

TABLE 1 • 

MOther-Daughter Correlations 
263106· 259Rf 263106 L;t (sec) 

Ea(MeV) Ea(MeV) Station 259Rf decay 

9.03 8.85 1 3.6 
9.04 8.85 2 10.5 
9.04 8.91 1 1.2 
9.05 8.74 2 2.2 
9.05 8. 77 5 0.9 
9.05 8.85 1 1.0 
9.06 8.70 2 3.0 
9.06 8. 72 1 2.5 
9.06 8.75 3 1.6 
9.06 8. 78 1 6.4 
9.06 8.78 3 9.4 
9.08 8.74 1 2.1 
9.08 8.76 7 0.3 
9.25 8.88 1 3.5 

Daughter-Granddaughter Correlations 
2 59Rf 2ssNo 259Rf L;t (sec) 

E (MeV) Ea. (MeV) Station 255No decay a 

8.79 8.02 2 93.3 
8.86 7.93 6 134.9 
8.81 8.30 2 39.2 
8.81 8.07 1 491.0 
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apparently not a major decay mode, since the a
events we observe account for a production cross 
section already larger than the calculated one. 

During a recent visit by Soviet scientists to 
our laboratory, in which we exchanged information 
about "106" experiments, G. N. Flerov of the Dubna 
Laboratory reported the observation of spontaneous 
fission activities with half-lives of 4- 10 milli-

9 seconds produced by bombarding 2 0 7 
• 2 0 8Pb with 54 Cr. 

They attribute these activities to element 106. In 
view of the simultaneity of the experiments at the 
Dubna and Lawrence Laboratories, and their very 
different nature, we shall postpone suggesting a 
name for element 106 until the situation has been 
clarified. 
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SUPERHEAVIES IN NATURE- WHERE AND HOW TO LOOK* 

M. J. Nurmia 

It is not going to be easy to synthesize 
superheavy elements (SHE) - at best we might be 
able to make a few atoms the same way as, say 
hahnium, with the SuperHILAC or other machines. 

However, if we were ever to find a single SHE 
nuclide in any natural source in the abundance of, 
say 10- 16

, the whole picture would change. By 
working 100 kilograms of the material we would have 
some 10 10 atoms -more than enough to prepare a 
large number of neighboring nuclei by neutron and 
charged-particle irradiation. 

These "secondary" isotopes will generally have 
shorter half-lives and would thus provide suffic
ient activity for the study of the nuclear and 
chemical properties of the superheavy elements. 
They would also give rise to decay chains that 

,would facilitate the study of the elements in the 
gap between the SHE's and hahnium. The rewards of 
success would thus be great, and we shall now look 
at the basic questions on how to improve the sensi
,tivity of our search. 

Most work so far has been based on two impor
tant assumptions: 

1) The eka-element follows the chemistry of 
the lower homolog both in geochemical frac
tionation and in ordinary industrial processes. 
For example, one looks for eka-lead in either 
lead minerals or "pure" lead compounds. 

2) The SHE either decays by SF or exists in 
secular equilibrium with a descendent that 
decays by SF. 

Regarding the first assumption I would like to 
quote Darleane Hoffman, the discoverer of 244Pu in 
nature.l She points out that even in that case it 
was very difficult to decide where to look for the 
highest geochemical enrichment of Pu, even though 
the chemistry of plutonium "has been rather well 
studied." 

Regarding the second assumption it should be 
pointed out that an assumed primordial SHE is not 
likely to decay by s~ntaneous fission. A calcula
tion by Fiset and Nix that covers all nuclides 
with 172.;;;; N.;;;; 191 and 104.;;;; Z.;;;; 130 predicts that out 
of these 520 isotopes 15 would have a total half
life longer than 2 years. The half-lives of these 
15 range up to 10 9 years, but only two of them, 
two is.otopes of element 110, are predicted to have 
spontaneous fission as their.main mode of decay. 
Even assuming for the considerable uncertainty of 
the predicted half-lives themselves, it appears 
likely that a long-lived primordial SHE would decay 
by alpha emission or electron capture and give rise 
to a family of one or more members before the chain 
is terminated in SF. 

Most minerals are old enough so that there is 
a good chance for a secular equilibrium between 
the SHE and its descendants, but this condition 



would not be fulfilled in case of industrial pro
ducts and other such samples. 

Of course, if the SHE has an essentially infi-
nite half-life, it could only be detectable by 
methods such as mass spectrometer or activation 
analysis. As D. Hoffmanl points out, it would be 
necessary to perform chemical concentration, i.e., 
a separation between SHE and its lower homolog. 

I would suggest that we try to improve the 
sensitivity of our SHE search by abandoning the 
above assumptions and replacing them with specific 
assumptions regarding the SHE and its geochemical 
behavior. 

At this point I would like to concentrate on 
one good possibility of a geochemical and physical 
distinction between a SHE and its lower homolog. 
The SHE is eka-mercury. In the group consisting of 
Zn, Cd and Hg, Cd is more volatile than Zn, and Hg 
is much more volatile than Cd. 

Quantitative predictions can be made in the 
manner used for other Slffi's by Keller et al,3 but 
no matter how one extrapolates, eHg seems to be 
still more volatile than Hg. The trend of the 
chemical nobility of these elements is similar: 
Zn and Cd do not occur as metals in nature, but 
mercury is present in metallic form in minerals 
and as vapor in the atmosphere. 

The amount of Hg in "unpolluted" air is -¥iven 
as 1 - 40 ng/m 3 , 4 a concentration of (1-8) •10 2

• 

In sea water the Hg concentration is 10 to 50 ng/1 
or (1-5) ·10- 11 • 

It is interesting to note that the Hg in the 
atmosphere may be largely of volcanic origin.4,6 
The same geochemical processes should work still 
more efficiently in the case of the more volatile 
and more noble eHg, if it is present in nature. 
eHg may actually resemble the heavy rare gases in 
its geochemical behavior and be preferentially con
centrat-ed in the atmosphere! 

This offers many interesting possibilities for 
a search along the lines explored by Stoughton et 
al.7 They used a neutron-multiplicity counter to 
look for spontaneous fissions in samples of crude 
xenon and silica gel from a commercial air lique
faction process, and also examined Au and Ag foils 
exposed to air flowing out of mercury mines. No 
SF activity was observed during a counting period 
of a few days. 

Let us now consider the nuclear properties in 
some detail; this kind of evaluation can be made 
for other SHE's as well but I shall concentrate on 
eHg. Decay properties predicted for the longest
lived eHg isotopes by Fiset and Nix2 are given in 
Table 1. 

Table 1 

A moderate "adjustment" of the alpha half
lives would evidently yield total half-lives suf
ficiently long so that some of the above isotopes 
could be present as primordial Slffi's. There are 
at least two other possibilities. 
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TABLE 1. Longest-Zived eHg isotopes. 6 

N A TSF T Q
8
MeV 

a 

178 290 79 d 180 d 

179 291 104.5 y 6.4 y 0.2 

180 292 103.6 y 98 y 

181 293 109.1 y 105.6y 

182 294· 108.5 y lo4·\ 

183 295 1014.\ 106.4y 

184 296 1014.4y 105.4y 

First, SHE's may, after all, be produced in 
supernova explosions or other astrophysical_pro
cesses and be arriving on the Earth as cosm1c rays 
or cosmic dust some 10 3 to 10 6 years after their 
formation.8 Relatively short-lived eHg isotopes 
may thus be present as "cosmic fallout" in the 
atmosphere or in the deep-sea sediments. 

Second, eHg isotopes may be present as decay 
products of other SHE's. In this context we should 
pay particular attention to the suggestion of 
Meldner and Herrmann9 that the longest-lived SHE 
isotopes may be of the odd-odd type and similar to 
4 °K and 50V, both of which are long-lived in spite 
of their large beta-decay energy. 

Some such odd-odd SHE candidates, taken from 
the table of Fiset and Nix,2 are listed in Table2. 

Table 2 

If eHg isotopes, such as those shown in Table 
1, are present in nature, they are likely to decay 
by alpha emission forming ePt isotopes with various 
expected decay modes and half-lives up to 10 4

•
5 

years for 292 ePt.2 In particular we cannot assume 
that samples of less than "geological" age contain 
the eHg in secular equilibrium with a descendant 
decaying by SF. 

TABLE 2. Odd-odd SHE candidates.2 

Element 

107 eRe 

109 eir 

111 eAu 

113 eTl 

N 

183 

181 

183 

179 

181 

183 

181 

183 

A 

290 

290 

292 

290 

292 

294 

294 

296 

TSF 

1011.8 y 
105.3 y 
1013.0 y 
104.3 y 
109.1 y 
1015.2 y 

1013.6 y 

1018.9 y 

T Qs a 

1017.5 y 3.7 
106.9 y 2.2 
1012.3 y 2.7 
103.8 y 1.1 
104.2 y 1.3 
108.2 y 1.7 

960 y 1.8 
105.3 y 1.2 
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The most attractive way to look for these 
isotopes is the mass spectrometer. The expected 
high volatility of eHg will cause some special 
problems but it will also provide an excellent way 
of concentrating and transferring samples. 

In conclusion, then, I suggest that we look 
for eHg in natural sources using a good mass spec
trometer. Of course I cannot guarantee success -
but if we are always successful, then we are not 
tackling problems of the right kind! 
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THE VECTOR ANALYZING POWER IN d-p SCATTERING AT 45.4 MeV 
AND THE NUCLEON NUCLEON INTERACTION* 

F. N. Rad, J. Birchall,t H. E. Conzett 
S. Chintalapudi,+ and R. Roy§ 

During the past few years, three-body calcula
tionsl-5 have achieved notable success in fitting 
measured polarization observables6-9 in elastic 
nucleon-deuteron scattering. These calculations, 
which use the Faddeev equations with separable 
nucleon-nucleon potentials, have been made with 
more and more complicated N-N interactions. The 
simple S-wave force had been sufficient to give 
agreement only with the differential cross-section 
data. The increasingly accurate and extensive 
polarization data, including nucleon and deuteron 
vector analyzing powers and deuteron tensor analyz
ing powers, have played a significant role in this 
theoretical refinement. It now seems possible to 
derive from such data, via the three-body calcula
tions, information on the N-N interaction which, as 
yet, has not been available from N-N scattering 
experiments. The most recent calculations of 
Doleschalls show a surprisingly strong dependence 
of the nucleon and deuteron vector polarizations on 
;variations of the input 3s1 - 3D1 N-N tensor inter
action. We report here measurements of the deuter
on vector analyzing power, iTn, in d-p elastic 
scattering at Ed = 45.4 MeV, which can be compared 
directly with the calculated vector polarization at 
the equivalent nucleon energy EN= 22.7 MeV. 

Although it has been known1-3,8 that the vector 
polarizations in N-d scattering are essentially due 
to the N-N P-wave interactions, there have been 
conflicting conclusions concerning the contribution 
to the~e polarizations from the tensor force. 
Pieper reported only slight changes with the addi-

tion of the tensor force, and he suggestedlO that 
changes in the 3s1 - 3D1 potential would have little 
effect on the nucleon polarizations. This conjec
ture was based on Sloan and Aaronsl result, which 
demonstrated that none of the N-d polarizations 
were very sensitive to changes in the 3s1 - 3D1 
potential. However, that calculation did not 
include the P-wave interactions, so the calculated 
vector polarizations were unrealistically small. 
Doleschall' s first calculation3 showed a substantial 
change in the vector polarizations with the addition 
of the tensor force to the S and P-wave interac
tions, and his most recent calculationS shows that 
the vector polarizations are quite sensitive to the 
details of the 3s1 - 3D1 potential. It is just this 
sensitivity that offers the promise of providing 
information on the 3s1 -

3D1 n-p mixing parameter 
s

1 
and the lp1 phase shift, which are poorly 

determined from the phase shift analyses of n-p 
scattering data below 80 Mev.ll Although Dole
schall does not address this question, it seems 
clear that variations of s; and the 1P1 phase shift, 
in a search for improved f1ts to the vector polar
ization data, could result in a better determina
tion of these parameters than has been possible 
from n-p scattering data. 

Our experimental results are shown in Fig. 1, 
where the relative errors include the statistical 
error and a contribution of ± 0.004 which was de
termined from measured asymmetries with the beam 
polarization set to zero. In addition, there is a 
± 3% normalization uncertainty from that of the 
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Fig. 1. The deuteron vector analyzing power, 
iT11C8), in d-p elastic scattering at Ed= 45.4 
MeV. The curves are calculated results from Ref. 5 
with different N-N interactions. Dotted line, set 
C (S and P-waves) + T4D tensor potential; dashed 
line, set C + T4M; solid line, set C + T4M + 3D2. 

(XBL 744-2770A) 

d-4He analyzing power. Also shown in Fig. 1 are 
Doleschall's calculated results.S In this calcu
lation he used an improved set of p-wave potentials 
which provide much better afleement with the two
nucleon p-wave phase shifts 1 for the lower ener
gies which contribute in the three-nucleon calcu
lation. Additionally, rank-2 tensor interactions 
were construct~d in an attempt to simultaneously 
reproduce the sl, 3Dl phase shifts, the mixing 
parameter s

1
, and the deuteron properties. It was 

not possible to find a single rank-2 tensor force 
which satisfied all of these criteria, so two such 
sets were used. One, the T4D force, reproduced the 
low energy (~ 100 MeV) 3D1 phase shifts but gave 
larger valurz of s 1 than have been deduced from n-p 
scattering. The other,.the T4M force, reproduced 
the low energy s

1 
behavior but not that of the 3D1 

phase shifts. As shown in Fig. 1, the T4M force 
calculation is in good agreement with our data 
backward of e "" 80°' but the agreement deteriorates 
at the forwara angles. Even though the calculations 
are for n-d scattering they can be compared with 
our data since charge symmetry of the nuclear 
interaction provides equality of the n-d and p-d 
polarizations in the absence of Coulomb effects. 
Such effects have been demonstrated to be small 
near EN = 22 MeV, in that the nucleon analyzing 
power in n-dl3 and p-d6 scattering are equal within 
the experimental error. In a further effort to 
improve the agreement between experiment and theory 
for the proton analyzing power data, Doleschall also 
included a 3D2 interaction. Computational limita
tions precluded the addition of a complete set of 
D-wave interactions. The results of that calcula
tion with the T4M interaction,the T4M + 3D2 result, 

56 

is also shown in Fig. 1. Some improvement toward 
agreement is seen at the forward angles at the 
expense of a slightly poorer fit in the region 
8c = 85° to 115°. A very similar comparison between 
experiment and theory was found for the proton 
analyzing power data.S 

The three-nucleon calculations represent major 
progress in predicting the polarization observables 
in N-d elastic scattering below SO MeV. Small dis
crepancies remain with the vector polarizations in 
the forward angle region, which is just the region 
of greatest sensitivity to details of the 3s1 - 3D1 
tensor interaction. Clearly, it would be most 
useful to do the calculation with a tensor force 
which simultaneously reproduces the N-N 3D1 phase 
shift and the mixing parameter s 1 , for example, 
the rank-4 potential recently constructed by 
Pieper.l4 

Binstock and Bryanll have shown that the pre
sently available n-p data Cotot• do/dn, and P(8)) 
near 50 MeV leave s

1 
undetermined between -10° to 

+3°. They also examined the sensitivity of other 
experimental observables to s 1 , and they found that 
the neutron-to-proton polarization transfer coeffi-

• cient Dt combines fairly high sensitivity with 
reasonable experimental feasibility. A measurement 
of Dt to an absolute accuracy of ± 1% could deter
mine s 1 to about± 1°. However, it should be 
possible in the three-nucleon calculation to fix 
o(3D1) at the values determined from the n-p analy
ses and then to vary s 1 in a search for improved 
fits to the p-d vector analyzing-power data. It 
seems quite possible that this ~rocedure could 
provide a better determination of the low energy 
values of s 1 than is feasible via the much more 
difficult n-p measurement of Dt. If this should 
prove to be so, one would, indeed, have deduced 
from the three-nucleon problem specific information 
about the two-nucleon interaction that has not yet 
been attainable. 
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VECTOR-TO-VECTOR POLARIZATION TRANSFER IN 
DEUTERON-PROTON ELASTIC SCATTERING* 

F. N. Rad, J; Birchall,t H. E. Conzett, and R. Roy+ 

We report here on the first significant com
parison between experimental and theoretically 
calculated vector-to-vector polarization transfer 
coefficients in nucleon-deuteron elastic scattering. 

Considerable theoretical progress has been 
made recently in fitting the nucleon analyzing
powers measured in

1
N-d elastic scattering at ener-

-gies below 50 MeV. -3 These three-nucleon calcu
lations, based on the Faddeev equations with sep
arable nucleon-nucleon interactions, have also 
provided predictions of the deuteron vector and 
tensor polarizations and, mor~ recently, of polar
ization transfer coefficients at energies up to 
EN = 23 MeV. Subsequent determinations of the 
deuteron analyzing-powers were in good agreement 
with the calculations.5 These studies showed that 
the P-wave part of the N-N interaction was chiefly 
responsible for the vector analyzing power, whereas 
in addition, the two-body 3s1 - 3D1 tensor force was 
required in order to provide agreement with the 
observed tensor analyzing powers. 

As a further test of'the theoretical predic
tions, we report on measurements of the polariza
tion of the recoil protons in d-p elastic scatter
ing with incident 45.4 MeV vector polarized deuter
ons. These 1H(~,p)2H measurements provide deter
minations of the vector-~o-vector polarization 
transfer coefficient, K~ (6), defined by the 

·equation6 

- (A + 
3 Ky')/(1 + 

3 A ) Py' - y' 2 Py y 2 Py y , (1) 

where Py is the polarization of the purely vector 
polariz~d incident deuteron beam, p , is the 
observed polarization of the outgoi~g (recoil) 
proton, and Ay and A ' are, respectively, the 
deuteron vector anal~zing power and the proton 
analyzing power in d-p elastic scattering. The 
Madison convention? is followed in defining the 
cartesian forms of the polarization and analyzing 

power, and the y and y' axes are taken along kd x k . 
From time-reversal invariance, the same coefficien¥ 
describes the transfer of vector polarization in 
the inverse 2H(p,a)1H scattering procgss at the 
equivalent proton energy of 22.7 MeV. Thus, our 
measurements can be compared directly with Pieper' s4 
calculated Ky'(e) at that energy. 

Our experimental arrangement is shown in Fig. 
1. The polarized deuteron beam from the Berkeley 
88-inch cyclotron passed through a hydrogen gas 
target, positioned in a 36-inch diameter scattering 
chamber. Two sil~con polarimeters, described in 
detail elsewhere, were used to determine the 

Fig. 1. Schematic diagram of the experimental 
arrangement, showing the left and right silicon 
polarimeters. The detectors labeled L and R are 
the left and right silicon analyzers, respectively. 
LL, LR, RL, and RR are the silicon side detectors 
of the polarimeters (XBL 7410-4413) 



polarization of the scattered protons. They were 
positioned at equal scattering angles to the left 
and r~ght of the beam axis. For each determination 
of~ (8), data were taken with the spin vector of 
the beam orientated alternately up and down with 
respect to the scattering plane. The relative. 
yield of elastic doubly-scattered protons into 
the LL detector of the silicon polarimeter is 
given by: 

(2) 

where the (+) and (-) superscripts correspond to 
the incident beam spin orientation of up and down, 
respectively, and A2 is the silicon proton analyz
ing power in the second scattering.9 Inserting Py' 
from Eq. (1), 

LL± = 1 + 3/2p A +A-A , ± 3/2A2p Ky' (3) y y Z'"y y y 

From this and similar expressions for the relative 
yields LR± , RL ± , and RR± one obtains 

3/2pl2 K~' 
(LL+ LL -) (LR+.- LR-) 

(4a) 
LL+ LR+ -+ LL + + LR 

(RR - RR+) (RL RL +) - - (4b) - RR+ - + RL + RR + + RL 

(LL+ + (LR+ - RL +) - RR ) - (4c) 
LL+ + RR+ + LR+ + RL+ 

(RR - - LL -) - (RL - LR-) 
- - (4d) 

RR + LL + RL + LR 

First order systematic errors due to instrumental 
asymmetries and beam misali~ents were eliminated 
by averaging the values of RY' (8) from Eqs. (4a) 
and (4b), and similarly from Eqs. (4c) and (4d). 
The two average values obtained in this way agreed 
to within ± 0.006 at all angles. The effective 
proton analyzing power A2 of the silicon polarime
ter was determined with polarized protons elastic
ally scattered from 4He and 12c, for which ~~'(e) 
= 1.0. With Py known Eq. (4) then results ih a 
value for A2. 

Our experimental results are shown in Fig. 2, 
where the errors indicated are purely statistical. 
The solid curve is Pieper's calculation, and it is 
seen that the agreement with experiment is excellent. 
Since this con~titutes the first significant com
parison between experimental and calculated polar
ization-transfer coefficients in N-d elastic scat
tering, this agreement represents yet another sub
stantial success of the three-body calculations, 
particularly in view of the fact that there has 
been no adjustment of the two-body input parameters 
in order to fit these data. 

Despite the excellent agreement between these 
experimental and predicted values of K~' (8), it 
recently has become clear that further calculations 
are necessary to address unresolved questions in 
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Fig. 2. The vector-to-vector polarization transfer 
coefficient, K~

1

(8), in d-p elastic scattering at 
Ed = 45.4 MeV. The solid curve is the calculated 
result from Ref. 4. (XBL 748-3862) 

N-d scattering. Pieper compared his perturbative 
calculation4 with Doleschall's exact calculation2 
for the same input N-N interactions, and he found 
that there were significant differences between the 
two calculations of the nucleon polarization near 
23 MeV. In his most recent calculation, Doleschall3 
improved the P-wave and the 3s1 - 3D1 tensor inter
actions to give better agreement with the N-N 
phase-shift parameters. This resHlted in improved 
fits to the nucleon and deuteronl vector analyzing
power data. An appropriate question, then, is the 
extent to which such improved N-N interactions 
would change the calculated values of Ky' (8). As 
has been suggested,lO,ll an important program now 
is to specifically examine the sensitivities of the 
various analyzing-powers and polarization-transfer 
coefficients to the details of the input two-body 
interactions. 

We are grateful to R. M. Larimer for her 
assistance during the course of the experiment. 
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POLARIZATION EFFECTS IN THE NUCLEON-DEUTERON 
BREAKUP REACTION 

H. E. Conzett, F. N. Rad, R. Roy,* and J. Birchallt 

The present status of studies of polarization 
phenomena in the N-d breakup transition to three
nucleon final states is comparable to that which 
existed for the elastic channel almost ten years 
ago. That is, only a few experiments have been 
done which even show the presence of polarization 
effects, and theoretical interpretation and predic
tions via exact three-body calculations have not, 
as yet, been made. Such calculationsl have been 
successful in fitting N-d breakup cross sections, 1 

but they have so far been limited to S-wave N-N 
input interactions. · It appears that experimental 
evidence of significant polarization effects in the 
breakup channel are required in order to encourage, 
or even compel, the addition of the tensor force 
and P-wave contributions to these calculations. 

Perhaps the first polarization effects seen 
in the breakup reaction below 100 MeV were those 
observed by Arvieux et al. in the reaction D(p,2p)n 
at 10.5 MeV. 2 Their results are shown in Fig. 1. 
The open circles are their measurements of the 
proton analyzing power for the transition to the 
np final-state-interaction region of the 3-body 
continuum spectrum, in their case selected to be 
the region of relative np energies Enp ~ 0.5 MeV. 

d(p,p}d 
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Fig. 1. Open circles: proton analyzing power in 
the D(p,2p)n reaction at 10.5 MeV. Solid dots: 
proton analyzing power in p-d elastic scattering 
at 11 MeV. From Ref. 2. (XBL 748-1345) 

They noted, for comparison, the similarity of the 
trend of these data to that of the elastic channel 
analyzing power at 11 MeV, as shown by the solid 
dots connected by the dashed line. Recently, Blyth 
et al.3 reported an investigation of the deuteron 
vector analyzing~ower at several angles in the 
same reaction H(d,2p)n, but now induced with a beam 
of 12.2 MeV vector polarized deuterons. Their re
ported values are all consistent with zero, within 
errors of ± 0.01 to ± 0.03, but it should be noted 
that in this case the elastic channel analyzing 
po\Yer at the nearby deuteron energy of 11. 5 MeV has 
a maximum value of less than 0. OS.~ We have very 
recently obtained some results for the deuteron 
vector analyzing power in the same inelastic trans
ition at Ed = 45.4 MeV. These are shown in Fig. 2. 
Again, for comparison, the elastic scattering ana
lying power is shown as the smooth curve. Here the 
similarity between the inelastic and elastic analyz-' 
ing powers is quite definite. This similarity is 
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Fi&; 2. Deuteron vector analyzing power in the 
H(d,p)np reaction at Ed = 45.4 MeV. The c.m. pro
duction angle of np pa1rs with near-zero relatiye 
energy is 8c. The smooth curve represents the d-p 
elastic scattering analyzing power. (XBL 748-3890) 



rather unexpected in view of the results that were 
reported by BrUckmann et al., in their analysis of 
cross section data in this reaction at the slightly 
higher energy Ed= 52.3 Mev.s Their findings are 
displayed in Fig. 3. In their analysis they deter
mined the separate contributions of n-p singlet 
and triplet pairs to the observed final-state
interaction peak at the relative n-p energy Enp = 0. 
These separate contributions are shown in the 
figure. The solid curve, which is in excellent 
agreement with the cross section for production of 
n-p triplet pairs, represents a Born approximation 
calculation. in which the final state n-p wave func
tion used was effectively that of a deuteron with 
binding energy EB = 0. If triplet n-p production 
were the major contribution to the cross section, 
we could expect the similarity between inelastic 
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calculated__. 
from d·p eloslic scattering 

Fig. 3. H(d,2p)n cross sections at Ed = 52.3 MeV, 
from Ref. 5. (XBL 748-1344) 
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and elastic vector analyzing powers. However, in 
just the backward angular region of maximum analyz
ing powers, Fig. 3 shows that the major cross section 
contribution is the production of n-p singlet 
pairs. Thus, one is led to the conclusion that 
the contribution to the inelastic analyzing power 
from the production of n-p singlet pairs has an 
angular distribution similar to that of the elas
tic analyzing power. Since Ebenhoh's three-body 
calculationl quite successfully reproduces the 
form of the singlet n-p contribution to the cross 
section shown in Fig. 3, it would be of consider
able interest to add to such a calculation the 
N-N spin dependent interactions that are necessary 
for the calculation of these analyzing powers. 

Footnotes and References 

*National Research Council of Canada Post Doctoral 
Fellow. 

tPresent address: Physics Department, lmiversity 
of Basel, Switzerland. 

1. R. T. Cahill and I. H. Sloan, Nucl. Phys.A165, 
i61 (1971); W. Ebenhoh, Nucl. Phys. A191, 97 (1"9/2J. 

2. J. Arvieux, J. L. Durand, J. C. Faivre, 
D. Garreta, A. Papineau, J. Sura and A. Tarrats, 
Nucl. Phys. AlSO, 75 (1970). 

3. C. 0. Blyth, N. T. Okumasoglu, N. Berovic and 
J. S. C. McKee, Proc. Int'l. Con£. on Few Body 
Problems in Nuclear and Particle Physics, Quebec, 
Canada (August 27-31, 1974), in press. 

4. R. E. White et al., Nucl. Phys. AlSO, 593 
(1972). ----

s. H. Brlickmann, W. Kluge, H. Matthay, L. Schanz
ler and K. Wick, Nucl. Phys. Al57, 209 (1970}. 

POLARIZATION PHENOMENA IN THE THREE-NUCLEON SYSTEM* 

H. E. Conzett 

There has been an impressive quantity and 
quality of polarization data acquired during the 
past few years on the mass 3 to mass 6 systems, 
essentially with beams of polarized protons and 
deuterons. I have chosen, in this paper, to limit 
the discussion of polarization effects to those of 
the three-nucleon system. I do this for two 
reasons: 1) There is now a rather extensive vari
ety of experimental results on this system, and 
the ever more detailed three-body calculations of 
these polarization effects have been remarkably 
successful. Thus, a description of the past devel
opments and present status of this research, in the 
detail that is warranted by this substantial 
progress, will take my allotted time. 2) Certain
ly a central role in this and in the past few-body 
conferences has been that of the "exact" three
body theory, which calculates the three-nucleon 
observables from the two-nucleon interaction. 
Thus, there is, so far, a natural separation 

between descriptions of three-nucleon data and 
those of mass 4 and higher. Polarization results 
are certainly important in the latter systems, but 
the appropriate theoretical descriptions are gen
erally those of R-matrix analysis, and the direct 
connection to the nucleon-nucleon force is not 
niade. 

The first comparison, some 10 years ago, 
between the calculatedl and experimental2 proton 
analyzing power in N-d scattering below 100 MeV is 
shown in Fig. 1. This was at 40MeV. This impulse
approximation calculation was quite inadequate to 
explain the data. In fact, the discrepancy between 
the experimental and the calculated results in
creased in going to the more complete versions of 
the calculation. Soon thereafter the early three
nucleon calculations, bas.ed on the Faddeev equa
tions with simple S-wave nucleon-nucleon potentials, 
were very successful in fitting the elastic N-d 
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Fig. 1. The proton analyzing power in p-d elastic 
scattering at 40 MeV ... The experimental data are 
from Ref. 2, the theoretical curves from Ref. 1. 

(MUB-2813) 

differential cross section data up to about SO MeV. 
Since only S-wave forces were used, those calcula
tions could not provide the observed polarizations. 
There was already a substantial amount of nucleon 
analyzing-power data up to SO MeV and a few mea
surements of the deuteron vector and tensor ana
lyzing powers at lower energies. Only within the 
.past three years have more realistic N-N potentials 
been used in efforts to fit the polarization data. 1 

Aarons and Sloan3 used a two-body force with 
separable terms corresponding to both the ls0 and 

. the coup~ed 3s1 - 3n1 (tensor) interactions. This 
calculat1on gave deuteron tensor polarizations in 
qualitative agreement with experiment over the 
range EN = 3-11 MeV. Soon thereafter Pieper4 and 
DoleschallS independently included S- and P-wave 
interactions, and the improvement over the previous 
calculations of the vector polarizations was 
dramatic. The nucleon polarizations were in 
excellent agreement with the experimental data up 
to 14 MeV, and qualitative agreement was 
achieved beyond that to 40 MeV. Almost concurrent
ly with these calculations, more precise determi
nations were made of the deuteron vector analyzing 
powers at Ed= 20 and 30 Mev,6 and these were in 
good agreement with the calculations. These cal
culations have also provided very good fits to the 
recently measured tensor analyzing powers.7 

At this point, then, these three-nucleon cal
culations had shown very considerable success in 
fitting the several available N-d elastic scatter
ing observables. Also, it was clear that the 
~olarization data required the use of the more 
realistic, i.e. more detailed and more complicated 
N-N interactions, and thus provided the more sen- ' 
sitive and significant tests of the calculations. 
The conclusions then were that 1) the N-N P-wave 
interactions were chiefly responsible for the 
observed vector polarizations, whereas 2) the 
3s1 - 3n1 tensor force was the source of the N-d 
tensor polarizations. 

The stage was now ready for an examination of 
the sensitivity of the calculated N-d observables 
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to changes in the N-N input interactions. Certain
ly, the first goal of the three-body theory has 
been to reproduce three-nucleon data with calcu
lations that use two-nucleon forces. Clearly, .a 
second goal is to pursue the possibility of deduc
ing, from N-d scattering and the three-body calcu
lations, information on the N-N interaction which 
has not been available from N-N scattering itself. 
Very recent investigations have suggested thatthis 
possibility exists. In contrast to the two quite 
definite conclusions noted above, there have been 
conflicting opinions concerning the effect of the 
N~N te~sor force on the ~-d vector polarizations. 
P1eper reported only sl1ght changes with the 
addition of the tensor force, and he suggested 
t~at changes in the 3s1 - 3n1 potential would have 
l1ttle effect on the nucleon polarization. This 
conjecture was based on Sloan and Aarons result 9 
which demonstrated that none of the N-d polariz~
tions were very sensitive to reasonable changes in 
the tensor interaction. However, that calculation 
did not include P-waves, so the vector polariza
tions were unrealistically small. Doleschall's 
earlier calculationS showed a substantial change 
in the vector polarizations with the addition of 
the tensor force to the s- and 1-wave interactions, 
and his most recent calculation 0 demonstrates 
that the vector polarizations are quite sensitive 
to the details of the 3s1 - 3n1 potential used. We 
very recently made measurementsll at Berkeley of 
the deuteron vector analyzing power, iT11 , in a-p 
scattering at Ed = 4S.4 MeV for direct comparison 
with the calculated vector polarization at the 
equivalent nucleon energy of 22.7 MeV. Our data 
are _compared in Fig. 2 with the calculated results 
for the different N-N interactions. The dotted 
curve is the result with S- and P-waves plus one 
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tensor potential; the dashed line, with another; 
the solid line, with the addition of the 3n2 terms 
to the second case. The angular region forward of 
8c = 120°, wherein the remaining discrepancies 
between experiment and theory exist, is just the 
region of greatest sensitivity to the details of 
the 3s1 - 3D1 tensor interaction. Clearly, it would 
be most interesting and useful to do the calcula
tion with a tensor force which simultaneously re
produces the N-N 3D1 phase shift and the mixing 
parameter E 1 • 

I must now digress momentarily in order to 
connect these results with a problem of rather 
long standing in n-p scattering. MacGregor et al., 
in their phase shift analyses of n-p data five 
years ago, found that the 1p1 phase shift 6(1P1) 
and the mixing parameter E 1 were strongly corre
lated and poorly determined below 80 Mev.1Z 
Neither, in fact, was near the theoretical expec
tation. Arndt, Binstock and Bryan13 have recently 
examined this problem in considerable detail near 
SO MeV, including in their analyses some more 
recently available n-p data. They did not find 
a strong E

1
- 6(1P1) correlation. Concerning E , 

they show that the present n-p data (aTOT• da/dn, 
P(8)) near SO MeV leave E 1 undetermined between 
-10° to +3°. They also examine the sensitivity 
of other experimental observables to E

1
, and they 

find that the neutron-to-proton polarization 
transfer coefficient Dt combines fairly high sen
sitivity with reasonable experimental feasibility. 
With the assumed ± 0.01 absolute error on Dt, be 
assured that such an experiment, if reasonable, 
is difficult. 

Let us return now to the three-nucleon calcu
lation. In view of the demonstrated sensitivity 
of the vector polarizations to the N-N tensor 
interaction, it should be possible, with a tensor 
force which simultaneously reproduces the N-N 
6 (3D1) and E 1 , to vary E 

1 
in a search ,for improved 

fits to the N-d vector analyzing power data. It 
seems possible that this procedure could more 
easily provide a better determination of the low 
energy values of E 1 than is possible via the more 
difficult measurement of Dt· 'If this should prove 
to be so, one would indeed have deduced from the 
three-nucleon investigations specific information 
about the two-nucleon interaction that has not yet 
been attainable. 

We have noted the considerable progress that 
has been made during the past two years in both 
the experimental and theoretical determinations of 
polarization observables in N-d elastic scattering. 
It seems to me that an important undertaking now 
is to specifically examine the sensitivities of 
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the various analyzing powers and transfer coeffi
cients to the details of the input two-body inter
actions; for example, sensitivity to variations 
of 6(1P1) and E

1
, and to the addition of a com

plete set of D-wave interactions in the exact 
calculation. This would provide invaluable guid
ance in the choice of further experiments, since 
it is clear that many of the polarization observ
ables can now be measured to just about whatever 
accuracy is required for specific and detailed 
comparison with predictions. 
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FINAL STATE INTERACTION IN THREE NUCLEON SYSTEM* 

F. N. Rad, D. P. Saylor) and Mahavir Jain+ 

The dynamics of three-nucleon system, as well 
as the interaction between the particles on and off 
the energy shell can be studied by the processes 
leading to three nucleons in the final state. 
There are several approximate descriptions of the 
three-nucleon breakup process which are often used. 
Each is useful in providing an understanding of and 
insight into the qualitative features of the break
up process in a limited part of phase space. The 
final state interaction (FSI) mechanism is appro
priate for understanding that part of the breakup 
spectrum in which one of the three outgoing pairs 
of nucleons has a low relative energy. Typically, 
the cross sections are enhanced. The FSI theory of 
Watson and Migdal is often used to describe these 
enhancements. Theoretical calculationsl based on 
separable S-wave potentials give results in good 
agreement with the Watson-Migdal form of the final 
state peak. These calculations also predict a 
rather complex angular dependence of the FSI which 
may prove to be sensitive to the energy shell 
behavior assumed in the model. 

Several attempts 2-5 have been made to estimate 
the size of model dependent effects in N-d breakup 

·reactions. The recent results of Brayshaw4 and of 
Haftel and PetersonS (HP) are of particular inter
est because these estimates were based on compari
son of models which gave identical on-shell two
nucleon scattering .. For Ecm ~ 20 MeV Brayshaw and 
HP have found that significant model dependent 
variations were restricted to three-body 2s-waves. 
They also found that if it is required that the N-d 
doublet scattering length, a2, is held fixed the 
remaining variability is much reduced. Brayshaw 
believes that his analysis indicates that the two 
nucleon observables and az determine the low energy 
trinucleon reactions to h1gh precision for any 
plausible interaction. It would be significant 
if this expectation were to be experimentally 
verified. The conclusions of HP are different 
from that of Brayshaw while they provide a basis 
for selecting experiments. HP have found substan
tial variability in the 2s partial wave even with 
a fixed doublet scattering length. The sensitive 
region is concentrated where singlet FSI dominates. 
The variability in the amplitudes results in vari
ations of the FSI angular distributions and spectra 
which are of sufficient magnitude to be significant 
experimentally. In regard to these HP expectations 

t y' 
KY 

the experiment and analysis of Bruckman et al.6 
(BKMSW) should be particularly valuable. They 
found that the breakup cross section in the np FSI 
region could be fitted very accurately by 

where F~ and pt are the singlet and triplet 
Watson-~gdal eriRRncement factors. Empirically 
BKMSW have found that the triplet FSI angular dis
tribution, X~p(83), was the same as the experimen
tal d-p elastic angular distribution and that the 
magnitude of the triplet FSI cross section could 
be successfully related to the elastic cross sec
tion. Their application of the Watson-Migdal 
analysis shows internal consistency with the np 
low-energy parameters. Other experiments which 
should be particularly valuable in isolating the 
np singlet FSI are the measurements of the vector 
to v~ctor spin transfer parameters K~' in lH(cf,p) 
and H(p,p) for slightly inelastic p-d scattering. 
These experiments when combined with kinematically 
incomplete cross section measurements should allow 
one to extract x;pC83). Assuming the validity of 
the Watson-Migdal analysis, 

s y' t y' where Ky and K{, are the spin-transfer parame-
ters for the singlet and triplet components respec
tively. Using the simplified structure of the 
breakup amplitudes,? characteristic of the Amado 
model, it is easy to show that 

sKy' 
y 1 

sKy' = _1,_ 
y 3 

2 + +) d 2H(+p,+n) for H(p,p , an 

tK~' will depend on angle and energy but an impli
cation of BKMSW is that t~' is nearly the same as 
the Kl' parameters for elastic scattering. However 
in tefms of the breakup amplitudes? 

g * + Red d 12 1 2 1 1- + for H)a,p) 
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where q is the amplitude for breakup in the quar
tet state (S = 3/2), and d1 and d2 are the doublet
state (S = 1/2) amplitudes in whiCh the two identi
cal nucleons are coupled to spin 1 or 0, respec
tively. 

T9 a first approximation the slightly inelas
tic Ky parameters can be computed on the basis of 
a decomposition of the breakup cross section simi
lar to that of B~W and a measurement of the 
corresponding K(, for elastic scattering. Thus a 
measurement of the Ky' parameters have additional 
interest in that they provide additional checks of 
the final state interaction theory. We are 
currently working on the theoretical predictions 
using a computer code which solves the three par
ticle Faddeev equation for separable

8
spin dependent 

s-wave nucleon nucleon interactions. 
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POLARIZATION-ANALYZING POWER THEOREM FOR (p,n) TRANSITIONS 
BETWEEN MEMBERS OF AN ISOSPIN MULTIPLET* 

H. E. Conzett 

In a recent paper, Rohrer and Brownl reported 
measurements of the proton analyzing power, A(E,e), 
in the 7LicP,n) 7Be reaction between E = 2.05 and 
3.00 MeV. Their comparison with existing data2 on 
the neutron polarization, P(E,e), induced in the 
same reaction 7Li(p,ti) 7Be with unpolarized protons, 
showed a near equality between P(E,e) and A(E,e). 
They suggested that the simplicity of this result 
indicated a simple explanation, which would have 
the further useful purpose of providing a means of 
optimizing the figure of merit, P2o, when using 
this reaction as a source of polarized neutrons at 
angles where no neutron polarization measurements 
exist, but for which A(e) had been determined. 

The purpose of this report is to provide the 
expected simple explanation for the near equality 
of P and A, which, in fact, applies to all (p,n) 
reactions that connect states that are members of 
an isospin doublet. The result follows from time 
reversal invariance and charge-symmetry of the 
interactions responsible for the reaction. Speci
fically, consider the reaction B(p,n) B' between 
nuclear states B and B'. The polarization-analyz
ing powert theorem for reciprocal or time-reversed 
reactions4 provides that 

P(E,8) 

A(E,8) 

-+ 
in B(p,n)B' 

-+ 
in B' (n,p)B 

is equal to 
(1) 

Also, in the restricted case that B and B' are 
members of an isospin doublet (mirror states), 
charge-symmetry provides that 

A(E,e) 

A(E,8) 

Therefore, 

in B' (Ji,p)B is equal to 
-+ 

in B(p,n)B' 

P(E,e) = A(E,e) 

(2) 

(3) 

in the B(p,n)B' reaction. It is seen that this 
result follows from the fact that the inverse to 
the (p,n) reaction between members of an isospin 
doublet is, also, its charge-symmetric reaction. 
This argument can be extended to include a larger 
group of (p,n) reactions by imposing isospin 
conservation. The condition (2) then applies when 
B and B' are adjacent members of any isospin 
multiplet. Thus, the result (3) includes transi
tions between any two m2mbers, B and B' , of an 
isospin multiplet that can be connected by the 
(p,n) or (n,p) reaction, i.e., for a liTz = 1 
transition. 

The exact equality (3) holds, of course; only 
under conditions of exact charge-symmetry or exact 
isospin conservation for the particular transition 



0 0 ~-,}:::. ~ "4 3 i11 u 

considered. Since the weaker assumption of charge
syrrunetry is known to be better than that of charge 
independence in the nucleon-nucleon interaction, 
it is expected that (3) will be more nearly satis
fied when B and B' are members of a doublet rather 
than members of a larger isospin multiplet. 

Two examples of P(E,6) and A(E,e) measurements 
in (p,n) transitions between states which form an 
isospin doublet are the quoted 7Li(p,n) 7Be data 
and the res~lts from the 3H(p,n) 3He reaction.S No 
such data seem to exist for transitions between 
members of a larger multiplet. The 7Li(p,n) 7Be 
data indicate a possible deviation from the equal
ity (3) at energies near 2.3 MeV, and the 
3H(p,n) 3He data show about a 17% relative differ
ence between P and A in the energy range from 
1.7 to 4.0 MeV. These deviations are not unex
pected, since the Coulomb interaction breaks the 
exact charge syrrunetry between the states Band B'. 
That is, the radial wave function describing the 
neutron bound in B may be somewhat different from 
that of the proton bound in B', so the condition 
(2) is not exact; hence, the equality (3) is not 
exact. This circumstance might be considered a 
disadvantage. On the contrary, it offers the 
promise of a means to determine, for example, just 
such differences in nucleon bound state wave 
functions as are caused by the Coulomb interaction. 
Calculations should seek to explain the observed 
deviations from the P =A equality in terms of the 
Coulomb effect in breaking the exact charge
syrrunetry between the mirror states involved. 
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It should be noted that Ref. S presented a 
plausibility argument for P =A in the 3H(p ,n) 3He 
reaction based on P =A for elastic scattering and 
the quasi-elastic nature of the 3H(p,n) 3He 
reaction. 
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DEPOLARIZATION AND THE SPIN-SPIN INTERACTION IN 
p· 9 Be ELASTIC SCATTERING* 

J. Birchall,t H§ E. Conzett, J. Arvieux, :j: 
W. Dahme, R. M. Latimer 

We report on definite evidence for the exis
tence of a spin-spin term in the nucleon-nucleus 
optical model potential, which was first suggested 
by Feshbach.l For a nu£leon of spin d/2 scattering 
from a nucleus of spin 1, both a spherically sym
metric spin-spin term, 

-V F (r) a · I ss 0 

and a tensor term, 2 analogous to the classical 
potential between two magnetic dipoles 

may be present. 

(1) 

Several investigations have been made of the 
spin dependence of total cross sections of polar
ized neutrons on polarized 165Ho and 59 Co in 
attempts to determine the strength of Vss of the 
spherical interaction (1). The59 Co results, summar
ized by Fisher et al,3 showed the larger effects. 
However, the information obtained on Vss was 
ambiguous because the calculation, which followed 
the treatment of Davies and Satchler,4 was unable 

to reproduce the energy dependence of the data 
from 0.3 to 8 MeV. 

The presence of spin-spin effects can also be 
detected by measurements of the depolarization 
parameter D, S which has the value 1. 0 for direct 
elastic scattering in the absence of a spin-spin 
interaction. Thus, deviations of D from unity can 
be evidence for the existence of such an effect. 
Batty and Tschalar6 and Beurtey et al7 have mea
sured D in the scattering of SO and 20 MeV protons, 
respectively, from nuclei. Only the latter results 
showed values of D differing significantly from 
unity, but these measurements were for a single 
scattering angle. 

In recent calculations Sherif and Hussein8 
have included both the spherical (1) and tensor (2) 
spin-spin terms in the optical potential. The 
depolarizations calculated with the spherical term 
alone were consistently different from the experi
mental values near 20 MeV, suggesting that contri
butions from the tensor term were important. These 
calculations showed that angular distributions of 
D were needed to determine the strength of the 
tensor interaction. They also showed that the 



D-parameter was the elastic scattering observable 
most sensitive to the spin-spin interaction. 

We have measured D at several angles in the 
elastic scattering of 25 MeV polarized protons from 
9Be. _With an incident beam of polarization p0 , the 
polar1zation Pl of the scattered protons is given by 

where A1(e) is the analyzing power of 9Be. Both 
measured polarizations are .Perpendicular to the 
scattering plane and positive along the direction 
kj_ x kf. The 9Be target was approximately 1 MeV 
thick. The polarization p1(e) of the scattered 
protons was measured with a high efficiency, good 
resolution silicon polarimeter. It consisted of an 
analyzer in the form of a silicon detector and two 
side detectors positioned at left and right scat
tering angles of 27°. The analyzer detector was 
1 rnm thick, giving good scattering efficiency to 
the side detectors. The detectors in each combina
ti~n ~f analyzer and side detector were operated in 
COlllCldence as a ~E-E telescope, ensuring good 
intrinsic energy resolution and reduction of back
ground. Thus, even though the analyzer was some 
4.5 MeV thick to 23 MeV protons, resolution of 
260-270 keV resolution was achieved in the polari
meter s~ectra at analyzer detector counting rates 
near 10 /sec. The polarimeter was calibrated with 
protons of known polarization elastically scattered 
from 12 ~. In the scattering from a spin-zero 
nucleus D has the value 1.0; so, with p0 and A1 
measured, p1 is determined from eq. (3). The 
measured left-right asymmetry then determines the 
analyzing power of the polarimeter. 

Our results are shown in Fig. 1. Deviations 
of D from unity are small but significant. The 
solid aed dashed curves represent calculations by 
Sherif. Both the depth, Vss = 0.1 MeV, and a 
Woods-Saxon form for F0 (r) were fixed from single
particle model estimates. For the tensor form, a 
Woods-Saxon form was taken for Fr(r), and the depth 
Vsr w1s determined by fitting the single data 
po1nt D(63.5°) = 0.940 ± 0.016 at 21.4 MeV. As 
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Fig. 1. Angular distribution of the D-parameter 
for p- 9Be elastic scattering at 25 MeV. The curves 
are calculated values from Ref. 9, the solid curve 
with Vss = 0.1 MeV, Vsr = -3.75 MeV and the dashed 
curve w1th Vss = 0.1 MeV, Vsr = +3.8 MeV. 
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seen in Fig. 1, these calculations at 25 MeV, with 
the same values of Vss and Vsr that were used at 
21.4 MeV, provide good fits to our data for either 
sign of Vsr· At 21.4 MeV the predicted8 value of 
D(63.5°) was 1.0 for Vsr = 0, so these data clearly 
indicate the need for the tensor interaction term 
in the calculation. As was noted by Hussein and 
Sherif,8 the magnitude of Vsr is much greater than 
expected, since Satchler•slO estimate for 59 Co 
predicts the tensor strength to be weaker than that 
of the spherical interaction. It remains to be 
se~n whether some other effect can explain the 
apparently large tensor strength. 

The calculated results displayed in Fig. 1 
show relatively little sensitivity to the sign of 
Vsr· However, the calculated D-parameter values 
in p- 10B scattering show much more sensitivity, so 
measurements there can provide more definite and 
detailed information on the spin-spin tensor inter
action. We have recently made measurementsll to 
compare with the p- 10 B predictions, and these 
results and their analysis will be reported in a 
forthcoming publication. 

We are most grateful to W. Haeberli for his 
considerable contributions to the planning and the 
early stages of the experiment, and to H. S. Sherif 
for providing the calculated results at 25 MeV. 
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TWO PROTON TRANSFER ON 54 Fe STUDIED WITH HIGH ENERGY HEAVY ION 
REACTIONS (' 6 0, 14 C) AND (12 C, 10 Be) 

H. Homeyer,* F. D. Becchetti,t B. G. Harvey, D. L. Hendrie, 
D. G. 1<-over,:j: J. Mahoney and W. von Oertzen* 

Two nucleon transfer reactions into 56Ni 
have been studied by various groups using the 
54 Fe( 3He,n) 56Ni 1-3 and the 5~Ni(p,t) 56Ni 4-7 
reactions in order to detennine energies and JlT 
values of the excited levels and to test nuclear 
models, especially the pairing vibrational model. 
In light ion reactions L = 0 and L = 2 transfers 
show up very strongly whereas higher angular 
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momentum transfers are suppressed due to kinematic 
reasons and the JTI assignments for the respective 
levels are sometimes doubtful. The heavy iori 
reactions .fha:.t: should preferentially excite higher 
spin states have so far been greatly restricted 
by Q-window effects at low bombarding energr,8 or 
by poor energy resolution. 9 ' 
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Fig. 1. Energy spectra of 54 Fe( 160, 14C) 56Ni, E( 160) = 104 MeV 
and (12C, 10 Be), E( 12 C) = 78 MeV at 12° and 11° respectively. 
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We report here high energy two ~roton trans
fer on 54 Fe using the reactions ( 160, 4C) at 
E160 = 104 MeV and ( 12C, 10Be) at E12c =- 78 MeV. 
Reaction products were analyzed in the focal plane 
of a dispersion matched magnetic spectrometer.lO 
Position, time of flight (1DF), and specific energy 
loss (dE/dx) for each event were measured to allow 
complete particle separation for all reaction 
products considered. Details of the experimental 
setup are described in Ref. 11 and references 
therein. For the ( 160, 14 C) reaction improved 
versionsl2 of the dE/dx and TOF detectors were 
used. 

Targets consisted of self-supporting isotop
ically enriched 54 Fe foils of -v 150 ]..lg thickness. 
The ener9r resolution obtained was (90 - 150) keV 
for the ( 2C, 10Be) reaction and (120- 180) keV for 
(

160, 14C), mainly due to target thickness. Energy 
calibration was performed relative to the elastic
ally scattered particles swept across the focal 
plane by varying the magnetic field. This proced
ure reproduced the position of the ground state 
within 100 keV. The energies ofthe excited states 
were then taken relative to the ground state trans
ition and were consistent to within 20 to SO keV 
at all angles, depending only on the statistics of 
the levels. 

EnerR' s~ectra of the reactions for ( 160, 
14 C) and ( 2C, 0Be) are shown in Fig. 1. The same 
levels or groups of levels are selectively excited 
in both heavy ion reactions up to 9 MeV excitation 
energy in 56Ni. The relative intensities of the 
states, however, turn out to be considerably dif
ferent in the two reactions. At some angles 
increased background at energies where excited 
10 Be (2+ at 3.37 MeV) or 14C (6.09 MeV, 1-, 6.59 
MeV, o+) are expected was observed. 

Fig. 2 shows the angular distributions of 
the ~round state and the first three excited states 
in 5 Ni for the ( 160, 14C) reaction. They show a 
very pronounced L-dependence similar to those 
found in a recent ( 160, 14 C) study on 48 Ca.13 

Fig. 3 compares the integrated cross sections 
(integrated from go to 15° for ( 160, 14 C) and 13° to 
zso for ( 12C, 10 Be)) for the two heavy ion reactions 
with peak cross sections (0° for L = 0 and zoo for 
L = 2) obtained in eHe ,n) at E = 13 MeV2 an~ a 
recent high resolution 58Ni(p,t) 56Ni study (peak· 
cross sections). For the (p,t) reaction only those 
states are listed that had spin assignments. The 
density of levels populated by (p,t) above Ex= 6 
MeV is so high that one can always find one state 
that lines up with one seen in the heavy ion reac~ 
tions. Though at first glance it seems that the 
heavy ion reactions populate more or less the same 
states as ( 3He,n), this is true only for the ground 
state and the first excited 2+ state. Since the 
structure factors are the same for the three differ
ent two proton transfer reactions within a factor 
of 2,11,14 it is mainly the kinematics that cause 
selective excitation of different levels in the 
respective reactions (see next section). In 
58Ni(p,t) 56Ni a 4+;o+ doublet is found at 3.92/3.95 
MeV. Comparing angular distributions and strength 
relative to the ground state transition it is 
immediately clear that we see the 4+ state and 
(

3He,n) the o+, and L = 4 being highly suppressed 
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Fig. 2. Angular distributions for the ground 
state and the first three low lying states of 56 Ni 
from the ( 160, 14 C) reaction. (XBL 7412-8355) 

in ( 3He,n) at 13 MeV incident energy. The same 
argument holds for the 6+/2+ doublet at 5.34/5.35 
MeV. Comparing intensities of neighboring states 
together with spins and 1-values found in (p,t) 
and ( 3He,n) leads to the assumption that all 
states above Ex = 6 MeV excited in the heavy ion 
reactions have spins larger. than 3. Without going 
into details, two examples may be mentioned: In 
both (p,t) and ( 3He,n) a 3- state is found at 
Ex= 7.56 MeV. There is no evidence that we see 
a state at that energy, so the neighboring states 
at 7.4 and 7.6 MeV should not be the o+ and z+ 
seen in ( 3He ,n) . Strong L = 2 transitions were 
observed in ( 3He,n) at 9.4 and 10.8 MeV. We see no 
evidence for these states in the heavy ion spectra. 
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Fig. 3. Comparison of cross sections for two nucleon transfer 
reactions into Ni: 

a) 58Ni(~,t) 56Ni (peak cross sections) 7 · 
b) 54 Fe ( He ,n 5 6Ni (peak cross sections 0° for o+ and 20° 

for z+ and 3- states) 
c) 56 Fe(160;14C) 56Ni (integrated go - 15°) 
d) 5 4Fe e 2 C' 1 0Be) 5 6Ni integrate'd 13" - 25°) (XBL 7412-8352) 

Calculations were performed with the DWBA 
code BRUNHILD15 taking recoil effects into account. 
The optical model parameters were chosen to fit 
the elastic cross section and the transfer to the 
low lying states reasonably well, and were: V= 100 
MeV, W= 30 MeV, r 0v = r 0w = 1.15 fm, av = aw = 
.55 fm. The form factor tor the two proton trans
fer was constructed assuming the transfer of a two 
proton cluster in a relative s-state. The fits 
reproduce the experimental distributions fairlr 
well for both reactions. Sample fits to the ( 60, 
14 C) reaction are displayed with the data in Fig. 2. 

The relative spectroscopic feature for the 
low lying states normalized to 1.0 for the trans
ition to the 6+ state at 5.3 MeV agree approxi
mately with the errors for both heavy ion reac
tions and are also consistent with the o+ gs to 
z+, 2.7 MeV ratio extracted from ( 3He,n). This 
indicates that the DWBA calculations account for 
the dominant kinematic effects involved in the 
different types of reactions, at least for the low 

.excitation region. 

Based on the empirical s~stematics and the 
DWBA results, we propose the J values for the 

.excitation energies ?een in Fig. 4. Comparison 
is made, where available! with the shell model 
calculations of Jaffrin. 6 It remains to make a 

Fig. 4. Comparison of the experimental results of 
this experiment (energies and spins) with predict
ed shell model states of the study of Jaffrin.22 

(XBL 757-3436) 
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detailed comparison between theory and the full 
range of experimental results. 
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STUDY OF THE 142 Nd( 18 0, 16 0) 144 Nd REACTION 

K. Vagi,* B. Harvey, D. Hendrie, U. Jahnke,~ C. Maguire, J. Mahoney and D. Scott 

Two neutron pickup and stripping reactions, 
(p,t) and (t,p), on various rare earth nuclei have 
yielded very dissimilar excitation strengths for 
populating low-lying 2+ excited states.1 Recently 
it has been proposed that these results could be 
explained in the framework of the quadrupole pair
ing vibrational model.2 A consequence of the 
theory is that two neutron stripping reactions on 
nuclei with neutron number N~82 should strongly 
excite the lowest lying 2+ residual state. 

The heavy ion two neutron stripping reaction, 
142Nd( 180, 160) 144Nd, was studied at 99.2 MeV inci
dent energy. The 160 products were momentum ana
lyzed in a magnetic spectrometer with a propor
tional counter-scintillator detector at the focal 
surface. Angular distributions were obtained for 
the ground and first excited state of 144Nd, and 
for the ground state of 143Nd in the (160, 170) 

reaction as illustrated in Fig. 1. As expected, 
the 2+ state is strongly excited, in fact, more 
strongly than the ground state. The angular width 
of the two neutron transfers is also wider than 
the one-neutron transfer. This is a consequence 
of the stronger binding of the two particle form 
factor giving a higher localization of the reaction 
region in radial and thus angular momentum space. 
The narrower angular momentum width of the reaction 
results in a broader angular distribution. 

Calculations are now beinQ made for this 
reaction, the same as for the 144Nd( 12 C, 14 C) 142Nd 
experim~nt described elsewhere in this annual 
report. In addition to the pairing correlations,· 
second order processes may be interfering construc
tively with the direct transition and, hence, 
further enhancing the 2+ yield. 
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Fig. 1. The differential cross sections for the 
14 ~Nd( 180, 1 ?0) 144Nd reaction leading to the ground 
and first 2+ excited state (0. 695 MeV). Also shown 
is the angular distribution for the 142Nd( 180, 170) 
14 3Nd reaction going to the (7/2fground state. 

(XBL 749-4270) 

ONE- AND MULTI-STEP PROCESSES IN THE 144 Nd( 12 C, 14 C) REACTIONS* 

K. Vagi, t D. L. Hendrie, L. Kraus,:j: C. F. Maguire, J. Mahoney, 
D. K. Scott, Y. Terrien,§ T. Udagawa,ll K. S. Lowll and T. Tamurall 

In previous workl,2 on the 144Nd(p,t) 142Nd 
reaction, the excitation of the ground (OK) state, 
the first excited C2i) state, the 2.98 Mev (Oz) 
state and the 3. 49 MeV (2z) state in 14 2Nd (N = 82) 
was investigated. The purpose of the present work 
is to study these and additional states via the 
144Nd( 12 C, 14 C) 142Nd reaction. Our interests are 
to learn to what extent the light-ion and heavy
ion induced two-neutron pickup reactions are simi
lar and to determine the effects of multi-step 
processes in heavy-ion transfer reactions. 

The most remark~ble feature found in the 
previous ip,t) work • was that the transitions to 
the 0~, 02 and 2z final states were strong and were 
of one-step nature, while the transition to the 2i 
state was much weaker and also had an anomalous 
angular distribution markedly different from what 

. was expected for a one step L = 2 transition. 'The 
difference in the behavior of the 2! and 2z trans
itions was attributed to the followlllg distinct 
properties of those states.2 The 2z state is a 
collective· two-neutron hole state in the N = 82 
closed shell, i.e., a second order quadrupole
pairing vibrational state3 which can be excited 
strongly by a direct L = 2 type (p, t) reaction. On 
the other hand, the 2i state consists dominantly 
of a proton particle-fiole quadrupole-vibrational 

configuration; thus~ direct (p,t) process is sub
stantially inhibited and higher order processes 
may contribute significantly. Indeed, the anoma
lous behavior of the 2i cross section, which defied 
explanation in terms of DWBA calculations, was well 
accounted for by coupled-channel Born approximation 
(CCBA) calculations, which took

2
into account the 

effect of inelastic scattering. 

The 144Nd( 12 C, 14 C) experiment was performed 
using a 78 MeV 12C beam from the Berkeley 88-Inch 
Cyclotron. Reaction products were detected in the 
focal plane of a magnetic spectrometer.4 Particle 
identification and energies of the reaction pro
ducts were obtained by a combination of magnetic 
rigidity, dE/dx, total energy and time-of-flight. 
Angular distributions of the 14C groups leading to 
~~- 2!, Oz, 2z states and a group at about 2.08 
Mev consisting of 3!, 4!, Oi·were measured from 
elab = go to 55° in 2.5° steps. 

Figure 1 gives the measured differential 
cross sections of the five 142 Nd groups, and one 
may conclude that the data have the following 
properties: 1) The o+, Oz and 2z states are 
excited strongly and Rave bell-shaped angular 
distributions which are characteristic of one-step 
transitions, with peaks appearing at ecm ~ 45°; 
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Fig. 1. Experimental and theoretical angular dis
tributions of the 144Nde 2c, 14 C) reaction at Elab = 
78 MeV. Each curve is labeled with a normalization 
factor N, so chosen that N = 1 for the o+ state. 
(Without this renormalization, all the fheoretical 
cross sections are to be reduced by a factor 9.) 

2) The 21 transition is strongly inhibited and has 
a quite anomalous (flattened) angular ~istribution; 
3) Below the excitation energy of 3.5 MeV, Og, Oz 
and 2z are the only states that are excited 
strongly, in spite of the fact that there are about 
25 states· in this energy range known from other 
experiments.5 All these features are very much 
reminiscent of the situation for the (p,t) reac
tion_l,2 

The cross section for the o+ and 2i final 
states were obtained by performin~ exact finite
range (EFR) -CCBA calculations, in which o+ - 2+ Nd 
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states were coupled in both incident and final 
channels, with S

2 
= 0.125 and 0.096 for 144Nd and 

142Nd, respectively. As seen in Fig. 1 good 
simultaneous fits to both bell-shaped o+ and 
flattened 2i angular distributions are Bbtained. 
A corresponding EFR-DWBA cross section is also 
given by a dotted line for the 2i state, which is 
seen to have a completely different shape from the 
experimental angular distribution. The DWBA Og 
cross section, which is also given by a dotted 
line, will be discussed later. 

It is worth emphasizing that not only the 
angular distribution, but also the relative magni
tude of the EFR-CCBA Og and 2i cross sections were 
obtained correctly. It is worth noting further 
that the CCBA 21 cross section (solid line) was 
obtained as a result of destructive interference 
between the one-step DWBA process and the two two
step processes; og(l- 44Nd) -+ oge 42 Nd} .... 21e 42 Nd) 
and o+e 44Nd) -+ z+e 44Nd) -+ 2+e 42Nd). The 2+ 

g . . 1 b b k1 1" b l d cross section given y a ro en Ine was o taine 
by considering only these two-step processes. The 
very anomalous angular distribution results from 
this interference. 

The calculation of the Oz and 2z cross sec
tions was made in terms of EFR-DWBA, assuming that 
the excitation takes place only via pairing vibra
tional components in these states which have mono
pole and quadrupole nature, respectively.6 As is 
expected the resultant cross sections (Fig. 1) are 
basically bell-shaped, and agree satisfactorily 
with experimental angular distributions. The 
relative normalization factors N= 0.92 and N= 0.85, 
respectively, for these two states are sufficiently 
close to unity, indicating that the wave functions 
we used to describe these two states are basically 
correct. 

It should be finally noted that, both exper
imentally and theoretically, the peak of the bell
shaped angular distribution for the Oz state 
appears at 45°. On the other hand, tfie experimen
tal peak for the Og state appears at 43°, i.e., a 
shift by 2o to forward angle takes place and our 
CCBA calculations explain this. The corresponding 
DWBA cross section, however, has the peak at 45 o 
(in agreement with that for the Oj state) and the 
angular distribution (dotted line} fits the exper
iment rather poorly. The origin of the shift of . 
2° of the peak position in going from DWBA to CCBA 
is the destructive interference in the latter 
between the two-step Og (144Nd) -+ 2i( 144Nd) -+ Og 
( 142Nd) amplitude and the one-step Og( 144Nd) -+ Og 
( 142Nd) amplitude. This destructive interference 
is stronger (weaker) for partial waves whose 
orbital angular momentum 2 is smaller (larger) 
than the grazing angular momentum 2g· Thus, the 
effective value of 2g for CCBA is larger than that 
for DWBA which results in the shift of the peak 
position to a smaller angle. 

In summary, 1) The mechanism of the 144Nd 
( 12C

1
14 C) reaction is quite analogous to that of 

the 44Nd(p,t) reaction; 2) The comparison of the 
transitions to the two types of 2+ states gives a 
definite evidence for the importance of two-step 
processes;7,8 3) Since the direct transfer signa
ture for this system is a clear bell-shaped angular 
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distribution, the anomalous nature of the 2i exci
tation is much more conspicuous than that observed 
in the (p,t) case;l,2 and 4) The coupling effect 
can be significant in predicting the correct 
angular distribution, in particular the peak 

• position, even when the angular distribution has 
a simple bell shape. This was exemplified in our 
0~ cross section. 
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OPPOSITE INTERFERENCE EFFECTS OBSERVED IN THE 
t•ssm ('so, 160) Isosm AND THE Isosm (160, ISO) I•ssm REACTIONS 

C. Maguire, B. Harvey, D. Hendrie, H. Homeyer, U. Jahnke, 
J. Mahoney, D. Scott, and N. K. Glenden~ing 

The presence of multi-step processes in heavy
ion transfer reactions has been confirmed in anum
ber of recent experiments.! These reactions are 
extremely interesting because 1) experimentally the 
signature of multi-step transitions is very clear 
and 2) theoretically the effect of multi-step tran
sitions is a sensitive function of the nuclear 
structure calculations for the target and residual 
systems. Depending on the nuclear structure model, 
the multi-step amplitudes may have the same or op
posite sign as the pure direct amplitudes thus re
sulting in constructive or destructive interference 
respectively.2 

Heavy-ion reactions on medium heavy nuclei 
(A ~ 150) are an excellent means of studying these 
processes because, as a function of angular momen-
tum, the direct transition amplitudes typically 
have a broad peak about the grazing partial wave 
leading to classical bell-shaped angular distribu
tions. The indirect amplitudes are more sharply 
peaked but still have their maxima at approximately 
the grazing partial wave. Since the indirect am
plitudes can be of opposite sign to the direct, how
ever, cancellations will occur leading to anom
alously weakened, flat angular distributions. 

The theoretical description of vibrational 
states, based on their microscopic description 
makes a very definite prediction that interference 
between direct and indirect modes will be of the 

opposite s~nse for stripping as compared to pickup 
reactions. However, the question as to which case 
is the interference constructive and which case des
tructive, depends upon the relative importance of 
the so-called forward and backward going graphs. 
For nuclei close to closed shells, the forward
going graphs dominate. The tin isotopes are an ex
ample of this situation. There the stripping reac
tion leading to a vibrational state will exhibit 
destructive interference between the direct and in
direct modes, while the pickup reaction will exhibit 
constructive interference as predicted by calcula
tion2 and confirmed by experiments.3 The Samarium 
isotopes are rich in possibilities.· At the light 
end, the neutron shell is near magic; a situation 
that is expected to lead to dominance of the for
ward-going graphs. In the middle, they have open 
shells in both neutrons and protons and moreover 
they span the transition region from vibrational to 
rotational nuclei. Both of these facts suggest the 
possibilities that the backward-going graphs may 
dominate the forward-going graphs. If they do then 
the sign of the interference is intercharged with 
respect to stripping and pickup reactions. In fact, 
this experiment exhibits just this opposite be
havior for the spherical intermediate mass samarium 
isotopes as compared with tin. 

The 150sm c16o, 18o) reaction was studied with 
a 104-MeV geam from the 88-Inch Cyclotron with the 
outgoing 1 0 ions momentum-analyzed in a magnetic 
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spectnometer and detected by in a solid state 
position-sensitive detector placed at the focal sur
face. Identification of the low yield 180o group 
was exceptionally good as the detector afforded 600 

74 

keV total ener~ resolution and the nearest contam
inant group, N, was 5 MeV away on the low energy 
side. The 148Sm (18o,l6o) group was identified by 
Bp ~. and TOF. (This system was not used in the 

fl6o, 18o) reaction because the high background of 
6o7+ inelastic events tails into the much lower 

yield 18o8+ group.) The extracted angular distri
butions for the ground and first 2+ excited states 
are shown in Fig. 1. As in the tin data, three of 
the four angular distributions have a normal grazing 
angle shape, while the fourth is flattened and much 
weaker. Here, though it is the pick-up reaction 
that is anomalous, in tin it was the stripping re
action that had destructive interference. 

. 144 12 E1ffier:unents are now planned for the Sm( C, 
14c) I Sm two-neutron pick-up reaction. Because 
these isotopes have N = 82 and 80 respectively, the 
structure could revert to "forward" dominance gain, 
just as in the tin isotopes. Calculations will be 
performed for all these data to test nuclear struc
ture models in the samarium isotopes. 
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THE INTERFERENCE BETWEEN DIRECT AND INDIRECT MODES 
IN TWO-NUCLEON TRANSFER REACTIONS WITH HEAVY IONS 

B. G. Harvey, D. L. Hendrie, U. Jahnke,* L. Kraus,t C. F. Maguire, J. Mahoney, 
D. K. Scott, Y. Terrien,+ K. Vagi,§ and N. K. Glendenning 

The presence of indirect transitions in two
neutron transfer reactions to vibrational states in 
the Sn isotopes has been predicted to have the in
teresting consequence that the interference between 
direct and indirect modes is destructive in strip
ping and constructive in pick-up.l,2 This effect 
has not been demonstrated in conventional, light
ion induced reactions owing to the difficulty of 
performing inverse reactions of the type (p,t), 
(t,p) at the same center of mass energies, but the 
flexibility of heavy-ion induced transfer opens up 
several possibili~ies. Here we discuss the reac
tions 12Zsncl6o,1 O)l22sn and 120sn(l8o,l6o)J.2Zsn 
to the ground and lowest collective 2+ excitations. 
The incident energies of 104 MeV for the 16o beam 
and 99 MeV for the 18o beam gave equal center of 
mass energies of 89 MeV for the reactions. 

Some data for the 120snc18o, 16o) 122sn reaction 
at 100 MeV were reported previously.3 Since this 
reaction has a positive Q-value of 2.78 MeV, counter 
telescope techniques were adequate at backward an
gles to separate the o+ and 2+ states from the in-

tense elastic scattering. For more forward angle 
data (which is the important region for the indirect 
effects) and for the corresponding transitons in the 
inverse pick-up reaction 122snrl6o,l8o)l20sn the re
action products from 104 MeV 16o and 99 MeV 18o ions 
from the 88-Inch Cyclotron were detected with the 
Berkeley QSD magnetic spectrometer. 

The differential cross sections for the two
neutron transfer reactions are shown in Fig. 1 
along with the predictions of the reaction theory 
described in Refs. 1 and 2. The ground state tran
sitions correspond to time-reversed reactions and 
are identical. (Absolute cross sections were mea
sured for both reactions using the spectro~eter; 1~e data taken with the counter telescope for the ( 0, 
16o) reaction, were normalized to the spectrometer 
data for the ground state). Th~ distributions for 
the ground states and for the 2 state in the pick
up reaction 1Z2sn(l6o,l8o)l20sn are all similar in 
shape, exhibiting a "bell-shaped" maximum at approx
imately SCM = 38° , corresponding to a grazing colli
sion in the combined Coulomb and nuclear fields. 
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Fig. 1 ~. The differential cross sections for 120sn 
~Bo, 0)122sn and the reverse pick-up reaction. 
The solid line is the CCBA prediction for the strip
ping reactions, and the dashed line the fit to the 
pick-up reactions. The data designated with the 
·dotted circles was taken at Berkeley, the open cir-
cles from Ref. 3. (XBL 751-2083) 

This distribution is the well-known characteristic 
of a single-step, direct transition in heavy-ion in
duced transfer reactions at moderate energy above 
the Coulomb barrier. In the stripping reaction 
120Sn(l8o,l6o)l22sn the z+ transition has a smaller 
cross section and shows no clear grazing maximum. 
Instead the cross section at forward angles is rath-

Jer flat in excellent agreement with the predicted 
shape. To explain the contrasting behavior observ
ed in the cross sections for stripping and pick-up 
to the vibrational states, we review the discussion 
of Refs. 1 and 2, b¥ referring to Fig. 2. In the 
production of the 2 state, transitions 1 and 4 are 
indirect and are common to both the stripping and 
pick-up process, while 2 is the direct transition 
for pick-up and 3 is the direct transition forstrip
ping. The amplitudes for these last two transitions 
have opposite sign according to the microscopic 
theory of vibrational states.l,2 It is this oppo
site sign which leads to a constructive interfer
ence between the direct and indirect modes in the 
one reaction and destructive in the other. Destruc
tive interference between two amplitudes, both of 
which are peaked near the grazing angle, 4 leads to 
distortion of the grazing peaked anguiar distribu
tion, while a constructive interference retains the 
characteristic peak. The experimental cross sec
tions for the 2+ vibrational states obviously con
firm the theory. That the two ground state cross 
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Fig. 2. Schematic diagram showing the different 
routes, direct and indirect, in a two-particle 
transfer reaction. (XBL 745-905) 

sections are identical follows from the fact that 
they are time reversed reactions. That they also 
retain the characteristic grazing peak, undistorted 
by interference from higher 'order· processes can 
also be understood in terms of Fig. 2. In this 
case, for either ground state transition, both'2 
and 3 ente~two lowest order indirect modes, 
and since they have opposite signs they tend to can
cel each pther, resulting in little higher order 
contributions to the ground state cross sections. 
This explains why three of the cross sections have 
grazing peaked angular distributions while the 
fourth is distorted. 

The coupled channels calculation described in 
Ref. 2 requires the deformation constants, both nu
clear and Coulomb, to determine the strength of the 
inelastic excitations through which the indirect 
transitions proceed. These and the optical model 
potential parameters as wgll were obtained by fit
ting simultaneously the 1 0 + 122sn elastic and 
first 2+ inelastic angular distributions. These 
data. were also taken with the QSD spectrometer. 
Table 1 lists the final parameters which give the 
fits illustrated in Fig. 3. When applied to the 
reaction calculation the predicted ground state 
yields were approximately a factor of 2.5 too low. 
The fits shown in Fig. 1 have been normalized to 
the experimental ground state cross section but the 
relative magnitudes predicted for the 0+ to 2+ 
cross sections are retained. 

We have thus demonstrated here the predicted 
opposite interference characteristics between di
rect and indirect modes for the pick-up and strip
ping reactions. The opposite interference is asso
ciated with the underlying microscopic structure of 
the vibrational states. Heavy ion reactions such 
as these may prove to be a sensitive probe of in
elastic modes of excitation which are not directly 
observable, and ultimately of deformation shapes 
and nuclear structure. 
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Fig. 3. The predicted fits to the l6o + 122sn elas
tic and inelastic data based on the parameters of 
Table 1. (XBL 751-84 ) 

Defonnations 

Diff Nucleus ~ Be 

0.502 120 Sn 0.13 0.09 

0.67 122sn 0.124 0.095 

Footnotes and References 

* On leave from Hahn-Meitner Institut, Berlin, 
Gennany. 

tOn leave from CRN and the Universite Pasteur, 
Strasbourg, France. 

tOn leave from CEN, Saclay, France. 

§On leave from Osaka University, Osaka, Japan. 

1. N. K. Glendenning and R. J. Ascui tto, Sympo-_ 
sium on Heavy-Ion Transfer Reactions, Argonne-Info~ 
mal Report PHY-1973B, p. 513 . 

2. N. K. Glendenning and R. J. Ascuitto, Phys. 
Lett. B47 (1973) 33. 

3. N. Anyas-Weiss, et al., Proceeding of the Inter
national Conference on Nuclear Physics, eds. J. de. 
Boer and H. J. Mang (North Holland, 1973) Vol. 1, 
p. 485. 

4. N. K. Glendenning, Classical and Quantum Mech
anical Descriptions of Heavy-Ion Interactions in 
International Conference on Reactions between Com
:elex Nuclel, Nashville, Tennessee, ed. by (Academic 
Press, 1974). 

THE MULTINUCLEON TRANSFER REACTION 12 C(2°Ne, a) 28 Si 

D. K. Scott, D. L. Hendrie, U. Jahnke,* L. Kraus,t 
C. F. Maguire, J. Mahoney, Y. Terrien.+ and K. Vagi§ 

The excitation of ne~ types of correlation in 
nuclear motion is an attractive possibility for di
rect multinucleon transfer reactions with heavy
ions. However when complete angular distributions 
were first measured for one such reaction, viz., 
12cc1 N,6Li) ZONe at 76 MeV, it was found that the 
component for the direct transfer of eight nucleons 
was very small, and that the reaction was dominated 
by a compound mechanism.l Subsequently many reac
tions of this type have been successfully analyzed 
using Hauser-Feshbach theory.Z It is now of inter
est to extend the study of multinucleon transfer 
reactions to higher energies in order to see if the 

direct transfer mechanism becomes significant. 

. 12 20 We have commenced expenments on the C ( Ne, 
a)28si reaction, in which the projectile has a . 
large spectroscopic probability for decomposition" 
in I6o + a. Our aim was to see if direct transfer 
of l6o onto the 12c core might populgte quasimolec
ular states in 28si, formed by the 0 orbiting the 
12c core. So far such states have been observed as 
intermediate resonances in the excitation functions 
for elastic and inelastic heavy-ion scattering. 

The experiments were perfonned at an incident 
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energy of 100 MeV and the a-particles were detected 
using the magnetic spectrometer. The spectrum in 
Fig. 1 shows that discrete states are observed su
perimposed on a large continuum (presumably from 
compound and break-up processes), beginning at 17-
MeV excitation, of typical width 300 keV. If these 
states are popula~~d by the decay of a high spin 
compound nucleus S, which must be formed at an 
exci"tation of 56 MeV with J "" 26h , the decay would 
lead to differential cross sections symmetrical 
about 90° and of the form 1/sine. Our preliminary 
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Fig. 1. Energy spectrum for the reaction 12cc20Ne, 
a) 28si at Elab = 100 MeV and elab = ~ . 
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data for da/dn indicate that the distributions are 
not of this form. The reaction was also studied at 
a lower incident energy of 93 MeV (corresponding to 
a change of 3.6 MeV in the center of mass) and over 
the excitation region up to 23 MeV the same set of 
states appear to be excited. 

Hauser-Feshbach calculations will be under
taken to see of the observed cross sections ("" 100 
~b/sr could be accounted for on the model. How
ever our initial conclusion is that multinucleon 
transfer reactions of the type (20Ne, a) at high 
incident energies may have a sizeable direct com
ponent. 
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THE ENERGY VARIATION OF MULTINUCLEON TRANSFER 
REACTIONS WITH HEAVY IONS 

D. K. Scott, D. L. Hendrie, U. Jahnke,* L. Kraus, t 
C. F. Maguire, J. Mahoney, Y. Terrien,+ and K. Vagi § 

Recently it was discovered that two, three and 
four nucleon transfer reactions with heavy-ion beams 
of approximately 10 MeV/nucleon appear to be highly 
selective in exciting cluster states in light nu
clei.l This observation is one of the promising 
aspects for spectroscopy with multinucleon transfer 
reactions induced by heavy-ions. Unfortunately the 
-differential cross sections for heavy-ion transfer 
reactions at high energies are often rather poor 
signatures of the J-value of a state.l Here we de
scrj_be a method of combining the high selectivity 
~f the reactions with a study of the energy vari
ation of the cross section over a wide range, to 
select systematically states of progressively high
er spin in the cluster rotational band. 

As a test case we chose the reaction 12cc12c, 
9Be)l5o, since .(12c,9Be) has been shown to be very 
favorable for spatially symmetric 3He transfer.2 
The reaction was studied at three bombarding ener
gies, of 78, 104, and 187 MeV. The spectrum,taken 

at 187 MeV, in Fig. 1, illustrates the pronounced 
excitation of statrs at 15.08 and 12.87 MeV, which 
have been assigned J~ = 13/2+ and 11/2-. On the 
cluster model these states correspond to 3He or
bitals L = 5 and 6, and are the upper members3 of 
rotational bands with 2N + L = 6 and 5, where N is 
the number of nodes. As the incident energy is de
creased, lower members of the bands are more strong
ly excited. This effect is illustrated in Fig. 2, 
which shows that at the lowest energy of 78 MeV, 
representative states of~= 1/2-, 5/2+ and 13/2+ 
are excited with comparable intensity, but at 187 
MeV there is a factor of 103 between the 1/2- and 
the proposed 13/2+ state. This variation if ac
counted for by reaction dynamics, can be used to 
infer ~ values. 

We have used a semiclassical theoryl to calcu
late the transition probability between cluster 
states in the projectile and residual nucleus, as
suming straight line orbits. The results of the 
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calculation for the 1/2-' 5/2+, and 13/2+ states 
are shown in Fig. 2 by the solid lines. One over
all normalization factor was applied to the data, 
and equal spectroscopic factors were assumed for 
all states. The general trend of the data is ac
counted for by the model, in particular the large 
enhancement of JTI = 13/2 + over 1/2- at 187 MeV. 
It is faun~ in fact that there is a systematic 
variation of the maximum in the cross section which 
moves progressively to higher energy the higher the 
J - value. For comparison we show the results of a 
"no-recoil" DWBA calculation for the 11z- and 13/2 + 
states. One set of optical parameters, obtained 
from a fit to elastic scattering data of 12c + 12c 
at 104 MeV, was used at all energies. This calcu
lation is unable to accout for the enhancement of 
the 13/2+ state at high energy. Although better 
overall agreement for the energy variation of the 
1/2- state could probably be obtained by adjust
ment of the optical potentials, the proper account 
of the relative excitation of the states would be 
given only in a full finite-range calculation. The 
reason is that recoil effects dominate the three
nucleon transfer reaction at high energy. This in
volves the angular momentum carried by the trans
ferred group of particles at the surface of the 
target nucleus, owing to the momentum in the motion 
of the projectile. At 187 MeV the associated angu
lar momentum at forward angles is approximately 9h. 
The advantage of the semiclassical theory is its 
ability to make rapid surveys, with few arbitrary 
parameters. 

Calculations using a folding potential model 
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states of different JTI in the reaction 12c(l2c,9Be) 
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predict lower members of the 2N+L = 6 and 5 bands 
of JTI = 9/2+ and 7/2- in the region of 11 and 10 
MeV excitation,3 respectively, which correspond to 
3He orbitals L = 4 and 3. Figure 1 shows that only 
two states are appreciably excited in this region, 
viz., at 10.42 and 11.66 MeV. The relative inten
sities reverse between 104 and 187 MeV, implying a 
higher orbital for the 11.66 MeV state. These 
states are therefore likely candidates for the 9/2+ 
and 7/2- cluster states. This principle of energy 
variation is particularly useful for distinguishing 
two states of different spins close together in ex
citation energy. For states of better known spin, 
a case is illustrated in Fig. 3, which compares the 
excitation of !Wo-proton "cluster" states of 3- at 
6.29 MeV and 4 at 10.8 MeV, in the 1Zccl2c,l0Be) 
14o reaction at 1141 and 187 MeV. The intensities 
of these L = 3 and L = 4 orbitals reverse at the 
higher energy. A further interesting case, beyond. 
the range of the present experiments' is the 11/2+ ,, 
and 9/2- members of the bands which are the compo- I 
nents of th3 13/2+ and 11/2- states, raised by the 
spin-orbit He potential to over 20 MeV in excita-. 
tion. 

The location of these cluster states in mass 
15, and in other regions of the periods tab!e, pos
~ibly involving more massive clusters than He or 
He, is an interesting area of research for multi

nucleon transfer reactions with heavy-ion beams on 
high energy accelerators of readily variable energy. 
A fuller account of this work is given in Ref. 4. 
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SPECTROSCOPY OF EXOTIC NUCLEI USING HEAVY-ION TRANSFER REACTIONS 

D. K. Scott, B. G. Harvey, D. L. Hendrie, L. Kraus,t 
C. F. Maguire, J. Mahoney, Y. Terrien,t and K. Vagi :I: 

The known limit of particle stability of 
neutron-excess nuclei extends far beyond the region 
accessible to nuclear spectroscopy in conventional 
light-ion induced reactions.l With the (t,p) reac
tion, nuclei only two neutrons removed from stable 
targets can be studied, whereas on the nrutron de
ficient side of stability three and four neu4ron 
gransfers are possible by the (3He,6He) and (He, 
He) reactions. Comparable transfers to neutron

excess nuclei are made possible by heavy-ion reac
tions. Here we present our final rgsults on a re
action for 3n stripping 

8
- the (llB, B) reaction -

on targets of l~g and 2 Si, both to provide a pre
cise mea2urement of the mass-excess of the Tz = 5/2 
nuclide ~g for comparison with theoretical mass 
predictions, and to study the feasibility of using 
3n transfer~~or1 st. u~~es2o4£ nuclear stru11cture. ). 26Th .. e 
reactions LMg( 1B, ~) · Ne and ZDMg( B,l C - Na 
also lead to exotic nuclei currently the object of 
nuclear model calculations,2 and these were studied 
simultaneously. The expgrimental method and the 
advantages of detecting B, were described ~ last 
year's Annual Report.3 A more detailed account of 
this work is given in Ref. 4. 

The prime objective of the ~resent work was 
the precise mass measuremen~ of ~g. Although the 
masses of all Tz:; 5/2 nucLLdes from Zlo to 35p 
have recently been measured,l mainly by production 
in heavy-ion compound nuclear reactions followed by 
S-y activity measurements, this technique was dif
ficult to apply in the case of 29Mg and resulted in 
a large error. The 3n transfer reaction is capable 
of high precision, but it is important to est<;b'Ush 
that the ground state of the reaction i§ populated. 
To clarify this point we studied the same· reaction 
on Z3si which differs from 26Mg by the addition of 

a proton pair, and therefore the reaction might be 
expected to populate states with similar neutron 
structures. As Fig. l(b) shows, the ground state of 
3lsi is excited (da/dSl"" 80 nb/sr), and we assume that 
the highest energy peak in the 29 Mg spectrum in 
Fig. l(a) corresponds also to the ground state 
(here the cross section is only 15 nb/sr). The pre
dicted location of the ground state from the mass
excess of Ref. 5 is also shown. Careful analysis 
of this peak, after corrections including energy 
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Fig. 1. Energy spectra for the reactions (a) 
26Mg(11B,8Bf2~g i!lld (b) 28si(llB,~l3)~lsi induced 
by 86 MeV 1 B ~§ns at 11 . The cut-off at "" 5 MeV 
excitation in · Mg is instrumental. The grpund 
state predicted from the mass excess for Z~g in 
reference 7 is shown in (a). (XBL 744-2895) 



losses in the target and "time-zero" foil, gave a 
Q-value of -19. 72±0. OS MeV, corresponding to a mass
excess for 2~g of -10.7S±O.OS MeV. The accuracyof 
the method, including the calibration of the magne~ 
ic field of the spectrometer, was checked using 
other reactions of known Q-value, e.g. (11B,l3N), 
which in some cases were measured with fields iden
tical to that for the 2~g(llB,8B)29Mg reaction. 
Our result is within the error of the mass-excess 
quoted in Ref. S, of -10.S89±0.400 MeV, differs by 
0.83 MeV from the revised Garvey-Kelson predictio~6 
and is in excellent agreement (within SO keV) with 
the results of the modified shell-model predictive 
scheme of Jelley et al.l,7 · 

The low cross section for 3n transfer follows 
the trend of high energy heavy-ion reactions of 
favoring the transfer of bound clusters. However 
the selectivity of the reaction shows that some 
correlation is still present. For example, in 3lsi 
only two states are populated in the first 4 MeV of 
excitation: the 2round state, which has dominant 
structure (s1f2) (d3j2) bothin the simple and the 
extended shell-model calculations,8 and a state at 
3.1S MeV of dominant structure (sl/2) 2 f7/2· The 
reaction appears to proceed by direct transfer of a 
2n cluster in an internal 1=0, S=O, T=l state, with 
the transfer of the third neutron to the lowest 
available orbitals. This interpretation is consis
tent with the absence of the 0.7S (1/2+) and 1.70 
MeV (S/2+) states, which are accessible in direct 
3n transfer only by the (sl/2) (d312)2 components8 
in the wave functions, for which the 2n cluster 
component is smaller. At higher excitation, in a 
region of level density greater than lS levels/MeV, 
the few strongly observed states are likely to be 
associated with higher shell-model orbitals, and 
other cluster configurations. 

The spectrum for 29Mg in Fig. 2(a) has excited 
states at 1.38, 2.34, 3.07, and 4.27 MeV.(±90 keV). 
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Fig. 2. Energy ~pectra for tbe reactions (a) 
26Mg(llB, llc)Z6Na and (b) 2UMg(llB,ljN)24Ne in-
duced by 86 MeV llB ions at 11°. (XBL 744-2897) 
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A recent calculation2 of energy spectra of exotic 
nuclei in the sd-shell predicts positive paritycon
figurations in 29Mg of JTI = 1/2+, S/2+, 7/2+, and 
3/2+ at 0.02, 1.89, 2.S3, and 3.19 MeV respectively. 
If the observed level at 1.38 MeV corresponds to 
the S/2+ configuration, its strong excitation in 
2~ compared to 3lsi implies that the overlap of 
the three neutrons with the 26Mg and 28siis very 
different. Since 2~g and 28si have opposite de
forrnations,l3 an alternative interpretation is that 
of transfer to different Nilsson orbitals. 

In addition to 8B, the reaction products 11c 
and 13N were clearly identified and the Q-values 
permitted all three ground states to be encompassed 
by the 2S% energy b~te of thr~~oz~l plane detector. 
A spectrum for the ~g(llB, -N) Ne reaction is 
shown in Fig. 2(b). Since 13N has no particle 
stable excited states the reaction is favorable for 
spectroscopic studies of 2p pick-up. The cross se~ 
tion (80 ~b/sr for the g.s.) is also substantially 
greater than that of the (6Li, 8B) reaction.l On 
account of these advantages, and because the reac
tion is unusual in having comparable amplitudes for 
transfer of two protons in spatially symmetric and 
antisymmetric states,lO this reaction may be suit
able for determining the importance of the anti
symmetric states. 

The spectrum for the 2~g(11B, 11c) 26Na reac
tion in Fig. 2(a) exhibits excited states at 0.23, 
2.10, and 4.79 MeV. (±lSO keV), although the lat
ter two are somewhat ambiguous owing to the close 
proximity of llc excited states at 1.99S and 4.794 
MeV. The selectivity of the reaction appears to be 
similar to that 11 of (7Li,7~e) and quite different 
from the (t,3He) reaction, 1 which established 
excited states at 88, 241, and 420 keV. Although 
the detailed mechanism of these rearrangement re
actions is poorly understood at present, it appears 
that the heavy-ion case preferentially excites ' 
high spin states.l3 A comparison of the quadruplet 
of levels near the ground state, excited in light
and heavy-ion induced reactions could possibly be 
used to infer the spin sequence, thereby distin
guishi~g betwe~p rotational and shell model inter
pretatlons of ~a. 
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A MORE ACCURATE MASS FOR 8 He* 

Joseph Cerny, N. A. Jelley,t D. L. Hendrie, C. F. Maguire, 
J. Mahoney, D. K. Scott, and R. B. Weisenmiller 

With the advent of large solid-angle magnetic 
spectrometers, multi~eutgon transfer reactions, 
such as (a,SHe) or (He, He), producing highly 
neutron-deficient reaction products will be of in
creasing experimental interest. As an example, 
quite receRtly Ro~~rtson et al. 1 weasured the 
masses of C and ~g via the (a, He) reaction on 

•12c and 24Mg. Since sue~ 3tudies regy directly on 
the previously measured - mass of He, it was 
felt to be of interest to improve the accuracy of 
the earlier results. 

Two different experimental approaches have 
been employe~ in determining the mass-excess ofSHa 
Cerny et al. utilized an SO-MeV alpha-particle 
beam ~d counter-telescope techniques to observe 
the 2~g(a,llHe)22Mg reaction [Q-value- -45 MeV], 
obtaining a mass-excess for SHe of 31.65±0.12 MeV. 
In addition, Batusovset al.3 reported a mass-excess 
of 31.0±0.4 MeV for He by observing in phogograplr 
ic emulsions the production (and decay) of Be nu
clei produced by capture of stopped n- mesons in 
carbon and oxygen nuclei. 

This reinvesti~~:~tion of the mass-e:x:cess of SHe 
again employed the Z~g(a,llHe)22Mg reaction. An 
energy-analyzed 110.6 MeV a-particle beam from the 
SS-Inch Cyclotron was'used to bombard a 1/2 mg/cm2 
26Mg target. Reaction products were detected at 
10° lab with, at 1.4 msr solid angle, the focal 
plane of a magnetic spectrometer with a position 
sensitive propfrtional counter backed by a plastic 

. scintillator. · Unambiguous particle identifica
tion was obtained by measuring Bp (position), dif~ 
ferential energy loss (~E/~X), time of flight (TOB 
and the pulse height from a dynode of the scintil

_lator (denoted E and proportional to energy, but 
with a further dependence on charge and mass). 

The energy calibration of the 5oca1 plane was 
obtained by concurrently measuring He events from 
the ~~g(a,6He)24Mg reaction. Transitions to the 
24Mg (6.010 MeV) state 5 lie an amountsequivatent 
to only- 200 keV away from the 26Mg(a, He)ZZMg 
(ground state) reaction. The dispersion across the 

focal_p~ane was obt~ined fr~w the pgsitions*of the 
trans1t1ons populat1ng the ~g(a, He)24Mg (1.369, 
4.123, and 6. 010 MeV) states. 

Figgtre 1 presents the energy spectrum from the 
26Mg(a, He)22Mg reaction. As in the earlier ex
periment2 at 80 MeV, transitions were observed to 
both the ground and the first excited stateS of 
22Mg; the ground state cross section at 110.6 MeV 
was - lOnb/sr lab. A strong transition was also 
observed to a new state (or states) at S.6 MeV ex
citation. This state should still be of T=l char
.acter since Coulomb displacement energy 2alcula
tions6 place the lowest T = 2 state in 2 Mg near 
14.0 MeV excitation. 

These results establish a new 2ass-excess for 
SHe of 31. 57±0. 03 MeV {based on -a 2 Mg mass-excess 
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~~g. 1. The energy spectrum from the 2 ~g(a,sHe) 
Mg reaction at lOo lab using,l10.6 MeV incident 

a-particles. 



of -396±2 keVf), which ~grees very well with the 
earlier measurements. He is then bound by 2.17 
MeV with respect to its lowest break-up channel of 
6He + 2n. 

The mass of SHe has considerable theoretical 
interest, initially because of questions of the 
possible existence of a bound state, and currently 
as one of the important tests of theories predic
ting binding energies of light nuclei, particularly 
with regard to the symmetry energy of the force em
ployed. Table 1 S '9 presents results from a broad 

S2 

sample of these theoretical predictions of the 
mass-excess of SHe (where applicable, calculations 
were updated using the 1971 atomic mass tablelO). 
Of the calculations pr~or to the first measurement 
of the mass-excess of He, the approach of Goldan
skii9 and the intermediate coupling calculations of 
BarkerS agree best with experiment. The more re- • 
cent theoretical calculations of BarkerS agree best 
with experiment. The more recent theoretical cal
culations generally predict masses for a number of 
even helium isotopes, in many cases so far subtan
tially disagreeing with experiment. 

Table 1. Theoretical predictions of the mass-excess of SHe. 

* 

[Experimental value= 31.57±0.03 MeV; unbound at 33.74 MeV] 

Calculated 
mass-excess (Mev) 

32.2±0.4 

34.2±2 

29.S 

31.2 

30.6 

33.4 

29.3 

Footnotes and References 

Type of calculation 

Neutron pairing energy 
systematics 

Symmetry and pairing 
energy systematics 

Independent particle 
model (recursion 
relations) 

Intermediate coupling 
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Thomas-Fermi calcu
lation 

Constrained spherical · 
Hartree-Fock calcula
tion 
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7 Li + 7 Li REACTION STUDIES LEADING TO MULTI-NEUTRON FINAL STATES 

Joseph Cerny, R. B. Weisenmiller, N. A. Jelley, t 
K. H. Wilcox, and G. J. Wozniak 

Although there has been extensive historical 
intere~t in questions of the possible stability of 
3n or n, and of the location of unbound resonances 
in these systems, no bound states nor uncontrover
sial multi-neutron resonance effects have so far 
been established in either of these systems (see 
Ref. 1 for a review of the 3n system; Ref. 2 for 
the 4n). Nonetheless, since certain heavy-ion re
actions observing neutron-deficient reaction prod
ucts afford a new look at these (and other3) multi
neutron final states, we have investiga~ed on; of 
fqe simples£ of these syi0ems, that of Li + Li + · 

C + 2n, 1 C + 3n, and C + 4n. By also measur
ing the energy spectra and cross-sections 2f the 
£~ron isotopiB in ihe better-established 1 B + d, 

B + t and B + H channels (but ones in which 
the light product nuclei have lower Tz), one can 
hope to obtain some criteria by which to evaluate 
the yield in the carbon exit channels. Four of 
these reactions are discussed below; unfortunately, 
reactions on target contaminants precluded useful 
analysis of the 7Li(7Li, 12c)2n and Li(7Li,lOB)4H 
results. 

A beam of 79.6 MeV 7Li+2 (- 150 nA) from the 
Lawrence Berkeley Laboratory2 8~-Inch Cyclotron was 
used to bombard a 110 ~gm/cm Li target. Reaction 
products were observed in two similar counter tel~ 
scope systems placed at opposite sides of the beam. 
The data reported below came from the system placed 
at 7. 4° (lab) with a 0. 086 msr solid angle; it con
sisted of two transmission (~E) detectors, 18 and 
14 ~m thi~k (the first with subnanosecond pile-up 
rejection), a 190 ~ E detector, and a reject de
tector. Although equivalent results were obtained 
with the second system, which was placed at 9.6°, 
they were of poorer quality. Other experimental 
details were similar to those described previously;S 
a.comparison of two particle identification sig
nals was employed to reduce background, with a 
stringent comparison rejecting - 50% of the events 
traversing the telescope. Electronic and beam en
ergy stability were monitored continuously, and the 
absolute beam energy was determined using a preci
sion analyzing magnet. 

Results from the \i(7Li, 11B)t and 7Li(7Li, 
11c) 3n reactions are compared in Fig. 1(a) and 
1(b-c), res~ectively. Transitions to a number of 
the bound 1 B final states can be seen; in partic
ular the ground state transition has a cross sec
tion of 23 ~b/sr c.m. However, the 7Li(7Li,11c) 
3n data per se in Figs. 1 (b) and 1 (c) present no · 

. disci~ible structure. At this small forward angle 
the C energy region that would correspond to a 
bound 3n system is free from reactions on target 
contaminants, and an upper limit of 70 nb/sr c.m. 
can be set for production of a bound 3n. Two im
perfect comparisons are available: this l~f is a 
factor of - 300 less than the yield of the B 
g. s. + t channel, and is a fac7or of - 12 less than 
I~e averafe yields of the 16oc Li,11c)12B g.s. and 

C(7Li,1 C)8Li g.s. reactions at forward angles 
(obtained from separate experiments). With regard 
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Fig. 1. Spectra
7
from the 7Li + 7Li reaction at 

79.6 MeV. (a) Li(7Li,11B)t. Dashed arrows de-
note the expected location of contaminant reaction~ 
(b) 7Li(7Li,11c)3n. See (a). An arrow with an 
asterisk denotes the location of a known state from 
eithii a 12c or 16o contaminant. Also indicated is 
the C energy that would correspond to transitions 
to a three neutron system with zero binding energy 
(B.E.). (c) A detail of the high-energy part of 
(b). (XBL 745-3298) 

to those transitions corresponding to an unbound 3n 
system, one sees in Fig. 1(c) that the 11c energy 

·Spectrum encompassing up to -7 MeV excitation of 
three neutrons (before the bulk of the transitions 
from target contaminants begins) is well fit byfour
body phase space. 

Figure 2 presents an energy spe~trum from the 
attempted three-proton transfer 7Li( Li,10c)4n re
actions. Independent experiments on the 16o(7Li, 
10c)13B and 12c(7Li,10c)9Li reactions successfully 
observed the transfer of three protons with compa
rable ground state cross sections, averaging -450 
nb/sr c.m. Peaks from reactions on these target 
contaminants account for the observed structure in 
the 4n conti.nuum region of Fig. 2; the underlying 
background appears to be adequately fit by five
body phase space. Again, at this forward angle, 
contaminant reactions do not interfere in the re
gion of the 10c energy spectrum corresponding to 
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Fig. 2. An energy spectrum from the 7Li(7Li, 10c) 
4n reaction at 79.6 MeV and 7,4°, Known contam
inant reactions are indicated either explicitly or 
by an arrow with an asterisk. (XBL 745-3306) 

transitions leading to a botmd 4n. (The known mass 
of 8He sets an upper limit to the total binding en
ergy of 4n (see Ref. 2).) The very minor backgrotmd 
observed in this region arises from the llc "leak
through" remaining in this energy spectrum; however, 
it is still possible to set an upper limit of 30 
nb/sr c.m. for the cross section of this reaction 
leading to a botmd 4n system. The only available 
comparison is to note that this limit is a factorof 
-15 less than the yield of the observed three-proton 
transfer reactions on 12c and 16o. 

These results set stringent limits1•2 in fail
ing to observe transitions to a botmd 3n or 4n; fur
ther, no resonance structure was evident in these 
heavy-ion studies of the tmbotmd 3n and 4n systems. 
With the better particle identification and larger 
solid angles of magnetic spectrometers one would be 
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more sensitive to botmd 3n or 4n systems; and bet
ter data on the tmb9tmd 4n system (requiring rigid 
maintenance of the Li target purity) wo~ld+permit 
an interesting comparison with the ~He(n ,n )4n · 
studies,6 in which a possible final state interac
tion is observed between one neutron pair in the 
exit channel. Clearly the above approach can also 
be extended to search for botmd or tmbotmd struc
ture in higher neutron configurations. 
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STUDY OF T=2 STATES IN 12 C AND 12 B 

D. Ashery,* G. W. Goth,f G. J. Wozniak, M.S. Zisman, and J. Cerny 

The double analog T=2 states in self-conjugate 
nuclei have been intensively investigated because 
of interest in the isospin multiplet mass relations 
and in i~ospin-forbidden decay properties.l The 
lowest 0 T=2 state in 12c has been tentatively 
identified in the 14C(p,t)l2c reactionl,2 at anex
citation energy of 27.50±0.1 MeVl and 27.5S5±0.02 
MeV.2 Aitemptf to form ~his state as a resonance 
in the 1 B+p, OB+d and Be+3He sys terns have :fuiled .3 
In a recent study of the 10Be(3He,n)l2c reaction4 
a peak corresponding to an excitation energy of 
27.611±0.020 MeV in 12c, identified as the o+ T=2 
state, was observed at 0°but not at any other angle. 

In the present work the 14c(p,t) 12c and 14c 
(p,3He)l2B reactions were studied at 54 MeV born-

barding energy over the angular range of 14°-50° in 
the laboratory system. The target was prepared by · 
passing 14c-enriched methyl-iodide through an elec
trical discharge system. Details of this method 
are described elsewhere.S A 450 ~g/cm2 targe~ sup
ported on a 560 ~g/cm2 gold foil was used in this 
experiment. The outgoing triton and 3He particles 
were detected by two detector telescopes coupled 
to standard particle identification systems. 

Figure 1 shows the triton and 3He spectra ob
tained at 23° (lab). Two peaks are clearly obser
vable in each spectrum, corresponding to excitation 
energies of 27,50±0.06 and 29.5±0.1 MeV in 12c and 
of 12.8±0.06 and 14.9±0.1 MeV in 12B. In Fig. 2 
the angular distributions for these four states are 
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Fig. 1. Triton and 3He energy spectra from the 
14C(p,t)l2c and 14C(p,3He)l2B at 2~. (XBL 754-2656) 

presented. There is an uncertaintyofabout 30% in the 
absolute cross sections, due mainly to uncertain
ties in target isotope enrichment. The state at 
12.8 MeV in 12B has been identifiedl as the lowest 
o+ T=2 siate in this nucleus. The state at 27.5 
MeV in 1 C, having the correct excitation energy 
and a similar angular distribution (consistent with 
an L=O transition) is therefore identified as the 
lowest o+ T=2 state in 12c. The ratio of cross
sections for the population of these two states is 
also consistent with the th~oretical predictions.6 
The states at 14.9 MeV in 1 Band 29.5 MeV in 12c 
are both at an excitation energy of about 2±0.1 
MeV above the o+ T=2 state in their respective 
nucleus. In a recent study of the 14c(l8o,l2Be) 
ZONe reaction? a state was observed in 12Be at an 
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Fig. 2. Angular distributions of the T=2 states in 
lZc and 12B. (XBL 754-2655) 

excitation energy of 2.09±0.05 MeV. It is there
fore suggested that these two states are ~~th T=2 
states, analogs of the 2.09 MeV state in Be. 
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IS (a, 8 Be) A DIRECT REACTION AT HIGH ENERGIES? 

N. A. Jelley,* G. J. Wozniak, and J. Cerny 

To conclusively determine the direct nature of 
the (a,8Be) reaction near 65 MeV bombarding energy, 
an excitation function of the 12c(a,8Be)8Be(gs) re
action was obtained. Measurements in small angular 
steps were taken over the maximum in the angular 
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12 C (a, 8 Be g.sJ 
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60 

Fig. 1. Angul~r diStributions of 8Be nuclei emit
ted_ from the C(a, Beg 5 .)8Beg s. reactio~ at 
Ea- 63.2, 65.2, 65.8, 6o.6, and 67.3 MeV. 

distribution at 8c .m. "' 35°. (Ref .1) to see if the 
shape or magnitude changed substantially with bom
barding energy. Data measure4 at E~ = 63.2, 65.2, 
65.8, 66.6, 67.3 MeV are shown in F1g. 1. The an
gular width of each data point is -lo , and the er
ror bars shown are entirely statistical. Upon ex
amining Fig. 1, it is clear that the magnitude of 
the differential cross section is a smooth and 
slowly decreasing function of the bombarding energy. 
The shape of the two observed maxima seems to also 
vary slowly with the incident energy. 

The abov~ behavior is in marked contrast to 
that observed at incident energies of 35.5-41.9 
MeV for the differential cross sections for the 
16o(a,8Be)l2c reactions to the ground and first ex
cited state of 12c. In the latter case, both the 
shapes and magnitudes of the cross sections changed 
substantially, causing Brown et al. to conclude 
that in this energy region statistical processes 
dominated direct ones. At tge low bombarding ener
gies of 12-26 MeV the 12c(a, Be)8Be reaction also 
seems to be dominated by compound processes.3 

From the above, it seems that in the region of 
20-40 MeV incident energies compound processes are . 
important for the (a,8Be) reaction mechanism, but 
at higher energies a direct mechanism is the major 
process, substantiating the conclusion of an earlier 
study.l 
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a-TRANSFER STUDIES VIA THE (a, 8 Be) REACTION ON 15 N AND 14 N 

G. J. Wozniak, N. A. Jelley,* and J. Cerny 

An investigation of the a-cluster components 
in the 15N and 14N ground stgte wave functions was 
undertaken utilizin¥ the (a, Be) reaction. Our 8Be 
detection technique was adapted2 for use with a 
gas target through use of an unusual gas collimato~ 
which consisted of two divided collimators in a 
standard pattern (see Fig. 1). As usual the front 
collimator defines the extent of the target and 
eliminates the possibility of detecting reaction 
products directly scattered from the cell entrance 
and exit. To reduce the singles counting rate in· 
the twin ~E detector, a 0.5-mm partition connected 
the posts of the two collimators. This partition 
eliminated particles that might otherwise have 
passed through different sides of the front and 
back collimators. In addition both the countertel~ 
scope and gas collimator were encased in an alumi
num housing to shield the detectors from slit
scattered beam. 

Position-sensitive 
E detector 

Gas cell 

Exposed 
area 

XE 
E 

Fig. 1. A schematig diagram of a gas cell, the 8Be 
gas collimator and Be identifier. 

(XBL 742-2319) 

Using the above apparatus, the 15N(a, 8Be) 11B 
reaction was studied at an incident eyergy of 72.1 
MeV on an isotopically enriched (99%) 5N2 gas tar
get. Because of the small vertical size of the 
position sensitive detector, it was necessary to 
place the counter telescope close to the gas cell 
wall to obtain a sizeable detection efficiency. The 
large dE/d8, poor position resolution (0.8 mm FWHNQ, 
and the extended target gave an experimental energy 
resolution of -800 keV which is a factor of 2 worse 
than that attained with solid targets. 

In Fif. 2 is shown a typical spectrum of the 
15N(a,8Be) lB reaction. The background level above 

15 N (a, 8 Be) 11 8 
80 

E0 = 72.1 MeV 2.12; 112-

8lab = 19"; 1275J-LC 

,I/) 

c: 

60 

g40 
L> 

20 

Channel number 

Fig. 2. A 8Be energy spectrum from the 15N(a,8Be) 
llB reaction at 81ab = 19" • The locations of pos
sible transitions to natural parity states below 
-9 MeV are shown (see text). (XBL 746-3555) 

the ground state is caused by intra-beam-burst pil~ 
up events which are not eliminated because subnano
second pileup rejection was not employed. Strong 
transitions are clearly seen to the 3/2- ground and 
1/2- 2.12 MeV states3 of llB, which are consistent 
with their calculated a-structure factors.3 The 
5/2- 4.44 MeV and 3/2- 5.02 MeV levels are not re
solved in this spectrum and were only resolved at 
81ab = 15: However, from the measured excitation 
energy of 4.50±0.07 MeV for the third peak in the 
spectra, it seems that at all angles the 5/2- state 
were populated stronger than the 3/2- one. This is 
consistent with their theoretical a-structure fac
tors. 

No evidence was observed for transitions to 
the two positive parity states at 7.30 and 8.00 
MeV. Thus a third positive parity level at 6.79 
MeV was assumed not to be populated even though it 
could not be seen due to the strong transition to 
the 7/2- level at 6.74 MeV. This 7/2- state is 
made very strongly at 8lab = 15" . There is also 
evidence that two states at 8.57 and 8.92 MeV are 
being made although their weak strength and the 
large background hindered their observation. The
oretical a-structure factors would indicate that 
they should be made with a strength similar to 
what was observed. 

To calculate the experimental cross sections 
for the observed transitions, the probability of 
detecting a 8Be nucleus from a gas target must be 
determined. This value was calculated by making a 
simple first order correction to the solid target 
detection efficiency and by using oxygen gas and 



solid target data to normalize the cross sections. 
In Fig. 3 are shown angular distributions of the 
first four peaks shown in Fig. 2. As the 15N 
ground state is spin 1/2 the transfers to all final 
states correspond to unique L values. Little struc
ture is seen in these angular distributions; partic
ularly noteworthy is the constrast between this 
L=O transfer to the 1/2- 2.12 MeV state and the os
cillating L=O transfer to the 8Be or 12c ground 
states .1 [ The . large angular acceptance (1. 6° in 
the lab) of 8Be events will tend to wash out minima.] 

A brief survey of the (a, 8Be) reaction on a 
14N2 gas target was carried out at an incident en
ergy of 72.1 MeV. In Fig. 4 is shown an energy 
spectrum taken at elab = 18° with the predicted 
locations of transitions to T=O states indicated. 
No evidence was observed for the excitation of the 
T=l states occurring at 1.74 and 5.17 MeV in accord
ance with the ~T=O selection rule. Strong transi
tions were observed to the 3+ ground, 1+ 2.15-MeV, 
2+ 3.59-MeV states and to a state at 6.07±0.06 MeV 
which are in qualitative agreement with calculated 
a-structure factors. The observed state at 6.07 
MeV probably corresponds to the known 4+ level at 
6.02 MeV which has a large theoretical a-structure 
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Fig. 3. Cross secti~n data for four (a,8Be) transi-
tions to states in 1 B. See discussion in text. 

(XBL 747-3620) 
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Fig. 4. A 8Be energy spectrum from the 14N(a,8Be) 
lOB reaction at e1 = 18° . The locations of pos
sible transitions tB natural parity states below 
-6 MeV are shown (see text). (XBL 746-3554) 

factor. Weak transitions were observed to the 1+ 
0.72-MeV and 3+ 4.77-MeV states and no evidence was· 
observed for the excitation·of the 1+ 5.18-MeV · 
state, which is consistent with their small theoret
ical a-structure factors. No evidence for the pop
ulation of discrete states above -6-MeV excitation 
energy was observed, however, the large level den
sity and poor resolution hindered this search. 

A systematic feature which emerged from a pre
vious study of the (a, ~Be) reaction on 1 B, 12c, 
and 16o was the strong population of only those 
states which are predicted to have significant a
structure factors. This selectivity is evident in 
the above study of 14N and 15 N and is additional 
evidence that the (a, 8Be) reaction proceeds via a 
simple a-cluster pickup process. 
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SPECTROSCOPIC STUDIES IN THE 1p-SHELL BY THE (6 Li, 8 B) REACTION 

R. B. Weisenmiller, K. H. Wilcox, N. A. Jelley,* 
G. J. Wozniak, D. Ashery,t and J. Cerny 

Two-nucleon transfer reactions (such as (p,t), 
(p,3He), (d,a), and their complementary stripping 
reactions) have been used extensively to study two
particle and two-hole states.l In light nuclei with 
an excess of protons or neutrons, Hartree-Fock cal
culations demonstrate that this type of correlation 
plays a major role in the effective nuclear inter
action. Only with the advent of heavy ion beams has 
there been any practical reaction, such as 
(6Li,8B), to supplement the (3He,n) reaction by 
probing two-proton-hole states in neutron-excess 
nuclei. 

While a variety of possible heavy ion two
proton pick-up reactions are now feasible, the 
(6Li,8B) reaction presents the fewest experimental 
difficulties. Both 7B and 9B are particle unbound, 
thus allowing clean separation of the 8B particles 
by particle identification with solid state detec
tor telescopes. Since 8B has no bound excited 
states, its energy spectri8la~6 the shadow peak 
ambiguity of, e.g., the ( 0, Ne) reaction. More
over, it is the lightest of the possible two-pro
ton pick-up reactions and thus has the smallest 
kinematic effects (which are the major component of 
the energy resolution in the lp-shell). 

The general techniques of producing a lithium 
' beam at the 88-Inch Cyclotron and the identifica

tion of the reaction products have been previously 
described.3 Because of the highly negative Q-values 
of these reactions we used an 80 MeV beam to facil
itate the detection of the 8B exit particles. Due 
to the low cross sections of these reactions (see 
Table 1) a triple particle identifier was used to 
reduce the background. A telescope of 15, 10, and 
200 llffi (backed bya 1-nun reject detector) was typi
cally used. 

We decided to focus our study on the lp-shell 
since the relevent two-nucleon fractional parentage 
coefficients and spectroscopic factors have been 
calculated4 (see Table 1). In principle this allows 
a rather stringent test of the reaction mechanism 
as to the degree of single-step versus "multi-step" 
transfer of the two protons. Also this comparison 
could allow a better understanding of the effects 
of the projectile's structure, which is clearly 
more complicated than for the lighter two-nucleon 
transfer reactions. For example, 6Li would be a 
3s(l+) configuration and 8B a 3p (2+) configura
tion, as calculated in a pure L·S coupling basis.S 
However, since this mass region is known to be 

• better described by an intermediate coupling 
scheme,6 not only do the projectile and ejectile 
spins enter in a complicated fashion, but the pro
ton pair may also be transferred in a In or 3p rel
ative state,? rather than a ls. 

On T2 = 0 targets there is an obvious sym
metry among the two-nucleon transfer reactions. An 
example of this syrrmetry is that the (p,t) reaction 

probes two-neutron-hole states in proton-excess nu
clei, while the (6Li,8B) reaction probes two-pro
ton-hole states in their mirror nuclei. This anal~gy 
is less than perfect because of the previously men
tioned structural differences in the projectiles 
and also because of different kinematic effects in 
the two reactions. Fi~re 1 shows a typical spec
trum of the 16o (6Li, B) 14c reaction. It indicates 
the strong selectivity of this reaction. Besides 
the strong population of the g. s. o+ and the 
2+ state at 7.01 MeV, the other natural par1ty 
states are also.po~ulated (see Table 1). Compared 
to the (p, t) data, '8 both reactions show the same 
general selectivity. From this similarity it is 
possible to suggest the 8. 32-MeV state as a 2+, as 
the spacing between the lower 2+ at 7. 01 MeV and 
this state agrees well with the spacing of the an
alogous 2+ states in 14o (at 6.59 and 7.78 MeV). 
fais assignment agrees with that from the 12c (t,p) 
1 c reaction,9 but differs wi5h the 1+ assignment 
from neutron resonance work.l The population 
ratios of these two sets of states are different, 
however, since the upper 2+ state is populated 
slightly more than the lower 2+ state by the (p, t) 
reaction (see Table 1) while it is down a factor of 
four from the lower 2+ state in the (6Li,8B) reac-
d.on. As the calculated spectroscopic factor for 
the predicted higher 2+ state is almost six times 
larger than that for the lower 2+ state, the anom
alous population ratio of these states in the (p,t) 
data was explained by Fleming et al. 8 as being due 
to higher shell configuration m1xing. 

60 

40 
8.32, 2(+) 

1/) 7.01. 2+ .... 
c: ~sa.o• ;:, 
0 

j'09, I~ (.) 

20 

Energy ( M'eV) 

Fig. 1. Energy spectrum from the reaction 160 

f6Li,8B) 14c obtained from a partially oxidized 
42Nd target. Spectra were collected at elab= 14. So 

(8550 ~C). The 18.3°data were kinematically shifted 
to correspond to the 14.5° data and added to them. 

(XBL 7412-7823) 
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Table 1. Comparisons of (6Li, 8B) data with both analogous (p,t) data and with Cohen and Kurath calculations.-

Final 
nucleus fT 

14c 0 
1: 
0 
3 
o: 
2 
2-

(l,2t 
etc. 

8Li 2+ 
1+ 
3+ 

etc. 

9Li (3/2) = 
(1/2) i (5/2)-
(3/2) = i 
(7 /2) i 

11Be 1/2+ 
1/2-

(1/2 '3/2) ~ (5/2): 
(1/2 '3/2) ± (5/2) + 
(1/2 ,3/2) ±(5/2) 

Excitation 
energy (Me~ 

Preicted 
Known levels levels4 

b g.s .. 
6.09 
6.58 
6.73 
6.89 
7 .-ol 
7.34 
8.32 

e g.s. 
0.981 
2.26 

e g.s 
2.69 
4.31 
5.4 
6.41 

j g.s. 
0.320 
1.785 
2.69 
3.41 
3.89 
3.96 

g.s. 

6.83 

15.19 

g.s. 
0.91 
1.63 

g.s. 
3.88 
3.79 
4.88 
6.18 

g.s. 

2.60(3/2-) 

4.98(5/2-) 

Peak 
cross sections 

(6Li,9B) 
(llb/ sr c.m.) 

19.4±1.6c 
1. 5±0. 6 
2.0±0.6 

4.3±1.0 

1.0±0.6 

3.0±0.3f 
1.1±0. 2 
9.6±0.5 

1.7±0.2h 

0.4±0.1 
0.2±0.1 
0.5±0.1 

2.38±0.2k 

0.5 ±0.3 

0.75±0.2 

Integrated 
cross sections 

(p, t) 
(mb) 

242.2 

323.2 

Spectroscopic4 
factors 

SMAG DMAGa 

2.21 

12.72 

2.28 

0. 73 
0.00 

0. 75 1.31 

0.67 1.44 
0.03 
0.51 

0.14 0.06 
0.00 

1.96 

0.19 

1.84 

etc. 5.25(3/2-) 1.40 

~efined in Ref. 3; SMAG is the L = 0 transfer magnitude and DMAG is the L = 2 transfer magnitude. 

bF. Ajzenberg-Selove, Nucl. Phys. A152, 1 (1970). 

cslab = 11.70. 
d Integrated from 13 to 65° (Ref. 8) 
eF. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. A227, 1 (1974). 
f 
slab = 9. 7o. 

gintegrated from 15 to 50° (tabulated inS. Kahana and D. Kurath, Phys. Rev. C~, 543 (1971) (based on Ref.ll). 

hslab = 15.00.' 

iAssignment suggested in Ref. 12. 

jF. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. A114, 1 (1968). 
k 
slab= 9.70. 
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Figure 2(a) shows a spectrum of the 10B 
(6Li,8B) 81i results. These data show the same gen
eral selectivity as the analogous (p,t) data.ll For 
noth reactions, this is one of the few targets in 
the lp-shell in which an excited state is populated 
more strongly than the ground state. Another typi
tfl s~ectrum is given in Fig. 2(b), which shows the 

B ( Li,8B) 9Li reaction. These results can be 
compared to the data from the 7Li (t,p) 9Li reac
tion populating the same final nucleus.9,12 The 
state at 2.69 MeV is weakly populated in the (t,p) 
reaction and populated slightly, if at all, in the 
(6Li,8B) reaction. From the population ratio of 
this state relative to the ground state, it has 
been assigned tentatively as a l/2-state.l2 While 
it is impossible to conclude anything definite 
about this state from our data without using a 
DWBA analysis to remove any kinematic effects-of 
the reaction, the 1/2-state does have a very low 
spectroscopic factor for population by two-proton 

60 E6Li = 80 MeV 2.26,3+ 

a) IOB(6Li,8B) 8Li 
I 

40 Blab= 12.3o; 
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Fig. 2. Energy spectra from: (a) the 10B(6Li,8B) 
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81i reaction at elab = 12. :f; and (b) the 11B(6Li, 8B) 
9Li reaction at elab 15. Oo (3480 )lC). 

(XBL 7412-8399) 

pick-up reactions.4 An alternative explanation 
would be that it is a positive parity state. If a 
simple pair transfer mechanism is postulated, then 
the (6Li,8B) reaction on odd mass lp-shell targets 
should only populate negative parity states. The 
(t,p) reaction does not have this inherent selec
tivity since it can also populate positive parity 
states with higher shell configurations. 

This effect is demonstrated in Fig. 3 for the 
13c (6Li,8B) llBe reaction. In llBe it is known 
that the ground state is a 1/2+ state and the first 
excited state (at 0.32 MeV) is a 1/2- state.l3 This 
unusual level ordering was predicted by Talrni and_ 
Unnal4 as a consequence of the two-body component 
of the residual interaction depressing the energy 
of the 1/2+ state. These data show the 1/2- state 
is populated strongly, while the 1/2+ g.s. is pop
ulated weakly if at all. 

'The angular distributions of the (6Li, 8B) re
action are monotonically decreasing with angle. 
This is consistent with the cross sections being 
peaked near the grazing angle (as is the case for 
the 142Nd(6Li, 8B) 140ce data for the ground state 
transition), which on these light targets is at an 
inaccessibly forward angle. Also, a J = 0 transfer 
has a steeper envelope than a higher J transfer. 
While one would hope eventually to extract spec
troscopic information from this reaction, presently 
high-energy lithium beams are a novelty and optical 
model parameters are nonexistent. This precludes a 
really meaningful comparison between the calculated 
spectroscopic factors3 and experimental data at 
this time. However, even by qualitative comparisons 
to existing two-nucleon transfer data it is pos
sible to extend our knowledge and understanding of 
the states in neutron-deficient nuclei. 
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Fig. 3. Energy spectrum from the reaction 13c (6L~ 
8B) llBe at slab= 11.9° (6847 llC). 
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CROSS SECTION LIMITS FOR THE PRODUCTION OF SOME 
HIGHLY NEUTRON-EXCESS SAND C1 ISOTOPES 

K. H. Wilcox, N. A. Jelley,* R. B. Weisenmiller, and J. Cerny 

The predictions of mass excesses of light nu
clei by various models may diverge substantially 
as we leave thelirie of (3-stability.l There has 
consequently been a considerable interest in mea
suring mass excesses of very neutron-rich isotopes 
in the lower-Z nuclei in order to test the theoret
ical assumptions underlying these models. Due to 
the successful observationZ of 43,45,46Ar via the 
(a,9Be), (a, ?Be) and (6Li,8B) reactions on 48ca, we 
have irradiated a 400 ~g/cm2 48ca tartrt with a 
110-MeV a beam and observed the 8,10, B and 10-13c 
exit particles, which populate the residual nuclei 
44,42,4lcl and 42-39s, respectively. Ground state 
Q values for these reactions vary from about -20 to 
-44 MeV. 

The three-counter, double particle identifica
tion technique3 was used to observe boron isotopes 
at angles of 10° and 30° in the laboratory system 
and carbon isotopes at 10° and 35°. No positively
identifiable peak was seen for the formation of the 
ground state of any of the Cl or S isotopes. Figure 
1 shows the energy spectra obtained from lOB exit 
particles detected at 10" and 30°, and from 8B 
particles at 30°. The expected positions of the 
~2c1 and 44cl ground states are indicated. 

10 11The energy region of interest for 8B and 
' C at 10° was obscured by the large contribu

tion from 12c and 16o contaminants on the target. 

Fig. 1. Energy spectra for the 48ca(a, 10B) 42c1 
reaction at (a) 10° and (b) 30°, and (c) the 
48ca(a,8B)44cl reaction at 30°. (XBL 745-3296) 
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For the other reactions, however, the background 
level was very low, permitting the determination of 
strict upper limits for the cross sections of these 
reactions populating the ground state. Upper limits 
for formation of the Cl isotopes were from 15 to 30 
nb/sr at 10° and from 5 to 10 nb/sr at 30°, Limits 

' for the S isotopes were about 5 nb/sr at 10° and 
ranged from 1 to 10 nb/sr at 35°, The very large 
angular momentum mismatches involved (5-8h as cal
culated semi-classically, including the Coulomb 
potential) may have contributed to extremely low 
cross sections for many of these reactions. 
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PREDICTIONS OF THE MASSES OF VERY NEUTRON-EXCESS 
LIGHT NUCLEI 

N. A. Jelley,* Joseph Cerny, 
D. P. Stahel, and K. H. Wilcox 

Over the last few years the masses of many 
very neutron-rich light nucleil (Tz ~ 5/2, A< SO) 
have been determined. On comparing these results 
with theoretical predictions based on the trans
verse relation of Garvey-Kelson,2,3 poorer agree
ment is generally found than was the case for nu
clei nearer S-stability. For example, in the s-d 
shell there are several Tz = 5/2 nuclei for which 
there is a significant discrepancy ( > 500 keV) be
tween the experimental and the calculated mass-ex
cess. 

Following the simple shell model approach of 
Goldstein and Talmi,4 we have derived5 an alterna
tive scheme, similar in approach to the method of 
Garvey et al.2 but taking more explicit account of 
shell eFfects, which more successfully accounts for 
many of the observed masses of neutron-excess light 
nuclei. The mass of a nucleus, M(Z,N), with mi pro
tons in the rrj· shell and nk neutrons in the 
higher vjk shell, is given by what will be de
noted the modified shell model mass equation: 

M(Z,N) = U(Z) + W(N) + I: m.nkV(j .jk) [m.nkeven], 
ik l l l (1) 

where U(Z) and W(N) are arbitrary functions of 
the number of protons and neutrons, respectively, 
and the sum ~k is over the neutron-proton interac
tion V(\jk). ~ 

Equation (1) is similar to the Garvey-Kelson 
transverse mass equation2: 

M(Z,N) = F(Z) + G(N) + H(A) (2) 

where F, G and H are arbitrary functions of the 
number of protons, neutrons and nucleons, respec
tively. Comparison of these equations shows that 
the two methods differ mainly in their parameteri
zation of the residual neutron-proton interaction. 
In the method of Garvey et a1.2 much of this inter
action is given by the function H(A), while in 
Eq. (1) more explicit account is taken of shell 
structure by the term l: m.nk V(j .jk). Also, im-

ik l l 

plicit in Eq. (2) is the assumption that the re-

sidual neutron-proton interaction is independent6 
of Tz. These different assumptions allow the trans
verse mass equation to be more general than the 
modified mass equation, both in predicting masses 
of odd-odd nuclei and in being able to predict 
masses farther from stability. In both cases pre
dictions are carried out by determining the param
eters of the mass equations by a least-squares fit 
to known masses. 

As a means of comparing these two approaches 
when applied to light neutron-rich nuclei, the 
masses of the Tz = 5/2 nuclei in the s-d shell have 
been predicted, and their relative agreement with 
the experimental values is shown in Fig. 1. Trans
verse mass equation predictions were ~aken from the 
calculations of Thibault and Klapisch , who inc 
eluded as input from the s-d shell only known 
T < 2 nuclei. For the other predictions the mod
ified mass equation was used except for the values 
for 2lo and Z3F, where the simple shell model? was 
employed, since insufficient masses are known for 
Eq. (1) to be used. Only known non-odd-odd 

Transverse Garvey- Kelson 
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·= 
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~ 
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Fig. 1. .Two comparisons of the differences between 
experimental and predicted mass-excesses for the 
Tz = 5/2 nuclei in the 2s-ld shell. See text. 
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Table 1. 94 

Comparisons with experiment of the predictions of the transverse (T) and the modified (M) mass-equations. 

Z N EL A 

2 6 HE 8 
2 7 HE 9 
2 8 HE 10 

3 7 LI 10 
3 8 LI 11 
3 9 LI 12 

4 8 BE 12 
4 9 BE 13 
4 10 BE 14 

5 9 B 
5 10 B 
5 11 B 

6 11 c 
6 12 c 

7 12 N 
7 13 N 

8 13 0 

14 
15 
16 

17 
18 

19 
20 

21 

8 14 0 

8 15 0 

22 

23 

Y 14 F 23 
9 15 F 24 

10 15 NE 25 
10 16 NE 26 

11 15 
11 16 
11 17 
11 18 
11 19 
1i. 20 
11 21 
11 22 

NA 26 
NA 27 
NA 28 
NA 29 
NA 30 
NA 31 
NA 32 
NA 33 

12 17 MG 29 
12 18 MG 30 

13 18 AL 31 
13 19 AL 32 

14 19 SI 33 
14 20 SI 34 

15 20 p 35 
15 21 p 36 

16 23 
16 24 

s 39 
s 40 

17 24 CL 41 
17 25 CL 42 

Mass Excess 
(MeV±MeV) 

Exper i.menta 1 Calculated. 
T M 

31.57±.03 31.57 
U =unbound 42.61 
u 51.00 

u 
40.94±.08 

u 

25.03±.05 
u 
B = bound 

23.66±.03 
B 
u 

B 
B 

B 
B 

3.36±.17 
B 

-2.16 ±.10 
B 

-6.90 ±.02 
-5.62 ±.06 
-1.14 ±.08 

2.65 ±.10 
8.37 ±.20 

(10.6 ±.8) 
(16.4 ±1.1) 

B 

-10.75±.05 
B 

-15.01±.10 
B 

-20.57 ±.OS 
B 

-24.94 ±,08 
B 

B 
B 

B 
B 

33.25 
40.94 
52.94 

25.02 
35.39 
40.72 

23.66 
28.75 
37.97 

21.27 
25.50 

16.27 
21.60 

8.74 

9.42 

15.48 

3.40 
8.04 

-1.95 
.17 

-6.94 
-5.71 
-1.02 

2.32 
8.50 

12.70 
21.02 
26.90 

-10.70 
- 9. 37 

-15.00 
-11.14 

-20.71 
-20.57 

-24.90 
-20.88 

-23.07 
-22.50 

-27.43 
-24.68 

31.57 
43.49 
52.34 

41.14 

24.75 
34.60 
41. 09* 

29.89 

20.86 
24.57 

15.32 

8.39+ 

9.35+ 

15.40 

3.36 

-2.12 
- .27 

-5.73 

2.66 

14.38 

-10.75 
- 9.21 

-15.05 

-20.67 
-20.32 

-24.81 

-23.21 
-22.64 

-27.39 

*Assumed value, see text. 

tCalculated using simple shell model. See Ref. 4. 

1 Neutron 

Binding Energy 
(MeV) 

2 Neutron 
Experimental Calculated Experimental Calculated 

2.61 

3.22 

.98 

7. 54 

4.28 

5.62 
6.79 
3. 59 
4. 28 
2.35 

3.80 

7.19 

4.55 

8.45 

T M 

-2.97 
- .32 

- .21 

-3.93 

-2.31 
2.74 

2.97 
-1.14 

• 50 
3.84 

5. 07 
2.75 

3. 08 

7.39 

2.01 

3.44 

5.95 

3.87 
- .25 

2.19 

6.75 

4.21 

7.93 

4,05 

4.33 
7. 50 

7.84 
5.32 

-3.85 
- • 78 

-1.77 
1. 58 

.90 
4.36 

3.48 

7.11 

2.02 

6.23 

6.54 

7.72 

4.35 
7. 51 

2.17 

.17 

3.72 

5.86 

12.74 

13.15 

14.63 
12.41 
10.38 

7.87 
6.63 

12.31 

12.94 

13.76 

14.74 

T M 

- .36 
-3.29 

3.84 

-3.55 

• 94 
.44 

3.97 
1.83 

4.75 
4.34 

7.74 
7.82 

10.80 

10.47 

9.40 

10.89 

9,89 

5.76 
3.62 
1.94 

10.56 

11.50 

12.77 

12.46 

12.24 
11.83 

13.65 
13.16 

-4.62 

1.84 
- .20 

2.66 

5.34 
5.27 

8.51 

ll. 09 

10.59 

9.13 

10.43 

4.42 

10.4 2 

12.42 

12.31 
11.85 

13.67 
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Tz .;;; 2 nuclei, together with 29Na, with configura
tions TIPl/2 vd5; 2• nd5; 2 vs1; 2, _nds/ 2 vd3/2 
and ns112 vd31 were 1hcluded as lllput. (The 
mass of Z9Na determines the interaction parameter 
V(nds/2 vd3j2).) As seen in Fig. 1, considerably 
better agreement was obtained with the approach of 
this work than with the transverse mass equation; 
quantitatively the rms deviations between experi
ment and calculation are 260 keV and 620 keV, re
spectively (excluding the mass of 2lo because of 
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its large error). Another example is discussed in 
Ref. 8 where the masses of the argon isotopes 43-46Ar 
are compared with the predictions of Eqs. (1) and 
(2); better agreement is also found using Eq. (1). 

Table 1 presents predictions of mass excesses 
and one- and two-neutron binding energies of se
lected neutron-excess nuclei at or just beyond the 
limits of current investigation obtained through a 
recalculation with Eq. (2), the transverse mass 
equation, as well as with Eq. (1), the modified 
mass equation,. denoted T and M, respectively. Ex
perimental values are given when available (see 
Ref. 6 for sources) and those nuclei only known to 
be bound or unbound are indicated by the symbol 
"B" or ''U". A complete tabulation of the results is 
given in Ref. 7. 

Calculated T and M values in Table 1 arise 
from a least-squares fitting program which employed 
with egual weight the appropriate particle-stable 
nuclein with N ;;;. Z whose mass-excesses are known 
to .;;; 200 keV; those known with less accuracy were 
not used in these calculations and are shown in 
the table enclosed in parentheses. All known nuclei 
(271) with 2 .;;; Z .;;; 35 and 4 .;;; N .;;; SO were used in 
obtaining the transverse mass equation values. 
Compared to the recent calculation,3 the ten known 
s-d shell, Tz ;;;. 5/2 nuclei given in Table 1 were 
the additional nuclei included. For Eq. (1) the 
known non-odd-odd nuclei (74) with configurations 
TIP3/2 vpl/2' TIP3/2 vd5/2' TIPl/2 vd5/2' nd5/2 
vs112 , nd512 vd312 , ns112 vd3; 2 and nd~f7. 
v£712 were employea. In Eq. (lJ rack of suffi~ient 
known masses required assumed values for the mass
excesses of 2lo, 22o and 14Be: for 2lo and 22o the 
simple shell model? was used and (to determine the 
interaction parameter V(np312 vd512)) the mass-ex-
cess of 14Be (known to be boilha) 12 was taken 
to equal 12Be + 2n = 41.09 MeV, close to the value 
obtained with the transverse equation of 40.72 MeV. 

In order to compare how well these two 
approaches account for known masses, one can eval
uate the rms deviation in each case. For nuclei 
with 2 .;;; Z .;;; 17 the transverse mass equation 
yields an rms deviation of 220 keV and the modified 
mass equation 200 keV. Though these values are 
very similar it does not necessarily follow that 
the predictive validity of the two approaches will 
be the same (compare the results in Fig. 1). 

From Table 1 it can be seen that the differ
ences between the T and M approaches observed in 
the s-d shell for the Tz ; 5/2 nuclei persist to 
lighter nucleii since the predictions for 9He, 
13Be, 15B and 9N differ by more than 750 keV. 
Those nuclei lying on the edge of stability as pre
dicted by this recalculation with the transverse 
equation differ from those of Ref. 3., which did not 
employ any Tz ;;;. 5/2 nuclei from the s-d shell, in 
that a) Z3N, 26o, 4DMg, 43Al and 48si are pre
dicted to be the last nucleon-stable isotopes, com-

6 iJ # 

8 0 

pared3 t.o25N, 28o .. 42Mg, 45Al and 46si; and 
b) 28p, 29Ne and 37Mg are ~redicted to be the first 
unbound isotopes, compared3 to 30p, 31Ne and 41Mg. 
Results from the modified mass equation are less 
extensive than those from the transverse equation, 
generally not predicting the edge of stability; 
however, for the lighter nuclei 26o is calculated 
by Eq. (3) to be unbound by 240 keV, predicting 
24o as the last stable oxygen isotope. Also 29F is 
calculated to be unbound to 2n decay by 910 keV, 
compared to the prediction of the transverse equa
tion that it is bound by 770 keV. 

The approach employing the modified mass equa
tion described above appears to be a useful alter
nate predictive scheme for the masses of very neu
tron-excess light nuclei. Further mass measurements 
of nuclei far from stability such as for example, 
the nucleon-stable isotopes 15B and i9N will afford 
particularly interesting new comparisons of this 
method and that of Garvey et al.Z with experiment. 
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A SEARCH FOR s 3 Ni 

D. J. Vieira, R. A. Gough, and J. Cerny 

The series of A = 4n + 1, T = - 3/2 beta
delayed proton emitters is knownzl 2 from 9c to 
49Fe. To extend the series to heavier nuclei a 
~ulsed beam experiment was performed in search of 
53Ni. 

A 1.2-mg/cm2 natural calcium target at a tar
get angle of 70° was bombarded with a 65-MeV 16o+3 
beam provided by the 88-Inch Cyclotron. A slotted 
rotating wheel3 was used to control the pulsing of 
the beam and to shield the detector while the tar
get was being irradiated. After an irradiation 
time of 150 msec the beam was turned off and an 18 
wn llE - 107 wn E connter telescope was used to de
tect particles passing from the target through a 
slot in the wheel. During the 200 msec connting 
period, events which were in fast llE-E coincidence 
(2T = 30 nsec) were fed into a particle-identifier; 
those which identified as protons were stored in an 
analyzer as a fnnction of time. 

The delayed proton spectrum obtained after 
12,900 ~C is shown in Fig. 1. The large group at 
E (Lab) = 1.56 MeV results from the direct proton 
d~cay of 53com produced by the 40ca(l6o,p2n)53coffi 
reaction.4 This group was useful as an internal 
monitor and as an energy calibration point. Other 
calibration points were obtained from the produc
tion of 41Ti by bombardment of Cawith 29.5 MeV jHe. 
The observed half-lives of 41Ti and 53com were 84±3 
msec and 257±15 msec, respectively. These agree 
well with the previous measurements of 80±1 msec5 
and 247±12 msec.4 

A new and very weak activity was observed at 
an energy of 1.88±0.05 MeV (lab) after correcting 
for energy losses in the target and detector dead 

"' c: 
::l 
0 

20 

15 

UIO 

5 

x...L 
200 

53c0m 

Elab= 1.56 MeV 

53Ni 

Elab= 1.88 MeV 

Observed proton energy (MeV) 

Fig. 1. An identified-proton energy spe~trum re
sulting from the bombardment of Ca with 65 MeV 
16o. The two groups labeled with dashed arrows are 
believed to arise from the decay of 29s (see text). 
The horizontal arrows denote the proton energy 
region of possible transitions to the 52Fe ground 
state following the decay of 53Ni. 

layers. The half-life exhibited by this group is 
45±15 msec, thereby precluding the possibility that 
the events result from pile-up associated with the 
decay of 53coffi. Furthermore, the half-life is dis
tinctly different from the 75±10 msec6 half-life 
of 49Fe which can be produced at this energy by the 
40Ca(l6o, a3n) reaction. Two small groups labeled 
in Fig. 1 by dashed arrows are believed to be de
layed protons emitted from 29s which are produced 
via the 16o ~60,3n) reaction on the slight oxygen 
contaminant present in the target. Other possible 
impurity reaction products are nnable to acconnt 
for this new activity since the energy and half
life of this group are not compatible with the 
known properties of any other delayed proton pre
cursors. 

The 1.88±0.05 MeV activity is consistent,how
ever, with beta-delayed pr~0on I~ission expected 
from 53Ni produced by the Ca( O~n) reaction. A 
preliminary decay scheme is presented in Fig. 2. 
The figure shows the super-allowed b~ta decay of 
53Ni to the lowest T = 3/2 state in 5 Co, which in 
5~rn proton decays to the first excited state in 

Fe. Decay to this 2+ state rather than to the 
gronnd state was assumed since this gave the best 
agreement bet~~en the excitation energy of the T = 
3/2 state of Co and its mirror state in 53Fe. 
Further support is given by the fact that both 45cr 
and 49Fe show similar preference for decay to the 
2+ state. Based on this ass~tion no evidence for 
decay to the gronnd state of 5 Fe was observed (see 
Fig. 1). Using the masses of the analogue states 
of 53co and 53Fe, together with the gronnd state 
mass of 53Mn, the isobaric mus~iplet mass equation 
predicts the mass excess for Ni to be -29.48±0.19 
MeV. This agrees with the ~oulomb energy predic
tions of -29.654±0.009 MeV. 

Due to the contrast in magnitude of the 53com 
group compared to the 53Ni group, it is interesting 
to compare the observed production ratio to the 
predicted ratio. Using the evaporation code GROGI28 
the cross section ratio of 53com to 53Ni at this 

4.56 (~-.t> 

~~~~-l(T~-247m•ool Z.44 

1._60 Ot 

(0)---<]-1 
2a;cou 

.. Ni and ... Co Level Scheme 

-i-.il 

Fig. 2. The proposed decay scheme of 53Ni. The 
bold faced arrow represents the proton decay of 
53coffi, while the normal arrows represent the S-
delayed proton decay of 53Ni. (XBL 743-613) 
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energy was calculated to be ~ 6, 500: 1. Asstnning the 
branching ratio for proton decay of 53coffi is 1.5%,4 
and a branching ratio for 53Ni of 65%,9 the experi
mental cross section ratio turns out to be ~11.000: 
1. Considering the large uncertainties in both the 
experimental and theoretical ratios, this difference 
is not unreasonable. Thus, all the results indicate 
this new activity c~ be attributed to the s+ delay
ed proton decay of Ni. 
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ARGON-INDUCED TRANSFER REACTIONS AT 
COULOMB BARRIER ENERGIES 

R. C. Eggers;* J. 0. Rasmussen, and W. S. Ribbe t 

in the last few years there have been some 
theoretical investigations on semi-classical trans
fer theory (SCTT) for calculating heavy-ion trans
fer reactions at near Coulomb barrier energies.l 
While it is generally conceded that the methods 
under investigation lack some of the rigor of the 
coupled channel Born approximation (CCBA) or the 
distorted wave Born approximation (DWBA) methods, 
the attempt is to retain most of the essential fea
tures while reducing the computational complexities 
of the traditional methods. Perhaps the most im
portant advance of the theory was the powerful 
addition theorem developed by Buttle and Goldfarb 
which reduced the complexities of the six-dimension
al T-matrix integral into a product of two three 
dimensional integrals. 2 The authors of the SCTT have 
extended this work to simplify the calculation of 
the more complex of the two integrals by asstnning 
a classical hyperbolic orbit for the projectile. 
Both of these simplifications depend quite heavily 
on the fact that the incident energy is low. 

We have made experimental measurements which 
can be compared to these theories and we can probe 
the limitations of the theories. Our experiments 
were done with a small 11.7 em diameter scattering 
chamber lined with altnnintnn catcher foils. The 
foils were gamma counted off-line after irradiation 
with an argon beam from the SuperHILAC. We used the 
intensity of the known gamma-ray lines of radio
active nuclei in the region around Argon to pick 
out the various products and calculate the cross
section based on the Faraday reading and the effi
ciency of the gamma-ray counter. Principal products 
observed were ~lAr, 39cl and 38s. We ran at 183 MeV 
and 209 MeV with thin targets of 91 g/cm2 and 400 
g/cm2 for tantaltnn and gold, respectively. Our 

foils were divided into 30 degree conical sections 
for the angular distribution determinations. Table 
1 summarizes the reaction cross-section for the 
gold and tantaltnn experiments. 
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To compare with the SCTT w~ show in Fig. 1 the 
angular distribution for the most prominent pro
duct, 41Ar, for both energies and both targets. 
The angular distribution of the theory is given an 
arbitrary scaling factor, since there are good 
reasons to expect that it won't be quantitative in 
this respect.3 
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Fig. 1. Experimental and theoretical angular distributions of the neutron pick-up reaction by 40Ar 
bombardment of gold and tantalum targ~ts. Experimental results are given by the points and represent 
yield summed over all bound states in the radioactive product 41Ar. The theoretical curves are semi
classical transfer theory coupled with optical model calculations following formulas of Alder et al.l 
The absolute normalization of the theoretical curves is arbitrary. (XBL 743-2714, XBL 743-27IS,-
XBL 743-2711, XBL 743-2712) 
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As is readily apparent the SCTT only works 
well at or below the Coulomb barrier, which occurs 
for the lower energy on gold. The other three cases 
correspond to energies up to a few tens of MeV 
above the barrier. For these above-barrier cases a 
"background" cross-section not strongly dependent 
on angle arises. (We are cautious about the high 
points at the most forward angle, since it is 
possible that some beam particles hit the catcher 
foil.) The general picture of Wilczynski may fit 
our observations.4 At or below-barrier only quasi
elastic transfers with minimal internal excitation 
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Fig. 2. Angle-integrated cross sections for ob
served transfer reactions or a function of bombard-
ing energy of 4 0Ar beam. (XBL 748-3859) 
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occur, peaking at the semi -classical grazing angle, 
according to the SCTT. At higher energies for im
pact parameters decreasing from the graziilg values, 
translational energy may be lost to internal exci
tation and these inelastic products are sprayed to 
angles increasingly forward of the grazing peaks. 
It was not feasible for us to measure energies of 
the products, so we cannot directly test the inter
pretation that the broadly distributed products are 
lower energy than the grazing peaks. 

One other interesting aspect of our data is 
that it shows preliminary evidence for the con
jectured effect of deformation on heavy-ion reac
tions. Of course, the absolute cross-sectionS are 
subject to the uncertainty that impurities in the 
argon beam could give erroneous Faraday readings. 
Figure 2 shows the excitation function for these 
reactions and demonstrates a steeper threshold for 
the spherical gold nucleus than for the deformed 
tantalum. It is reasoned that this effect comes 
from. the tips of the deformed nucleus which, be
cause they stick further out, can make reaction at 
lower energy where the projectile does not approach 
the nucleus so closely. One other feature of these 
excitation functions~ that is, why the higher en
ergy point for the 3~s excitation function drops is 
not fully understood. 

Our conclusion is that the theory that we are 
comparing with here, the SCTT, is probably quite 
good for total transfer near the Coulomb barrier, 
but products with broad angular distribution appear 
as soon as the energy is increased very much. This 
most likely is due to internal excitation, as some 
theorists now are calculating by friction terms in 
the classical trajectories. 
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CROSS SECTIONS OF {p,pxn) REACTIONS ON 2 0 8 Pb 

H. Kawakami,* M. Koike,* K. Komura,* N. Yoshikawa,* 
. M. Sakai,* and J. 0. Rasmussent 

The 52-MeV extracted proton beam from the 
synchrocyc1otron at the Institute for Nuclear Study 
(INS), University of Tokyo, was used to irradiate 
enriched 208pb at -24-, 36-, 44- and 52-MeV. The 
incident proton energy was adjusted by carbon plate 
absorbers. The average beam current was about 1 nA. 

· The target used was metallic foil of an enriched 
isoto~e (99.9%) of 208Pb. A target foil of 8.3 
mg/cm thickness (for the excitation function) was 
prepared by electrodeposition. A thicker one used 
for the life-time measurement at 44 MeV was made 
by rolling and was 12.8 mg/cm2 thick. 

The Ge(Li) detector used was 40 cm3 in effec
tive volume. The energy resolution was 2.5 keV 
CFWHMO at 1.33 MeV. The detection efficiency ~ 
was calibrated with IAEA standard sources 137cs 
and 60co placed at the target position. Overall 
errors for the cross sections were estimated to be 
25%. They-ray spectra were analyzed with an auto
matic peak search program. The computer used was 
the TOSBAC 3400 at INS. The FM cyclotron pulse 
width of 0.078 ms was used with delayed gamma rays 
counted in the 1. 06 ms interval between beam 
pulses. 

+ + The delayed 802.9-keV (21 - 0 ) y-rays were 
counted from 0.053 to 0.352 ms (0.299 ms) in the 
decay curve after the beam pulse. The prompt 
y-rays have completely decayed out earlier than 
0.053 ms. The cross section for formation of the 
0.12 ms 7-isomer at 2.2 MeV in 206pb, was calcu
lated from the intensity of the 802.9-keV gamma 
rag. The excitation curve for the reaction 
20 Pb(p,p2n)206pb measured through the 802.9 keV 
(2i - Oi) y-ray is shown in Fig. 1. 

208Pb( )207Pb Ex . . F . p,pn Citation unction 

The excitation function for the reaction 
208pb(p,pn)207mpb (i13; 2 isomer of 0.80-sec half
life at 1.623 MeV) was measured with the 1063.7-
and 569.8-keV y-gamma rays. The half-life of this 
state has been reported to be 800 ms. The decay 
correction was not made for the calculation of the 
cross sections, since this half-life 800 ms is much 
longer than the duty cycle. The excitation function 
obtained is shown in Fig. 2. 

Discussion 

The p,pn cross sections at relativistic en
ergies have long been something of a mystery in 
that they are substantially larger than theory. 
The theoretidal calculations of sophisticated 
Monte Carlo cascade evaporation type are satis
factory for most observed reactions but not p,pn. 
We speculated that some direct excitation by p,p' 
to states above the neutron binding energy might 
play a role. 

As a basis for possible future higher-energy 
studies we felt p,pn excitation functions at lower 
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energy would be useful. The lack of a distinct 
peak and the flatness of excitation functions at 
higher energy clearly shows the direct interaction 
nature. The cross sections are surprisingly large 
for such partial yields to high spin isomers, but 
high neutron pick-up cross sections by heavy ions 
on 208pb have been noted earlier. 
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X RAY MEASUREMENTS OF ANGULAR DISTRIBUTIONS IN 
HEAVY ION REACTIONS 

J. Moulton, R. Babinet, 
L. G. Moretto, and S. G. Thompson 

Heavy ion reactions in which the projectile 
kinetic energy is distributed over the single par
ticle and the collective modes of a compound nu
cleus, are expected to produce OM angular distri
butions symmetric around 90~ These distributions 
approach 1/sine for reactions proceeding with large 
angular momentum and breaking up into large frag
ments. Our group has investigated angular distri
butions in several heavy ion systems, using solid 
state and gas (E - ~E) detectors.l (Projectiles: 
N, Ne, Ar. Targets: Cu, Ag, Au. Energies: 7 to 12 
MeV/nucleon). In these experiments the resolution 
of individual atomic numbers is limited to Z less 
than 36. Significant asymmetry is observed, the 
angular distributions being forward peaked, espec
ially for fragments close in Z to the projectile. 
Because of this deviation from symmetry about 90° , 
it is important to pursue ·these experiments fur
ther. 

This report discusses preliminary results of 
a technique which measures the relative angular 
distributions for heavier fragments (Z > 40) . A 
thin metal target is suspended inside a small cyl
inder, which has been lined with 3 to 5 mil A1 foil. 
A carbon collimator is attached, and the assembly 
is placed in the Faraday cup of a scattering cham
ber. (This set-up allows us to carry out two simul
taneous experiments: one in the scattering chamber 
and one in the Faraday cup). The reaction products 
emitted from the metal target are embedded in the 
A1 foil. After 24 to 48 hours of bombardment, the 
target assembly is removed, and the A1 foil is cut 
into strips concentric with the beam path. Strips 
upstream of the target cover backward angles, while 
strips downstream cover forward angles. The geom
etry of the inside of the cylinder detennines the 
exact angles subtended. Each strip contains either 
the isotopes emitted in the solid angle subtended 
by the strip, or their decay products. The frag
ments are quite excited, corning from a compound 
system whose temperature was 2 to 3 MeV.2 Early 
evaporation of several neutrons leading to beta de
cay and K capture is expected, so that X-ray emis
sion can be observed. The characteristic X rays can 
then be measured, in order to detennine the rela
tive cross section as a function of angle for each 
Z. The X ray intensity is measured three times 
from each strip over a period of 10 to 14 hours 
after removal from the beam. One strip is used as 
a standard and measured 10 to 12 times during the 
counting period, to establish a decay curve for 
each peak. Intensities can then be extrapolated to 
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an arbitrary zero time. The yields for each element 
observed are compared from one strip to the next, 
to establish a relative cross section as a function 
of angle. While the shape of the angular distribu
tion can be determined, the absolute magnitude of 
the cross section can not be established readily. 
This is because the population of fragments of a 
given Z consist of several isotopes, each decaying 
with a different half life, and with different 
branching ratios for K capture vs beta emission; 
gamma decay vs internal conversion; and X-ray 
fluorescence vs Auger decay. Thus the relation be
tween X-ray yield and the actual cross section is 
very complex. A further complexity is that the 
population of one Z is fed by beta decay of neigh
boring elements,which in turn are fed likewise. 

Data have been collected for three systems, 
and analysis is now in progress. The systems are: 
340-MeV Ar on Ag, 288-MeV Ar on Au, and 175-MeV Ne 
on Au. Fragments below Z = 40 are poorly detected 
because of the low efficiency of detection of weak 
(less than 15 keV) X rays, and the short counting 
times necessitated by numerous Al strips. The Ar on 
Ag system produced little information of interest: 

the large CM velocity resulted in the high-Z cross 
section being peaked very much forward, so little 
activity behind 30°was observed (other than from 
quasi-elastic few particles transfer, see Fig. 1). 
The 288-MeV Ar on Au system yielded activity from 
all elements between Ag and Pb, covering lab angles 
12° to 78°. A typical X-ray spectrum is shown in 
Fig.2. More backward angles were not measured. 
The 175-MeV Ne on Au system produced only low activ
ity because of low Ne beam current, but foils sub
tending forward angles (12° -30° , 30°- 38°) and back
ward angles (150°- 168° , 142°- 150°) appeared to dis
play comparable activity for Z's somewhat above 
symmetric division. Except for quasi-elastic tran~ 
fer products around Au, other products were not ob
served. Quantitative analysis of this data is not 
yet complete. 
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PARTICLES EMITTED IN THE INTERACTION OF Cu WITH 
2 0 NeAT 252-MeV BOMBARDING ENERGY 

R. Jared, L. G. Moretto, R. Babinet, J. Galin, J. Hunter, 
R. Schmitt, J. Moulton, and S. G. Thompson 

The interest in studying this reaction is 
quite similar to that illustrated for the reaction 
of Ag + Ne. An added advantage is that with the 
available Z resolution (Z ~ 33) the charge distri
bution can be determined up to and beyond the 
symmetric splitting (Z = 19 - 20). A slight disad
vantage arises from the unfavorable kinematics 
which compresses all the cross sections in the for
ward direction and prevents the detection of large 
Z's at large c.m. angles. The experimental equip
ment used in this study is the same as that used 
in the Ag + Ne case. 

In Fig. 1 the cross sections are shown as a 
function of Z for various laboratory angles. It is 
interesting to notice that the charge distributions 
appear to be fairly flat; very little increase is 
seen in the cross sections close to the symmetric 
splitting, while the cross sections appear to in
crease substantially for Z < 10 at the very for
ward angles. This is mainly due to the very dra
matic forward peaking occurring for atomic num
bers below 10. In Fig. 2, the center of mass ang
ular distributions are shown for the various 
atomic numbers. As in the case of Ag + Ne, the 
angular distributions for Z < 10 are very strongly 
forward peaked. At the extreme forward angles there 
is some contribution due to the quasi-elastic com
ponent of the cross section. Nevertheless, ~here 
is no doubt that the relaxed component is also 
strongly forward peaked. The rapid damping of the 
forward peaking for Z < 10, visible in Ne + Ag , is 
also visible here. Still, the symmetric splitting 
occurs at Z = 19 - 20 and therefore only very close 
to the symmetric division does one observe an angu
lar distribution possibly consistent with 1/sine. 

As in many other cases one has here very 
strong evidence of incomplete relaxation in the 
mass/charge asymmetry degree of freedom. In fact, 
it is not clear whether there is any compound nu
cleus cross section at all hidden in the present 
data. Thus it is very important for the under
standing of these data to revise and extend the 
current theories on reaction mechanisms. 
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Fig. 1. Cross sections as a function of Z for 
various laboratory angles. (XBL 752-2299) 
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PRELIMINARY STUDY OF THE PARTICLES EMITTED IN THE 
REACTION BETWEEN Cu AND 288-MeV AND 340-MeV 4 0 Ar 

L. G. Moretto, R. C. Jared, R. Babinet, J. Galin, 
J. Hunter, and S. G. Thompson 

This combination of target and projectile has 
been briefly investigated in our survey carried out 
throughout the periodic table. The purpose of this 
investigation is to learn about the broad systemat
ics of the heavy ion reaction. The kinetic energy 
distribution shows the now familiar two compone11ts: 
the high energy quasi-elastic component and the low 
energy relaxed component. The overall charge dis
tributions appear to be fairly similar to those ob
served in the Ar + Ag reactions. The main features 
(Fig. 1 ) are : an overall increase of the cross sec
tion with increasing Z as one moves towards symmet
ric splitting; a minimum in the cross section at and 
around Z = 9 ; and an increase of the cross section 
for lower atomic numbers. Furthermore,the cross 
section presents an even-odd alternation,also typ
ical of similar reactions. The unfavorable kine
matics make it hard to obtain complete angular dis
tributions. 

In conclusion, the present reaction appears to 
be consistent in its features with the Ar + Ag re
action, without indicating any special new feature. 

288 MeV ~Ar 

30° 

340 MeV 7~Ar 

1.0 '--'----'---'-'---'-'--'-J.....J.--'-'--L--'--J_j_.L.J.....J.._J'--L--'--J_j__l__L_--'---L...L--'--J 

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 
z 

Fig. 1. Cross section as a function of atomic 
number for various lab angles at Z88-MeV and 
340-MeV bombarding energy. (XBL 75Z-Z303) 

STUDY OF THE RELAXATION PROCESSES IN THE REACTION 
BETWEEN 1 0 7 

"
1 0 9 Ag AND 2 0 NeAT 175 MeV AND 252 MeV 

R. Babinet, J. Galin, M. Fowler, R. Jared, 
J. Hunter, L. G. Moretto, and S. G. Thompson 

As it has previously been shown for the Ag 
+ 14N systeml,an important fraction of there
action cross section is associated with products 
whose charges range from Z = 1 to Z ~ 18 with 
kinetic energies which remind us of the fission 
process. However the angular distributions of most 
of these products are not symmetric about 90° c.m. 
Instead, the angular distribution is more strongly 
peaked forward than backward, thus indicating that 
we are dealing with a much faster reaction mechan
ism than that associated with the formation of a 
completely equilibrated compound nucleus. The asym
metric angular distribution of the produris ob
served previously by bombarding Ag with N is the 
indicator of a process occurring in a time scale 
smaller than the rotational period of the syst~m 
(lo-Zl to lo-ZO sec). 

The reason for choosing a Ne induced reaction 
on Ag to be compared with N-induced reactions on 
Ag, is the following. The difference of 6 nucleons 
out of lZZ does no.t change the composite system 
significantly. However the mass or charge asym
metry of the entrance channel is quite different in 
the two systems. If this mass (or charge) asymmetry 
degree of freedom were completely relaxed during 
the equilibration process, one should not observe 
any significant difference in the relative abun
dance of the products obtained in both reactions. 

On the other hand, if the mass asymmetry degree of 
freedom were not completely equilibrated, the 
mass/charge asymmetry of the entrance channels 
should be reflected in the Z distribution of the 
products. Indeed, a glance at the potential energy 
of the composite system versus asymmetry shows 
(Fig. 1) that the injection point for theN+ Ag 
system is located on a steep potential energy 
slope, while it appears to be close to the maximum 
in the Ne + Ag system. If the products are to be 
emitted very rapidly before completion of the re
laxation process, most of them should be found in 
elements below Z = 7 in nitrogen induced reactions 
and more evenly distributed around Z = 10 in neon 
induced reactions. 

The thin c~ 300 ~g/cmz)self supporting 
natural silver targets were bombarded with the ZONe 
beam obtained from the 88-Inch Cyclotron and the 
bombarding energies were 175 MeV and ZSZ MeV. At 
both energies Ne6+ ions were accelerated in order 
to avoid possible 1Zc3+ or 16o4+ contaminations 
which are likely with ZONeS+ beams. 

The reaction products were identified by means 
of two ~E-E telescopes. The ~E counter is an ion
ization chamber filled with either a methane-argon 
mixing or pure methane under a well stabilized 
pressure of 6 to 8 em of mercury. The ionization 
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Fig. 1. Potential energy of the combined system 
as a function of the atomic number of one of the 
fragments for Ag + 14N and Ag + ZONe. The injection 
point is indicated by means of an arrow. 

(XBL 75Z-Z308) 

chamber allows us to carry out the Z identification 
up to Z ~ 3Z - 34. 

The observed kinetic energy distributions con
tain a high energy component (quasi-elastic) and a 
low energy component close to the Coulomb barrier 
(relaxed). The quasi-elastic component prevails 
close to the grazing angle and for Z's close to 
that of the projectile (Fig. Z). At angles differ
ent from the grazing angle, the relaxed component, 
in which we are specifically interested, is the 
only component observed. 

Angular distributions have been measured in 
the range 1.5" < e lab < 15.5". However, due to the 
thickness of the llE counter ( -1 mg/cmZ(Ar·CH4) 
or- 0.5 mg/cmZCH4) there is an energy threshold in 
the detection of the different products. Thus, for 
obvious kinematical reasons, the range of identi
fied products without low energy cut off is typi
cally Z = 5-30 at e = zoo and only Z = 5-10 for 
e = 150°. Therefore, as shown in Fig. 3, we are 
able to measure angular distributions ranging at 
least from forward to 90° c.m. for ZO Z's between 
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z = 5 and z=-Z4. In Fig. 3 only the cross sections for 
the relaxed component are given 'where it can be sep
arated from the quasi-elastic component. This ex
plains wJ;ly experimental values are missing around the 
grazing angle for the projectile's neighbors. 

The angular distributions exhibit roughly the 
same patterns as theN induced reactions (Fig. 4). 
For the atomic numbers below the projectile and 
slightly above, a strong forward peaked distribu
tion is observed, while for the highest atomic mim
bers the angular distribution is consistent with a 
1/sine distribution. 

A glimpse at the potential energy versus asym
metry indicates that the system is driven more 
rapidly toward larger than smaller asymmetries. 
Therefore if the separation of the system were 
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Fig. Z. Examples of kinetic energy distributions. 
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Fig. 4. Center of mass angular distributions for 
various Z's at 170 MeV and 250 MeV bombarding en-
ergies. (XBL 752-2309) 

achieved in a time much shorter than the rotation 
period, most of the products would be lighter or 
slightly heavier than the projectile and would be 
emitted in. the forward direction. On the contrary 
it takes a longer time for the system to evolve 
toward a more symmetric configuration. Following 
the angular distributions from Z = 11 up to Z = 24 
a change toward a 1/sine distribution appears grad
ually, indicating that the time needed by the 
former projectile in order to gain 5 or 6 charges 
is of the order of magnitude of the rotation 
period. 

A comparison between the angular distributions 
at the two bombarding energies shows a stronger 
forward peaking of the distribution at the lower 
energy. This might indicate a difference in the £ 
waves involved in such interactions. At the higher 
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energy the average £ value appears to be higher 
than at the lower energy, thus increasing the mean 
rotation velocity and allowing more particles to 
be emitted backward. 

As long as the angular distributions are very 
strongly forward peaked,there is no way to evalu
ate and compare the relative cross sections inte
grated over e for a given Z and for the two en
ergies. But from Z = 15 or 16 to Z = 24, the cross 
sections tend to become very close in value .at 
both energies. 

The last point worth emphasizing is related to 
to the relative cross sections of the products at 
different angles (Fig. 3). In contrast with theN 
induced reactions there is no tremendous increase 
of the cross section around and specially below 
the Z of the projectile. This points out the par
ticular influence of the entrance channel in the 
interactions, strongly indicating a partial re
laxation of the charge (or mass) asymmetry degree 
of freedom. 

In conclusion, it has been shown how the study 
of angular distributions of the products is a very 
convenient way to obtain information regarding the 
time involved in the interactions under study. 
However as soon as the times involved become larger 
than the rotational period we are no longer able to 
distinguish between only several or a multitude of 
rotational periods. As a consequence the 1/sine 
dependence cannot be considered, as it has been 
often in the past, as the signature of compound 
nucleus formation. 

In the case of Ne induced reactions on Ag, at 
both energies a complete equilibration of all the 
degrees of freedom of the system followed by the 
emission of a particle with Z ~ 5 seems very im
probable. Instead most of these products are 
emitted by a composite system which is not com
pletely relaxed in all its degrees of freedom. 
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STUDY OF THE FRAGMENTS EMITTED IN THE INTERACTION BETWEEN 
Ag AND 40 Ar AT 288-MeV AND 340-MeV BOMBARDING E~ERGY 

J. Galin, R. Babinet, M. Fowler, R. Jared, 
R. Gatti, S. G. Thompson, and L. G. Moretto 

The previous study of 288-MeV Ar induced re
actions on Ag has been completed and extended to a 
higher bombarding energy (340-MeV). The increase 
in bombarding energy has two effects. The first is 
to increase the reaction cross section by opening 
new entrance channels associated with higher £ 
waves. The second is to increase the available en
ergy and thus the nuclear temperature for those 
processes where a complete relaxation of the kinet
ic energy occurs. Also, the choice of a very high 
bombarding energy is very helpful in separating the 

relaxed from the quasi-elastic component of the 
kinetic energy distributions. 

The experimental set-up is similar to that 
described for the experiments carried out at the 
88-Inch Cyclotron. The experiment at 288-MeV Ar 
was performed with a .:lE proportional counter. 
With such a device it was not possible to resolve 
products above Z = 18. The higher energy experi
ment was performed with a ~E ionization chamber 
with superior performance which allowed us to at
tain good atomic number resolution up to Z = 32. 
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Some examples of the kinetic energy distribu
tions illustrating the presence of both high en
ergy (quasi-elastic) and low energy (relaxed) com
ponents are shown in Fig. 1. 
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Fig. 1. Examples of kinetic energy distributions 
at 288-MeV bombarding energy. 

(XBL 744-2775, XBL 744-2774) 

The cross sections as a function of Z for 
various l~boratory angles are shown in Fig. 2. 
These cross sections do not contain the quasi
elastic components of the cross section. The cor
responding center of mass angular distributions are 
shown in Fig. 3. One can notice that the cross sec
tions are very similar at both energies for Z's 
close to the projectile, while around Z = 8 the 
cross sections at 340-MeV are SO to 80% higher than 
at 288-MeV. The cross sections tend to increase 
with increasing Z. This is in definite contrast 
both with the Ne + Ag case and the N + Ag case. In 
the first case the cross sections are quite con-

:stant and in the second case the cross sections 
actually decrease with Z. The angular distributions 
are more forward peaked than backward peaked for 
all the Z's, more forward peaked close to Z = 18. 
·The excess forward peaking shows that the decay 
occurs in a time comparable to the rotational 
period cro-20, lo-21 sec). The decreased forward 
peaking for products farther removed from the pro
jectile indicates that the products close to the 
projectile are populated sooner than those farther 
removed from it and consequently can be emitted 
sooner. 
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Fig: 2. Cross sections as a function of Z for 
var1ous laboratory angles at 288-MeV and 340-MeV 
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Fig. 3. Center of mass angular distributions for 
various Z's at 288-MeV and 340-MeV bombarding 
energy. (XBL 752-2302) 

In conclusion, the evidence seems to support 
the hypothesis of a short-lived intermediate com
plex (instead of a compound nucleus) that decays 
before all the degrees of freedom, in particular 
the mass asymmetry degree of freedom, have had the 
time to undergo complete relaxation. 
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COINCIDENCE EXPERIMENT IN THE REACTION ARGON (340 MeV) ON SILVER; 
USING A SOLID STATE POSITION SENSITIVE DETECTOR AND A PARTICLE TELESCOPE 

R. Babinet, Z. Fraenkel, P. Russo, R. Jared, 
L. G. Moretto, and S. G. Thompson 

Coincidence experiments with and without a 
position sensitive detector (PSD) have been used 
in the early study of the fission-like process ob
served in heavy ion reactions.l,2,3 In a typical 
experiment both energies and angles of the two com
plementary fragments are measured. From these mea
surements the two-dimensional mass-energy distribu
tion of the products may be deduced, provided sev
eral a priori assumptions on the process itself are 
made. However, even if these assumptions were 
justified, this general approach suffers, in the 
case of heavy ion reactions, from uncertainties 
associated mainly with a large center of mass 
motion and, with the poor knowledge of surface 
barrier detector response to heavy ions, especially 
with a PSD. On the other hand, through the recently 
developed ionization ~E counter telescope,4 which 
allows charge determinations up to 30 or more, de
tailed information regarding both the quasi-elastic 
and the relaxed components in heavy ion reactions 
has been obtained from measurements on the light 
fragment alone,5 independently of any constrainton 
other products of the reactions. Information on 
correlated distributions may be obtained, with no 
loss of efficiency, by combining these two tech
niques. The information on the charge of the light 
fragment is expected to improve greatly the quality 
of such experiments. In this framework, we have 
considered first the hypothesis of binary division. 
The main evidence for binary division in the re
laxed component of heavy ion reaction cross sec
tions comes from the kinetic energy of the light 
fragments. Previous experimental results5 indicate 
that the average kinetic energies of all products 
detected, except for a few Z's around the projec
tile Z where a high energy component associated 
with the transfer of a few nucleons is present, 
are consistent with the energy expected from the 
Coulomb repulsion of two complementary fragments. 
However, a systematic shift of the average kinetic 
energy by a few MeV seems to show up between for
ward and backward angles in the angular distribu
tion, thus indicating that the assumption of a 
binary division should be much more carefully 
checked. In order to investigate this point, we 
have started at the SuperHILAC, a coincidence ex
periment between an ionization telescope and a 
position sensitive detector (PSD). We were then 
able to measure the energy and identify the charge 
of the light fragment as well as to determine the 
energy and the position of the heavy partner in 
the PSD. . 

The ORTEC position sensitive detector used in 
this experiment is 7 rran high and 45 rran wide, 
giving an angular acceptance of 24° in the re
action plane. Protection against beam induced · 
electron background was obtained by magnetic de
flection which we have found more effective and 
more convenient than an electrostatic shielding. 
The ionization telescope has been described else
where.4 Improvement in the collection time for 
the ~E signal with no loss of resolution has 

been obtained using pure methane (in place of 
argon + methane) as gas for the ionization part of 
the telescope. The 340-MeV Ar beam with an intens
ity of about 2 x 1010 pps was used to bombard a 
300 ~g self-supporting silver target. Precision 
pulses were recorded in and out of the beam pulse 
during the run in order to check for pile-up ef
fects. The position signal of the PSD was cali
bratedusing a collimator with seven holes, the dis
tance between the center of two consecutive holes 
was 5 rran. The linearity of the position signal as 
a function of the energy signal was found to be 
excellent, while on the other hand the differential 
linearity of the position signal as a function of 
the true position in the detector for a given en
ergy is about 13% between hole No. 1 and hole No.7. 
This can be easily corrected for, once measured, 
but it has nevertheless been ignored in the pre
liminary analysis of the data. A summary of the 
results is presented in Table 1 for four different 
sets of PSD and ionization telescope angles. The 
last two columns refer to the distribution of the 
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Fig. 1. Center of mass angle for the light frag
ment versus that of the heavy fragment. The three 
curves correspond to three different pulse height 
defects in the position sensitive detector (0, 5 
and 10 MeV). The Z of the light fragment for each 
point is written next to it. (XBL 752-2387) 
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sum of the c.m. angles for the two fragments. The 

average 8~ + 8~ should evidently be 18iffor a 
binary process. The discrepancy (- 15") between 
this value and the measured one is expected to be 
accounted for by neutron evaporation and pulse 
height defect. The influence of the pulse height 
defect is shown on Fig. 1, where the c.m. light 
fragment angle is plotted versus that of the heavy 
fragment for different pulse height defects. (A 
value of 6MeV was measured for silver ions of 30 
MeV and the adopted value in Table· 1 is 5 MeV.) No 
attempt has been made yet to correct for neutron 
evaporation. The variance of the distribution 

(8~ + 8~) is rather broad. If this is associated 

with neutron (or particle) evaporation, a similar 
width should be observed in the azimuthal distri
ution. More over, such a broad distribution in 
azimuthal angle also means that we lose many co
incidence events (compared to the singles rate), 
due to pure geometrical effects. Thus a more quan
titative analysis of the data (comparison of the 
coincidence events cross section with single event 
cross section) requires the knowledge of the azi
muthal distribution. We have just made such a mea
surement and some results are shown in Figs. 2 and 
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Fig. 2. Azimuthal angular distributions in the 
Laboratory and center of mass systems. 

(XBL 752-2386) 
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3. The width of the azimuthal distribution is sub
stantially lower than that observed for the radial 
angular distribution. However, the variance of this 
last distribution includes a contribution from the 

8~ + 8~ as a function of the number of evap
orated neutrons, and this is expected to broaden 
the distribution. Indeed this could even give some 
measure of the distribution of the evaporated neu
trons. 

In summary, preliminary results indicate that 
the hypothesis of binary division is well founded, 
and that a more quantitative result can be ob
tained. However, the energy dependent efficiency. of 
coincidence detection, not only complicates the 
analysis of the data but also introduces some im
precision in the results. More striking is the in
direct information on the neutron evaporation, 
which seems to be produced in this experiment. It 
is clear that such results would be of great in
terest for the general understanding of the deep 
inelastic process. In this respect, we conclude 
that this type of experiment seems very appealing. 

Angles: 
Ionization telescope - 40° 

Zll3 PSD - 30° 

"Btt81' 7.3o 
<Toj> '4.7" 

Fig. 3. Comparison between the azimuthal angular 
distribution of the heavy fragment and the associ
ate radial distribution for the sum of the c.m. 
angles of the two fragments. (XBL 752-2385) 
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STUDY OF THE FRAGMENTS EMITTED IN THE INTERACTION BETWEEN 
197 Au AND 40 Ar AT 288-MeV AND 340-MeV BOMBARDING ENERGY 

L G. Moretto, R. Babinet, J. Galin, R. Schmitt, Z. Fraenkel, 
R. Jared, J. Hunter, and S. G. Thompson 

The study of the reaction products obtained 
in the bombardment of Ag with N, Ne and Ar projec
tiles has shown the following systematics. A large 
fraction of the cross section has completely re
laxed kinetic energy distributions. The same com
ponent of the cross section is characterized by an 
excess forward peaking, more enhanced for products 
close to the projectile. The excess forward peaking 
disappears more rapidly for fragments with Z larger 
than that of the_projectile than for fragments 
with Z smaller than that of the projectile. For 
instance, in the Ne induced reaction, the angular 
distributions are already consistent with 1/sine 
5 atomic numbers above that of the projectile 
(at Z = 15). This is presumably due to the fact 
that the entrance channel asymmetry corresponds to 
a potential energy of the intermediate complex 
sloping in the direction of increasing asymmetries. 
The diffusion process is expected to drive the sys
tem rapidly in the direction of decreasing poten
tial energies, leading to a rapid decay and to a 
forward peaking of the fragments with Z's lower 
than that of the projectile. The diffusion also 
spreads slowly towards higher potential energies 
thus allowing the system to emit fragments with 
Z's larger than that of the projectile over a 
longer time span and with a symmetric angular dis
tribution. The choice of Au as a target should 
reverse the above situation to some extent. The 
injection asymmetry corresponds now to a potential 
energy sloping towards symmetry. Therefore one 
should expect a substantial excess in for-
ward peaking which is retained well above the pro
jectile. Furthermore, the bombardment of a Au tar
get has an additional purpose. With such a heavy 
target one should obtain nuclei with fission bar
riers much lower than with an Ag target. A very 
large cross section for fission as understood in 
the traditional sense should be observed. On the 
other hand, if a large excess forward peaking 
should be observed over a large range of products, 
one should be led to believe that indeed a new 
process distinct from the traditional compound nu
cleus process is involved in the reactions. The 
experiments have been carried out at 288 MeV and 
at 340 MeV with a set-up similar to that used in 
Ne and Ar induced reactions on Ag. 

Close to the grazing angle it is sometimes 
easy to single out the relaxed component of the ki
netic energy since two distinct peaks (quasi-elastic 
and relaxed) are observed (see Fig. 1). One must no
tice that the quasi-elastic contribution is not the 
same below and above the projectile. The quasi-elas
tic cross section is vanishing and can be neglected 
with regard to the relaxed component for Z ;;>21, at 
all angles. But for Z's as low as 12 or even lower, 
the energy spectra exhibit a much broader R~ and 
a higher mean energy in the forward direction than 
in the backward direction, well outside the gra~ing 
angle. Thus here observes indeed a higher energy 
component which seems to be added to the relaxed one. 
Yet it is quite puzzling to consider the exchange of 
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Fig. 1. 
tions. 

Some examples of kinetic energy distribu
(XBL 752-2304) 

12 nucleons (6 protons and a similar number of neu
trons) or more as a quasi-elastic phenomenon. For 
Z = 7 or 8 the energy spectra remain the same inside 
the grazing angle as they are well outside this 
angle. 

Furthermore the most probable energies appear 
to be· slightly shifted toward higher values (sev
eral MeV) when observing the products more and more 
forward. This seems to occur for all the products, 
although it is more difficult to reach such a con
clusion for the products affected by the quasi
elastic contribution. Thus for the products emitted 
in the forward direction the energy thermalization 
process is not as complete as it is elsewhere. 
That gives a more accurate idea of the time needed 
for the kinetic energy to attain complete relaxa
tion. It is actually more than a quarter or even 
half the time of a rotation period. 

• It is clearly seen in Figs. 2 and 3 that the 
relative cross section of the products is strongly 
dependent on the bombarding energy. It is inter
esting to notice that above the projectile, higher 
cross sections are found for the lower bombarding 
energy. The increase of bombarding energy results 
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Fig. 3. Center of mass angular distributions for 
various atomic numbers at the two bombarding 
energies. (XBL 752-2307) 

in an increase in the temperature of the composite 
system. This has the effect of smoothing the dif
ferences in the potential energy of the system. 
Therefore the relative distribution of the pro
ducts is expected to be also smoothed by an in
crease in the energy, as observed. 

Concerning the angular distributions (Fig. 3), 
several comments must be given. Distributions are 
more forward than backward peaked and nowhere has 
a 1/sine distribution been found as it was for ex
ample in the case of Ne induced reactions on Ag. 
In the case of 288-MeV Ar on Au this means in 
particular that all the fragments up to Z = 29 @nd 
consequently a mass around 65)cannot be accounted 
for in terms of the fission of a completely re
laxed compound nucleus as has been done so far. 

Furthermore, the retained forward peaking up 
to Z = 29 indicates that the system is diffusing, 
as expected, on a downward sloping potential en
energy, towards symmetry . 
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PRELIMINARY STUDIES ON THE REACTION Cu + 84 Kr 
AT 606-MeV BOMBARDING ENERGY 

L. G. Moretto, R. Babinet, R. Jared, R. C. Gatti, 
J. Moulton, and S. G. Thompson 

A very preliminary investigation of the re
action between Cu and 606 MeV 8~Kr has been car
ried out. The purpose of this study is to compare 
both the particle cross sections and their kinetic 
energies with the reaction Ag + 40Ar at 288-MeV 
bombarding energy. The combined system is the same 
in both cases. The differences in the center of 
mass energy are minor. The main differences are of 
course in the angular momentum and especially in 
the entrance channel mass-charge asymmetry. 

The data have been collected with particle 
telescopes described in the Ne + Ag reaction re
port. The experimental results show an amazing 
similarity between the two reactions. In Fig. 1 
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Fig. 1. Comparison of the c.m. kinetic energy 
distributions for Z = 16 in the reaction Ar + Ag 
and Cu + Kr. (XBL 745-3211) 

the center of mass kinetic energy distributions for 
a Z = 16 fragment obtained from both reactions is 
shown. The ·two peaks appear to be identical within 
the experimental uncertainty. This is not too sur
prising, in as far as these "relaxed" components 
in the kinetic energy distribution find their 

1 origin in the Coulomb repulsion of the two frag
ments. More surprising is the similarity of the 
two reactions in the cross sections as a function 
of the fragment Z (Fig. 2). The cross section ap
pears to increase with increasing atomic number 
and is modulated by the usual even-odd effect. A 
full comparison of the two reactions is possible 
only after many more angles are measured and a 
complete angular dis~ribution is available. 
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FISSION EXCITATION FUNCTIONS IN MEDIUM-HEAVY NUCLEI 

L. G. Moretto, R. C. Gatti, 
R. P. Schmitt, and S. G. Thompson 

The measurement of fission barriers is im
portant in the study of smoothly varying nuclear 
properties such as those described by the liquid 
drop and droplet models. A straightforward and 
powerful technique for obtaining fission barriers 
is through the analysis of excitation functions. 

Since fission barriers tend to decrease with 
increasing z2JA (neglecting shell effects), many 
of the heavier elements have already been studied. 
The virgin territories lie in the region around 
2g~Pb, in the area just preceding it and extending 
into the lanthanide region. It is the purpose of 
this work to fill in some of the gaps around 
2Q~Pb remaining from our previous work and to ex
tend the measurements into the rare earth region. 
A good deal of data has already been taken using 
4He and to a lesser extent lH projectiles on vari
ous targets. 

In order to obtain meaningful results, targets 
free of heavy element contamination (e.g., 232Th, 
238u) must be used. The Hg isotopes are well suited 
for use in this instance because their low boiling 
point allows them to be vaporized relatively free 
of contamination. Despite the obvious difficulty 
involved, targets have been prepared by first 
amalgamating the Hg with Ag and then covering the 
target with thin layers of Pd which does not form 
an amalgam but does prevent evaporation of the Hg. 

The experimental apparatus is depicted in 
Fig. 1. The beam enters the chamber from the left 
through an isolation foil and the two Geneva wheels 
in which various degrading foils are mounted . The 
beam then passes through a long collimator 3rnm in 
diameter, strikes a thin ( > 1 mgjcrn2) target 
mounted at 45° with respect to the beam direction 
and is collected in a Faraday cup. Fission events 
are recorded using l-crn2 mica detectors mounted 1 
inch from the center of the chamber and at 135° 
with respect to the beam axis. There are four such 
detectors, any of which can be rotated into posi
tion without breaking the vacuum. 

The angular distribution for the binary fis
sion of ~ rotating nucl~us is approximately pro
portional to (sine) -1 where 8 is not close to 
either Door 180°. Such an angular distribution 
yields the same integrated cross section as an 
isotropic distribution normalized at 140.5°. Be
cause of the kinematical shift and the deviation 
form (sine)-1, we chose to position the track d~· 

Geneva wheel~ Fission ~hield 

4 

,_......_.:, = ~ Fo•aday cup 

·He+---88-i:=::::J-. ---~~--·-~ , - / Target 
Isolation -- Cplltmato• 1-' ~} Mogn~t 

fo1l Mice -:::::;/ 

7.2~8 rng/cm 2 AI holder 

Fig. 1. Experimental apparatus. (XBL 742-2460) 

tectors at 135° in the lab. The geometry factor 
of this configuraiton is easily obtained using a 
Au target because the lH + Au and 4He + Au systems 
have been well studied. 

The experimental data as it exists at present 
are shown in Fig. 2. All · the excitation functions 
are seen to rise rapidly with increasing excitation 
energy. One striking feature of the data is the be
havior of the Hg isotopes. The cross sections are 
depressed dramatically as the rnagnic numbers 
N = 126 and Z = 82 are approached, thus beautifully 
illustrating the effect of shell closure on the 
fission barrier height. The Hg isotopes are very 
interesting for quite another reason: after taking 
neutron binding energies into account, one can ob
tain a direct estimate of the cross section for 
first chance fission in several different cases. 
The inclusion of a 198Hg target will serve to im
prove the data in this respect. 

The data obtained from the study of lH-induced 
fission are still in the preliminary stages. Upon 
its completion, a great deal will have been added 
to our understanding of smoothly varying nuclear 
properties not to mention a very close look at the 
closed neutron and proton shells at N = 126 and 
Z = 82 respectively. 

• ~Pb +~He 
• ~:~Hg +~He 
• 

2~Hg+ ~He 
• 2JliHg + ~He 

• 
2g~Hg +~He 

• ~~~w + ~He 

Ex (MeV) 

Fig. 2. Fission cross sections as a function of 
excitation energy. (XBL 752-2378) 
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COMPLETE FUSION CROSS SECTIONS FOR THE 2 0 Ne + 2 3 5 U SYSTEM 

V. E. Viola, Jr.,* A. ~· Zebelman, R. ~· Sextro, 
W. G. Meyer, and R. G. Clark . 

The complete fusion and total reaction cross 
sections for collisions between 175- .and Z5Z-MeV 
ZONe ions and Z35u have been measured at the 88-
Inch Cyclotron in order to study the dependence of 
ocFioR as a function of excitation energy. Here we 
define oCF as the cross section for fission result
ing from reactions in which there is complete trans
fer of projectile linear momentum to the targetiJro
jectile system; oR is the total nuclear reaction 
cross section. The fission-fragment angular corre
lation technique was used to determine complete fu
sion cross sections. Both planar and non-planar 
measurements were performed using a position-sensi
tive semiconductor detector (PSD) covered with a 
multi-slit collimator. The planar correlation func
tion for 175-MeV ZONe + Z35u is shown in Fig. 1; 

100 

., 
> 

0 
~ 

10 

175- MeV 20 Ne + 235u 

IJ! = - 55 0° I • 

I ~--~--~~--~--~----~--~--~ 
80 90 100 110 120 130 140 

IJ!2 
Fig. 1. Fragment angular correlation from fission 
of Z35u with 175-MeV ZONe ions. A defining detector 
(~1) was placed at -55.0° with respect to the 
beam axis and correlated fragments (~z) were ob
served with a PSD placed at appropriate angles. 
Data represent only planar contributions to the 
correlation function. (XBL 757-3437) 

,here a defining detector was placed at -55.0° and 
' the PSD at appropriate correlation angles. The non
planar correlation functions are found to be much 
broader at correlation angles near 170-180° ($z=ll5 
-1Z5°), indicating a larger contribution from in
complete fusion events than indicated in the planar 
correlation function. 

Total reaction cross sections were determined 
in two ways: 1) by measuring the total fission 
cross sectionl and, because of the very high fis
sionability of Z35u, assuming Of =OR· and Z) by 
measuring the elastic scattering of ~ONe and deter
mining oR using the 1/4- point recipe based on 
Fresnel scattering theory.Z Elastic scatteringdata 
were also obtained using a position-sensitive detec
tor, and plots of oelasticfoRutherford are shown in 
Fig. Z as a function of center ot mass angle. From 
the elas!ic scattering data we obtain the following 
total nuclear reaction cross sections, oR, and max
imum angular momentum values, Rma.x= at 175-MeV, 

Bc.m. 
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Fig. Z. Ratio of elastic scattering (oel) to 
Rutherford scattering cross section (ORuth) as a 
function of center-of-mass angle for 175-MeV ZONe 
ions incident on Z35u (upper curve) and Z5Z-MeV 
ZONe ions on Z35u (lower curve). (XBL 757-3438) 
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OR= 1900 mb and· Rmax = 91.8, and at 252-MeV, OR= 
2810 and !~max= 1_34. Preliminary analysis of the 
angular correlation results at 175-MeV yields a 
value of ocp/OR = 0.75±0.05. This value corre
sponds to a critical angular momentum, R-c = 76.5. 
This is to be compared with a ~filue of R-c = 84. 5 de
rived previously with 208-MeV ~e ions and a 238u 
target. 3 The dependence of the ratio crcp/oR and R-c 
on excitation energy will be studied us1ng current 
potential model predictions.4 The elastic scatter
ing data are also being analyzed in terms of Fresnel 
scattering theory and various heavy ion optical mod-. 
el potentials. 
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COUNTER EXPERIMENTS IN THE THIN TARGET AREA AT LAMPF 

G. W. Butler,* D. G. Perfy,* A.M. Poskanzer, 
J. B. Natowitz,t F. Plasil, and L. P. Remsberg§ 

A collaborative effort has been initiated to 
conduct counter experiments in the main proton 
beam line at the Los Alamos Meson Physics Facil
ity. The 800-MeV proton beam, with present inten
sity of 10 ~. irradiates a uranium target 
3.5 mg/cm2 thick. Fragments were identified by ~E-E 
silicon counter telescopes located 4.6 m from the 
target. Energy spectra have been measured for He, 
Li, Be, and B fragments at 45°, 90°, and 135° to 
the beam. It is expected that the data will be use
ful in describing the low deposition energy pro
duction of these fragments for comparison to 
higher energy reactions at the Bevatron and 
Bevala.c. 

Preliminary results, when compared to the pre
vious work with 5-GeV protons,l indicate that the 
energy spectra peak at higher kinetic energies and 
fall off more steeply above the peak. 

A second experiment, utilizing a silicon 
~-E-TOF telescope,2 was installed at 90° to the 
beam and some test data were taken. Both the time 
of flight between the ~E and E detectors and the 

time of the ~E signal relative to the RF of the 
linac were recorded. At LAMPP the proton beam 
comes in 0.2 ns wide bursts every 5 ns. It is 
planned to use the time of flight between the sili
con detectors to sort out which beam micropulse 
the fragment came from. Thus it should be possible 
to do TOF identification from the RF over a 4-1/2 
meter flight path. 
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FRAGMENTS FROM URANIUM IRRADIATED BY 2.1 GeV/NUCLEON 
DEUTERONS AND ALPHA PARTICLES* 

A. M. Zebelman, A.M. Poskanzer, J.D. Bowman,t 
R. G. ~xtro, and V. E. Viola, Jr.+ 

An aspect of high energy proton reactions with 
complex nuclei that has emerged recently is that 
the gross features of this interaction are inde
pendent of proton bombarding energy from a few 
GeV up to 300 Gev.l That is, it appears that above 
a few GeV, increasing the proton energy does not 
deposit any more energy in the target nucleus. The 
orientation of the present work is to determine if 
the gross features change when one keeps the energy 
of the projectile at a few GeV/nucleon but in
creases the mass of the projectile. The preliminary 
results of Sullivan et al.2 indicate that signifi
cant changes occur. We have previously made exten
sive studies of the energy spectra and angular dis
tributions of He through·Mg fragments from heavy 
targets irradiated by high energy protons.3,4 This 
work shows that the energy spectra of the products 
Li and heavier are sensitive indicators of high dep
osition energies in the nucleus. Thus a comparison 
of the energy spectra of these fragments produced 
by heavy ions and protons should bear on the prob
lem of energy deposition. In the present work en
ergy spectra and crude angular distributions were 
measured for He to B fragments from a uranium tar
get irradiated by the 2.1 GeV/nucleon deuteron and 
alpha beams from the Bevatron. In order to allow a 
careful comparison with proton-induced reactions, 
data were remeasured with the same equipment using 
4.9 GeV protons. Most o£ the experimental details 
are described more fully in Ref. 3. In general, the 
detector telescopes used consisted of a transmis
sion ~E detector, and E detector, and an anti-co
incidence detector. 

The energy spectra from the alpha particle re
actions and the proton reactions are shown in 
Fig. 1. The peak cross sections of the proton-in
duced reactions have been normalized to those of 
the alpha-induced reactions in order to illustrate 
the more prominent high energy tails and somewhat 
increased yields at low energies in the alpha data. 
The data show gross features already noted for pro
ton irradiations:3 

1) The peaks in the spectra shift towards 
higher energy as the atomic numbers of the frag
ments increase, in accord with an increasing 
Coulomb barrier. 

2) The spectra of the neutron-deficient iso
topes 61i and 7Be exhibit more prominent high en
ergy tails than do the other isotopes of these ele
ments. 

Laboratory angular distributions are shown in 
Fig. 2. Shown with the proton-induced data are the 

"previously published data3 at five angles, showing 
that a straight line through the data is adequate 
for integration. The distributions were integrated 
according to the straight lines drawn between the 
data points to give the total cross sections listed 
in Table 1. 

As in Ref. 3 an attempt was made to fit the 
energy spectra in terms of an evaporation model in 
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Fig. 1. Laboratory energy spectra at 90° for alpha 
and proton irradiations. The incident proton data 
are shown as dashed curves and have been normal
ized at their peaks to the incident alpha data. 

(XBL 7 45- 2985) 

order to extract certain parameters, such as effec
tive Coulomb barriers and apparent nuclear tempera
tures. The parameters obtained with incident pro
tons were consistent with those obtained previ
ously.3 

From the analysis of the alpha induced data it 
was found that the fragments are forward peaked in 
the system of the emitting nucleus and that this 
effect is more pronounced than observed previously 
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Fig. 2. Laboratory angular distributions for alpha
and proton-induced reactions. The dashed lines go 
through the incident proton data. The circles are 
from the present work while the data represented 
by triangles come from Ref. 3. (XBL 745-2985) 

Table 1. Total cross sections for the alpha
induced reactions and ratio of alpha- and deuteron
induced reactions to proton induced reactions. 

Isotope a aa/ap aiap a. 
(mb) 

4He 10600 2.9 1.4a 

6He 310 3.1 1.5b 

6Li 297 3.3 1.3b 

7Li 650 3.8 1.5a 

8Li ...ZlO 4.2b 1.2b 

9Li ~ 60 3.8b 1.5b 

7Be 67 4.3 1.5a 

9Be 157 3.4 1.3a 

lOBe 196 4.0 1.6a 

11Be ~ 21 4.3b 

12Be ~u 4.5b 

~ased solely on the goo differential cross 
sections. 
bBased solely on the ratios 
90° particle spectra. 

of peak areas in the 
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with incident protons.3 Additionally, it was found 
that the effective Coulomb barriers that were al
ready anomalously low with incident protons, have 
dropped another 15% for incident alphas; the appar
ent temperatures, which were unbelievably high for 
incident protons, have climbed another 1-1/2 MeV on 
the average for incident alphas; and finally, the 
smearing parameters, which describe the dispersion 
in the Coulomb barrier, have increased almost a 
factor of 2. 

In Stmmlary, we find that although the cross 
sections for the production of fragments from 
uranium are a factor of 1.5 higher with deuterons 
than with protons, the energy spectra of these 
fragments are not significantly different. How
ever, in the interaction of alpha particles with 
uranium there are many indications of increased 
deposition energy. The cross sections for producing 
the fragments are a factor of 3 to 4 higher. The 
effective Coulomb barriers are lower, the apparent 
temperatures are higher, the smearing of the energy 
spectra has increased, and the angular distribu
tions are more forward peaked. 
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STUDIES AT THE BEVATRON OF FRAGMENTS FROM C, AI, Ag, 
AND U TARGETS OBSERVED WITH A GASEOUS ~E COUNTER 

R. G. Sextro, A. M. Zebelman, and A. M. Poskanzer 

Previous counter telescope studies of frag
ments from the high energy proton bombardment of 
Al (Ref. 1), Ag (Ref. 2), and U (Ref. 3) targets 
have been restricted in the range of fragment 
energies observed because of the low"' energy cut-off 
caused by the thickness of the ~E counter. Only 
the high energy tails were observed for all frag
.ments from the Al target and for the fragments 
heavier than C from the Ag and U targets. This 
caused serious omissions in both the energy spectra 
and the cross-sections. 

In the present experiment we have used a thin 
gaseous ionization counter as a ~E detector, along 
with a 100 )liD E detector in a counter telescope 
to study fragments from C, Al, Ag, and U targets. 
While the previous measurements had low-energy 
cut-offs ranging from l.S MeV/nucleon for the 
lighter fragments to 2.S MeV/nucleon for the heav
ier fragments, the present data extend down to 0.6 
MeV/nucleon for all fragments observed. 

The ionization counter was adopted from one 
designed by Fowler and Jared,4 and used success
fully in studies of heavy-ion induced reactions. 
Fragments entered the gas counter through an 8-mm 
diameter entrance window of SO )lg/cm2 Formvar 
(supported by a wire grid), traversed a 7.1 em 
flight path through an Ar-CH4 gas mixture (P-7) at 
SO Torr pressure, and struck the E detector located 
inside the gas. The total gas thickness of"' 0.76 
mg/cm2 is equivalent to "' 3 )lffi of silicon. The 
first stage of the preamplifier was located inside 
the gas counter, giving a typical ~E pulser reso
lution of 16- 20 keV FWHM. The gas flowed contin
uously through the counter at "' 0.6 Torr-liters/ 
sec, and the pressure was stabilized to within± 1% 
using a Cartesian manostat on the counter exit. 
The coincidence time resolution between the ~E and 
E counters was measured to be 160 nsec FWHM for 
the 8-mm diameter window, and was found to be a 
direct function of the size of the window. This 
is consistent with the expected electron drift 
velocities in the gas. 

The measurements consisted of three sets of 
experiments. The first used the 4.9 GeV proton 
beam to bombard self-supporting C (68 )lg/cm2 poly
styrene) and Al (168 )lg/cm2

) targets. Energy 
spectra for all products were obtained at 20, 4S, 
90, 13S, and 160°. The second set of experiments 
used a 2.1 GeV proton beam on the same targets, 
but with energy spectra acquired only at 20, 90, 
and 160°. The final part used the 4.9 GeV proton 
beam to irradiate Ag and U targets. For the 
former (S30 )lg/cm2 self-supporting Ag), energy 
spectra for fragments from B to Ar were observed 
only at 90°. MOre complete information was obtain
ed for the U target (71S )lg/cm2 as UF 4 on 0.2S mil 
Mylar), with energy spectra for N to Ar fragments 
observed at 20, 90, and 160°. 

A ~E vs E spectrum is shown in Fig. 1 for the 
Al target. Element ridges can be clearly seen for 

He up to Na, with an indication of some Mg events. 
The maxima in the ridge lines for the low energy 
heavy elements is caused by the neutralization of 
the atoms as they slow down. Resolving elements at 
energies below the maxima may be difficult. An indi
cation of the elemental resolution from the analog 
particle identifier (PI) can be obtained by restrict
ing the fragment energies to a fairly narrow band 
above S MeV. Such a spectrum is shown in Fig. 2; 
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Fig. 1. Two-dimensional plot of ~E vs E showing 
distinct ridges for different elements. The 
contour level has been adjusted for each element 
separately for clarity. (XBL 7S7-3446) 
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Fig. 2. Analog particle identifier spectrum for 
fragments with energies between S and 10 MeV. 

(XBL 7S7-3447) 



elements heavier than Ne are off-scale to the right. 

Currently off-line digital PI techniques are 
being used to attempt to separate isotopes for the 
very light fragments, and to achieve element reso
lution independent of particle energy for all 
fragments. It is anticipated that energy spectra 
and cross-sections will then be obtained. The data 
from A1 + 2 .1- GeV p will be compared to cascade 
evaporation calculations. The data from C+ 2.1-

5 GeV p will complement the results of Cork et al, 
where a hydrogen [ (GI~)n - C difference] . target was 
bombarded with a 2.1 GeV/nucleon C beam. All of 
the light target data.will be of interest to astro
physics, and the heavy target data to the study of 
high deposition energies in high energy nuclear 
reactions. 
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CROSS SECTIONS ABOVE 0.3 GeV FOR (p,2p) 
REACTIONS OF 48 Ti AND 74 Ge* 

N. P. Jacob, Jr. and S. S. Markowitz 

This work reports the results for (p,2p) ex
citation functions of 48Ti and 74Ge, both medium 
mass nuclei amenable to analysis without chemical 
separation. Since the predominant mechanism for 
(p,2p)•reactions involves a "quasi-free" knockoutl 
of a target proton, it has been used to illustrate 
free-pp scattering structure in the (p,2p) excita
tion functions determined by activation. The pur
pose of this particular study was to supplement the 
several prior excitation function studies2-4 and 
gain a more complete notion of the systematic vari
ation of free-particle structure in such reactions. 

The targets for this work were prepared by 
high temperature vacuum evaporation of enriched 
48Ti02 (99.13%) and 74Gea2 (94.5%) to thicknesses 
of 0. 7-1.5 mgjcm2 on 0.0013- em aluminum foil. All 
targets were activated in the internal proton 
beams of the Lawrence Berkeley Laboratory (184-Inch 
Synchrocyclotron at energies from 0.3 GeV to 
0.73 GeV, and the Bevatron for energies from 1.0 
GeV to 4.6 GeV. Subsequent gamma ray counting of 
the foils with high resolution Ge(Li) detectors 
and analysis by computer code permitted cross sec
tions to be calculated. The details of the exper
imental procedure are described elsewhere.5 

The final, (p,2p) cross sections are summarized 
in Table 1 and plotted as a function of incident 
proton energy in Fig. 1. The cross sections for the 
monitor reaction 27Al(p,3pn) 24Na used to calculate 
the reaction cross sections were taken from the 
review article of Cumming.6 The uncertainty quoted 
with each (p , 2p) r:esult is the mean standard de
viation and is derived from the individual deter-
minations. · 

As seen from Fig. 1 and Table 1, the phenom
.enon of quasi -free pp scattering is observed for 
these medium mass nuclei. Previously measured 
(p,2p) excitation functions in the FeV energy 
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Fig. 1. Excitation functions for the 48Ti (p,2p) 
47sc and 74Ge (p,2p)73Ga reactions. The open circle 
at 0.155 GeV is taken from Ref. 7. The total cross 
seciton for pp scattering is also plotted for com
parison. Below 0.5 GeV, the free-particle curve was 
taken from Ref. 8 and above 0.5 GeV, the data from 
Ref. 9 were used. (XBL 7410-4498) 

region have also reflected the rise in cross sec
tion between 0.4 and 1.0 GeV, corresponding to an 
increase in the free-particle pp cross section over 
the same energy region.2-4 

In Table 2, the ratio of the cross section at 
1.0 GeV to that at 0.4 GeV for prior and present 
work is summarized. The increases in relative cross 
section observed in the present study are in good 
a~reement with that determined by Reeder4 for the 
2 Mg(p,2p) 24Na reaction. From the tabulated re
sults, we note that the cross section or "reduced 
free-pp" ratio has a roughly constant mean value 
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Table 1. Reaction cross sections. All free pp cross sections are obtained from Ref. 6, unless indicated 
otherwise. 

48
Ti (p, 2p) 

47 
Sc 74Ge(p,2p) 73Ga 

Energy Individual Cross Averaqe±s.d. Individual Cross Average±s.d. Free pp Monitor Cross b 

(GeV) Sections (mb) (mb) Sections (mb) (mb) (mb) Sections (mb) 

0.300±0.012 23.3,22.9,22.8, 
22.9,24.5 

23.3±0. 7 22. 5±1.5a 10.1±7\ 

0.400±0.016 19.4,20.2 19.8±0.6 24.0±l.Oa 10.5 

0.520±0.022 27.3,25.5,27.8, 
26.9 

26. 9±1.0 34.0±0.2 10.7 

0.730±0.029 27.9,28.4,28.1, 
29.5 

28.5±0.7 23.9,21.2 22 .6±1.9 46.0±0.1 10.8 

1.00±0.01 29.4,28.8 29.1±0.4 23.5,,22.3 22.9±0.8 47.5±0.1 10.5 

1.60±0.02 28.8,28.1 28.5±0.5 21.9,20. 7 21. 3±0. 8 46.4±0.1 10.0 

2.80±0.03 26.5,23.9 25.2±1.8 18.8,20.0 19.4±0.8 43.0±0.1 9.2 

4.62±0.05 25.4,~6.6 26.0±0.8 18.5,16.1 17. 3±1. 7 40.9±0.1 8.8 

Table 2. Ratio of (p,2p) cross section at 1.0 Gev to the cross section at 
0. 4 GeV for various targets. 

Reaction 0Lol"o.4 

free pp 1.98±0.08 

25M3 (p, .2p) 24Na 1.19±0.05 

48Ti (p, 2p) 47 Sc 1.17±0.04 

57Fe(p,2p)56Mn 1.40±0. 31 

68zn (p, 2p) 
67 

Cu 1.46±0.22 

74Ge (p, 2p) 73Ga 1.16±0 .OS 

142ce (p, .2p) 141La 1.47±0.13 

across section at 0.4 Gev is interpolated fran excitation function. 

bThis ratio represents o
0

. 72;o
0

.
42

. 

Reference 

8,9 

Present Worka 

Present Work 

of 1.31 ± 0.06 for the reactions. This fact may 
imply that an increasing nuclear surface, where 
simple knockout reactions are thought to occur, 
may nearly compensate for particle attenuation scat
tering, which would also increase with mass number. 

To date, there exists no (p, 2p) cross section 
calculations in the literature above the meson 
threshold of about 370 MeV. The results of such a 
calculation would be of considerable interest in 
demonstrating the theoretical behavior of (p,2p) 
cross sections in the GeV energy region. 

Therefore, as part of this study, (p, 2p) 
cross sections were calculated for 48Ti and 74Ge 
up to 1.0 GeV incident proton energy using the 
Monte Carlo intranuclear cascade model of HarplO 
coupled to the evaporation code of Dostrovsky 
et a1.11 The cascade model allows for inelastically 
produced (3,3) isobars and their subsequent inter-

. action or decay in the nucleus. Only single isobar 
production is considered and thus cross section 
values above 1.0 GeV, where double pion production 
and double'isobar formation become a possibility, 
were not calculated. 

A plot of experimental and calculated values 
is presented in Figs. 2 and 3. Calculated (p,pn) 
cross sections are included for comparison. 
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Fig. 2. Calculated and experimental (p,2p) cross 
sections for the 48Ti (p,2p) 47sc reaction. The 
48Ti (p,pn)47Ti cross sections, calculated using 
the same model (Ref. 10) are also added to the plot 
for comparison. (XBL 747-3690) 
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Fig. 3. Calculated and experimental (p,2p) cross 
sections for the 74Ge (p,2p) 73Ga reaction. The 
74Ge (p,pn)73Ge cross sections, calculated using 
the same model (Ref.l~, are also added to the plot 
for. comparison. (XBL 74703691) 



A concise summary of experimental and theo
retical work emphasizing excitation function shapes 
and trends is illustrated in Fig. 4. The "experi
mental" and "calculated (p_,2p) curves" were ob
tained bS normaliztgg the t4Ge(p,2p) 73Ga results 
to the 4 Ti(p,2p) 47sc results up to 1.0 GeV. In 
a simila7 fashion, the (p,pn) Monte carlo results 
for the 4Ge were normalized to those for 48ri to 
yield the smooth "calculated (p ,pn) curve." Plotted 
at the bottom is the free-pp cross section over the 
same energy region. This normalization analysis 
leads to the following immediate conclusions. 
1) The e~erimentally observed rise in cr(p,2p) for 
48ri and 4Ge between 0.3 GeV and 1.0 GeV is sub
stantially smaller than predicted by the Monte 
Carlo calculation. Quantitatively, the relative in
creases in cr(p,2p) are (25 ± 3)% experimentally 
compared to (51 ± 19)% theoretically. 2) The exper
imental and theoretical cr(p,2p) rise is signifi
cantly smaller than the cr(pp) rise over the same 
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o 48Ti (p,2pl 47Sc calc. • 48Ti (p, 2pl 47Sc expt. 
a 74 Ge (p,2pl 73Ga calc. • 74Ge (p,2pl 73Ga expt. 
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Fig. 4. Comparison of cross section changes and ex
citation function shapes. The "experimental" and 
"calculated (p,2p) curves" were obtained by normal
izing the 74Ge (p,2p)73Ga results to the 4~ri 
(p,2p)47Ge were normalized to those for 48ri to 
yield the smooth "calculated (p,pn) curve". Plotted 
at the bottom ~s the free pp cross section over 
the same energy region. (XBL 7410-4099) 
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energy region. These observations may be inter
preted as evidence for attenuation of the incoming 
projectile and outgoing particles by nuclear matter 
matter. 3) Although the shapes not only of the two 
experimental (p,2p) excitation functions but also 
of the theoretical (p,2p) excitation functions are 
similar, the normalizations show the 48Ti (p,2p) 
47sc experimental cross sections to be systemati
cally about 27% larger than those for the 74Ge 
(p,2p) 73Ga reaction. The Monte Carlo calculations 
predict a ~Cp,2p) increase for,48ri in the same 
direction, but only of 6%. 4) The "calculated 
(p ,pn) curve" shows a significant drop above 0. 3 
GeV as opposed to rising "experimental" and "cal
culated .(p,2p)" curves. Calculations also predict 
1

4
1arge (p,pn) cross section for 48ri than for 
Ge by about 11%. 
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NUCLEAR REACTIONS OF C, AI, AND F WITH RELATIVISTIC 
HEAVY IONS AT THE BEVALAC 

D. L. Murphy and S. S. Markowitz 

A new area of experimental physics has been 
opened by the successful acceleration of heavy ions 
to relativistic energies at the Bevalac (0.25 -
2.1 GeV/nucleon). The study of the interaction of 
relativistic nuclei with simple and complex nuclei 
is an area which promises to be a stimulating new 
region of nuclear research, pertinent to elementary 
particles, nuclear structure, and astro
physics.l,2,3 

Early studies of the reactions of relativistic 
heavy ions have indicated that significantly dif
ferent processes are important compared to those 
at 10 MeV/nucleon. For example, fragmentation of 
projectiles has been observed4 to lead to particles 
of lower mass and charge which have very nearly the 
same velocity and direction as the incident ion. 
Heckman et al. found also that the spectra and 
relative yields of projectile fragmentation prod
ucts do not appear to depend on the target nu
cleus. They interpret these results in terms of 
two concepts from the theory of rnultiparticle re
actions at high energy, limiting fragmentation and 
factorization. Limiting fragmentation states that, 
at high energies, the production cross section for 
the ith fragment is independent of energy. Factori
zation states that in the inclusive reaction, 

A+ B +X.+ anything, 

the partial cross sections factor according to the 
rule 

* ' where the function yA depends only on the beam 
nucleus and yB only on the target nucleus. 

Cumming et a1., 5 in their comparison of the 
relative product yields for the spallation of Cu 
induced by 3.9-GeV 14N and 3.9-GeV protons, said 
the results of their study could be considered as 
giving support to the factorization hypothesis. 

In order to further test the applicability of 
these hypotheses to nucleus-nucleus collisions in 
the GeV/nucleon energy region, a study of target 
fragmentation has begun by looking at specific in
clusive reactions which lend themselves to observa
tion after irradiation. For example, the inclusive 
reaction 

12 11 . X + C + C + anythmg, 

where X = relativistic heavy ion, can be studied 
via conventional S-counting. Light targets such 
as Al, F, and C have been used since the induced 
activities are primarily S-ernitters with resolv
able half-lives. Gamma spectroscopy has been util
ized to study the few long-lived emitters which 
can be produced in the interaction of the relativ
istic heavy ion with the light target nuclei. Beam 
monitoring is done with a gas ionization chamber, 
whose characteristics we spent some time studying. 

Some preliminary results of a 2.1 GeV/nucleon 
12c bombardment are presented in Table 1 and corn
pared with proton results. Experiments have been 
performed with ZONe (0.4 GeV/nucleon), 14N 
(1 GeV/nucleon), and 40Ar (1.8 GeV/nucleon). 

Before any definite conclusions can be drawn, 
these reaction cross sections must be determined 
for more heavy ions. In addition, they will be mea
sured at several different incident energies in 
order to determine if the region of limiting frag
mentation has been reached. 

Table 1. Formation cross sections (in mb) for 
2-GeV/nucleon p and 12c.a 

crc(11C) 

crcC
7

Be) 

crF(l8F) 

crF(l3N) 

crAl (24Na) 

;Al (ZZNa) 

crAl (18F) 

crAl (13N) 

crAl (11C) 

crAl (7Be) 

protonsb 

27.2 

10.5 

24.0c 

9.5 

12.3d 

68 

20 

58 

8 

16 

29 

21 

8 

16 

22 

~e convenient notation cr2(Y) denotes the cross 

section for the producing of Y from the target Z. 

bResults normalized to A1 monitor cross section of 
9.5 mb from Ref. 6. 
cRef. 7 dRef. 8 eRef. 8, 2.9 GeV. 
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EXCITATION FUNCTIONS FOR SIMPLE PION INDUCED 
NUCLEAR REACTIONS ON 1 4 N, 1 6 0, AND 1 9 F 

N. P. Jacob, Jr., and S. S. Markowitz 

The use of 'IT mesons in nuclear reaction 
studies has proved to be a valuable tool in eluci
dating the mechanism of these reactions at high 
energies. In contrast to the relatively structure
less nucleon-nucleon cross sections, pion-nucleon 
cross sections display several broad resonances. 
This picture is illustrated in Fig. 1, 
showing the well studied T = 3/2, J = 3/2 reso
nance at - 180 MeV (also referred to as the (3,3) 
resonance) and several smaller resonances at 600 
and 900 MeV incident TI-energy. Therefore, the 
significance of these resonances in the study of 
pion interactions with nuclei may manifest itself 
in two ways 1) The excitation functions for knock
out type reactions of the form (TI,TIN), where N is 
the nucleon removed, should exhibit these struc
tures if a pion-nucleon initial interaction has 
occured. 2) The ratio of 'IT- to 'IT+ induced cross 
sections leading to the same product in knockout 
reactions would yield some additional insight into 
reaction mechanisms. For example, the ratio 

a AX(TI-, TI-nl-1x) I a [ AX(TI +, TIN)A-lx) determined ex

perimentally would be anticipated to be approxi
mately equal to the ratio of free particle cross 
sections o(TI+p)/o(TI-p) = o(TI-n)/o(TI+n), according 
to a simple impulse approximation picture. The 
most famous case is at the (3,3) resonance where 
the reactions 
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Fig. 1. The total free-particle TIN cross sections. 
(XBL 754-2685) 

are_in the r*tio 9:1:2. Since o(TI+p) = o(TI-n) and 
o(TI p) = a(TI n) by charge symmetry, the ratio 
o(TI-n)/o(TI+n) = 9/(1+2) = 3 at 180 MeV. 

Thus, the ratio of n- to 'IT+ induced neutron 
knockout cross sections at about 180 MeV incident 
energy should be about 3. 

The pioneering work of Reeder and Markowitz1 

demonstrated the appearance of the (3,3) resonance 
in the 12C(TI-,TI-n)llc excitation function. The 
first preliminary investigation using positive and 
negative pions on light nuclei was first performed 
by Chivers et al.2 This particular work found the 
surprising result that

2
the a'IT_fan- ratios for 

(TI, nn) reactions of 1 C, 14N and 16o were all , 
1 ± 0.1 at 180 MeV rather than the predicted simple 
impulse approximation value of 3. A number of theo
retical models incorp~rating contributions from 
inelastic scattering and final state interactions 
were proposed to explain this deivation, but none 
satisfactorily could produce the ratio of 1.2-6 

The aim of this project, then, was multifold: 
1) to recheck the activation results of Chivers for 
(TI, nn) reactions on 14N and 16o, both N = Z nu
clei. 2) To search f9r appearance of the (3g3)· 
resonance in the light nuclei 14N, 16o and 1 F. 
And 3) to provide an extensive set of a _/a + 
ratios for 14N and 16o (N = Z) and for 'IT 'IT 
19F (N f Z) for theoretical interpretation. These 
light nuclei were chosen as targets because the 
constituent nucleons are essentially all on the 
"surface" region, where knockout reactions are 
thought to occur. 

This work was performed at two national labor
atories. The initial phase of research used the 
secondary pion beams at the Lawrence Berkeley 
Laboratory 184-Inch Synchrocyclotron. Secondary 
pion fluxes averages 105/sec. The pion work was 
completed in conjunction with a pion monitoring ex
periment at the new Clinton P. Anderson Meson 
Physics Facility at Los Alamos, New Mexico. While 
fluxes in the future are expected to reach a con
servative 109 TILsec, the work here was performed at 
fluxes of 5 x 105TI/ sec or greater. Several expo
sures with 107TI/sec were made . 

The targets used in this work took the form of 
discs, generally 1Yz - 2 inches in diameter and from 
1/8 - Yz inch thick. Thicknesses were varied with 
increasing or decreasing flux to achieve greater 
counting rates and to study the effect of potential 
secondary contributions to the final cross section 
from thick targets. Primary targets for 19F, 14N, 
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and 16o were, respectively, discs of CF2, machined 
BN, and boric acid H3B03 in a thin alum1num can. 
Usually only 1 target was run at a time. In order 
to monitor the beam, a plastic scintillator or 
polyethylene disc equal in size to the target was 
exposed simultaneously. Subsequent counting of the 
monitor and target discs with a 511-511 keV coin
cidence detector and least squares fitting of de
cay curves permitted reaction cross section to be 
calculated. 

The excitation functions are shown graphically 
in Figs. 2 - 4. The cross sections for the monitor 
reaction 12C(rr, rrN)llc used to calculate there
action cross sections were accurately redetermined 
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by the Los Alamos Nuclear Chemistry pion-monitoring • 
group.7 Horizontal error bars are root-mean-square 
combinations of rr energy resolution and loss in 
energy from face of target to its center. Vertical 
error bars are statistical in nature. 

As seen from Figs. 2 -4, the (3,3) resonance 
is preserved in the (rr,nn) reactions on these. light 
nuclei. Plendl et a1.8 observed a resonance in the 
19F(rr-,rr-n) reaction that is about 25% lower in 
cross section and much narrower than this work. 
Hagstrom et al.9 finds a resonance in the 
19F(rr+,rr+N) 18F reaction, but also too narrow. 
Based on the struck nucleon momentum, it can be 
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Fig. 2. Excitation functions for the 19F(rr,rrN) 18F 
reactions. (XBL 755-2872) 
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shown that the free-particle rrN resonance should 
be broadened 100 MeV, from about 150 MeV to 250 
MeV, for (rr,rrN) reactions in light nuclei.l 

The most serious disagreement with Chivers 
et a1.2 is noted. The cr _jcr + ratios at the (3,3) 
resonance at 180 MeV fo¥ alY (rr,rrn) reactions on 
the light nuclei studied in the present work are 
1.7 ± 0.2 as compared to the 1.0 ± 0.1 ratio of 
Chivers et al.2 Also in disagreement are the mag
nitudes of the 14N(rr,nn) 13N cross sections, which 
are a factor of 4 lower in this work. The results 
in this report are believed to be consistent with 
the phenomenon that excited states of 13N are un
bound. Therefore, only formation of 13N in its 
ground state is observed. 

An important preliminary theory has recently 
been advanced by Sternheim and SilbarlO to explain 
the present cr _/cr + cross section ratios as a 
function of elier~. Their work begins with the 
assumption, originally made by Hewson,4 that the 
following single-nucleon knockout reactions can 
occur in the nucleus: 

Primary 
Interaction 

-rr n 

TI p 

+ 
~p 

+ rrn 

Outgoing 
Particles 

~=np L!\ (N.C.E.) 

(N.C.E.) 

(N.C.E.) 

Relative Cross 
Section to Give 

Observed Product 



where al = 7T +n+TI + n = 9 (relative 
+ + units) 

a2 = 7T +n+TI + n = 1 
+ 0 2 a3 = 7T +n+7f + p = 

and X = probability of a nucleon charge exchange 
(n+p, p+n), N.C.E. Then, for producing a (7T ,m) 
product 

Sternheim and Silbar10 h*ve0included in the above 
possible channels the (7T ,7T N) depletion reaction. 
Then 

R = (9-8p)/(3+6p) 

14N('7T, 7TN)I3N 

2 (Scale left) 

100 

19F(w; 'ITN)IBF 

(Seale left) 

200 

T,. (MeV) 

0 

300 

Fig. 5. Comparison between experimental and the
oretical cross section ratios. Solid line repre
sents the calculation, and filled circles are expe~ 
imental. (XBL 756-1572) 
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Where p = probability of a nucleon charge exchange 
(following Sternheim-Silbar notation) and 

p(T7T) = i {1- exp[-Ap0 aNCE(T7T)p(T7T)]} 

where 

A = mass number of target 
Po = nuclear density 

aEX(T7T) = nucleon charge exchange cross section as 
a function of pion kinetic energy, T7r 

D(T7T) = distance traveled by the initially 
struck nucleon as a function of pion 
kinetic energy T7T. 

The above expression is slightly modified for N=Z 
nuclei. The details of its derivation are des
cribed elsewhere.lO 

The theoretical a _/a + ratios predicted by 
the above simple model7Tare7Tcompared with the exper
imental ratios for each target nucleus in Fig. 5. 
Within experimental error, agreement between theory 
and experiment is very good. Some deviation from 
the theory is found for the case of 19F(7T-,7T-n)l8F 
at lower energies. 

On the basis of this good agreement, we con
clude that the nucleon charge exchange model for 
(7r,7TN) reactions neatly accounts for experimental 
a _/a+ ratios. This theory, in addition, lends 
dedelke to the possibility of "unclean" knockout 
contributing significantly to any type of knockout 
reaction. 
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DROPLET MODEL DESCRIPTION OF NUCLEAR MASSES, FISSION BARRIERS AND RADII* 

W. D. Myers 

In our earlier work1•2 we had fitted a more or 
less conventional liquid drop model mass formula to 
the smooth mass surface that results when shell cor
rections (of the type proposed by Swiatecki3) are 
applied to the experimental masses. Besides the 
usual liquid drop model terms (which are the vol
ume energy, symmetry energy, surface energy, Cou
lomb energy and the empirical even-odd mass correc
tion) a surface symmetry energy and Coulomb diffuse
ness correction were used. Liquid drop model fis
sion barriers were also compared with experiment as 
a part of the fitting procedure. The inclusion of 
fission barriers permits more accurate determination 
of the separate values of the Coulomb and surface 
energy coefficients, which are highly correlated in 
a fit to ground state masses alone. In this way the 
separate values of these two coefficients can be 
more accurately determined. We found that the Cou
lomb energy coefficient (which is inversely propor
tional to the nuclear radius constant r ) deter
mined in this way differs by 6-10% from0 that obtain
ed in electron scattering measurements of nuclear 
sizes. A real discrepancy was seen to exist since 
both methods were expected to be accurate to one or 
two percent. 

In Ref. 4 we undertook a study to determine 
whether this discrepancy might not be due to the 
omission of higher order terms (such as compressibil
ity and surface curvature effects) in the liquid 
drop model. The droplet model was developed in the 
course of our investigation of these higher order 
terms and some preliminary applications of it have 
already been made. 

The purpose of the present work is to determine 
the droplet model coefficients by fitting to masses, 
fission barriers, and radii. The predictions of the 
model are then compared with experiment to give an 
indication of its range of applicability. One grat
ifying result of this work is the apparent resolu
tion of the radius constant discrepancy mentioned 
above. The value of this constant obtained in the 
droplet model fit no longer differs from that ob
tained in electron scattering experiments. 

The primary data employed for the determination 
of the droplet model coefficients were the exper
imental atomic masses with A~ 10. These were sup
plemented by 62 experimental fission barriers, 109 
ground state deformations and 6 nuclear charge radii. 
The actual fit was weighted 3/4 to the masses and 
1/4 to the fission barriers. If we had given each 
datum equal weight the large number of masses would 
have dominated leaving the barriers with little in
fluence on the results. The radii were only used in 
the fitting procedure for rounding off the final set 
of coefficients. The deformations are determined 
largely by the coefficients in the shell effect func
tion whose values were taken from our previous 
work.2 The resulting droplet model predictions for 
all of these quantities are discussed in the follow
ing sections. 

Mass Differences 
One way of displaying the differences between 

the experimental masses and the theoretical predic
tions is to plot the individual mass differences 
versus the neutron number as is done in Fig. 1. 

Neutron number , N 

Fig. 1. The experimental and calculated shell effects and their difference are 
shown as functions of the neutron number. Isotopes of an element are connected 
by a line. The large negative deviations at the beginning of the periodic table 
are for nuclei outside of the fit region, which began at A = 10. A small histo
gram to the right of part (c) shows how the final errors are aistributed for 
nuclei in the fit region·. The substantial weight given to fitting fission bar
riers is presumably responsible for pulling the error distribution slightly to 
one side so that the mass residuals are not equally distributed about zero. (XBL 7412-8341) 



This plot, which should be compared with similar 
ones in our previous work,2 shows how poor our shell 
correction function is at the end of the rare earth 
region. The agreement between our shell function 
and the experimental one is also poor for the heavy 
elements. Microscopic methods for calculating shell 
effects such as the Strutinsky procedure were ex
pected to give a better account of these features 
but their overall agreement with experiment was 
found to be about the same. 

Fission Barriers 

In Fig. 2(a) the experimental fission barriers 
have been plotted relative to the ground state mass. 
The droplet model saddle masses for the same nuclei 
are shown in Fig. 2(b) and the residual errors in 
Fig. 1(c). The calculated values are seen to dif
fer from the experimental ones in a systematic (al
most linear) way as one moves through the periodic 
table. If we had included shell corrections at the 
saddle point our calculated values would have agreed 
better in the actinide region but would not have 
changed much for the lighter nuclei. Negative val
ues of the curvature correction coefficient, and a 
modified type of surface energy functionS were both 
found effective in reducing the differences in sad
dle masses but they made the fit to ground state 
masses worse. So far no satisfactory explanation 
for these deviations has been found. 
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Fig. 2. Experimental and calculated saddle masses 
and their differences plotted against neutron num
ber N. (XBL 7412-8338) 
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Deformations 

As in our previous work one of the results of 
the calculation of shell effects is a prediction of 
nuclear ground state deformations. During the fit
ting procedure the calculated values were compared 
with the experimental ones. Figure 3 shows that 
there is rough agreement between theory and exper
iment for nuclei in the rare-earth and actinide re
gions. The main deviations seems to be associated 
(as with the mass deviations) with the inability of 
our shell correction function to adequately portray 
the behavior of nuclei at the upper end of the rare
earth region. 
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Fig. 3. Calculated and experimental quadrupole mo
ments for nuclei in the rare-earth and actinide re
gion are plotted against neutron number. 

(XBL 7412-8335) 

Radii 

The droplet model parameters chosen to give 
the best fit for masses and fission barriers also 
lead to predictions of nuclear charge radii in 
quite good agreement with experiment. The droplet 
model fit seems to have resolved the discrepancy 
that existed between the nuclear radius constant in
ferred from a liquid drop model fit to masses, and 
that obtained from electron scattering measurements 
of nuclear charge radii. Figure 4 shows how the 
effective sharp radii of the neutron and proton dis
tributions are expected to vary for nuclei along 
beta-stability and how these radii are related to 
the radius constant r

0
• 

Remarks 

The differences that remain when the droplet 
model is used to calculate ground state masses 
seem to be due' to inadequate shell corrections,but 
this is not the case for fission barriers. For 
barriers, the differences vary smoothly as one 
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Fig. 4. Various quantities characteristic of the 
radial extent of spherical nuclei are plotted ver
sus the mass number A. The dashed lines labeled N 
and Z correspond to the droplet model predictions 
for the quantities (Rn/Al/3) and Rz/Al/3) for nu
clei along the bottom of the valley of beta
stability. The solid line, which is the weighted 
mean of the neutron and proton lines, represents 
the value of (R/Al/3) for the total nucleon density. 
The solid dots correspond to the experimental val
ues of (Rz/Al/3). Solid triangles indicate the 
droplet model value of (Rz/Al/3) for these same nu
clei. For comparison a dot-dashed line is drawn 
across the figure at 1.18 fm which is the value of 
r 0 determined by the fitting procedure. 

(XBL 7412-8333) 
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moves up the periodic table indicating that some 
effect of a statistical nature may still be missin~ 

In so far as some of the coefficients we have 
evaluated here (the volume energy coefficient, sym
metry energy coefficient, surface energy coefficient 
and nuclear radius constant, for example) are con
stants of nature, we feel that they are probably 
more accurately determined from the experimental 
data than was possible with the liquid drop model. 
When the droplet model is used there is less need 
for these coefficients to assume slightly incorrect 
values to compensate for missing higher order terms. 
The droplet model also provides a more accurate way 
for extrapolating far from beta-stability because of 
the higher order effects that are included. Since 
a number of higher order shape dependencies (such as 
the shape dependence of the Coulomb redistribution 
energy or surface symmetry energy) are included,the 
droplet model will be important in calculations of 
heavy-ion collisions where highly distorted shapes 
are involved. 
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MACROSCOPIC ASPECTS OF HEAVY-ION REACTIONS* 

W. D. Myers 

The overall status of the macroscopic approach 
to heavy-ion reactions was reviewed to determine 
how much progress has been made in this field and 
the range of applicability of the calculations that 
have been undertaken. The rate at which publica
tions employing this approach are appearing in the 
scientific literature seems to be growing exponen
tially for a number of different reasons. (For re
cent reviews see refs. [1-3].) The most important 
is the increasing experimental interest in these 
reactions associated with the search for superheavy 
elements and the availability of new heavy-ion ac
celerators. Another reason is that, not only is a 
macroscopic approach possible (because both the tar
get and projectile are composite systems with 
A >> 1), but classical or semi-classical methods 
are applicable as well (because the "action" » 1 h). 

Much of the work going on is at the relatively 
primitive stage of trying to establish plausible 
links between phenomena which actually require a 
dynamical description (such as compound nucleus for
mation for a particular target, projectile combina
tion, energy and angular moment~) and some feature 
of the one dimensional (radial separation) potential 
energy (i.e., does the potential contain ~ minimum 
in which the system maYbe trapped, etc.}. 

Various attempts are now being made to include 
dynamical effects. Progress along these lines is 
based on the familiar procedure of: 1) choosingthe 
degrees of freedom, 2) formulating the equations 
of motion (inertias, and forces both conservative 
and non-conservative), 3) performing the (classical 
or quantum mechanical) calculations for determining 



the dynamical evolution of the system, and 4) com
paring the results with experiment, after which one 
re-cycles through from the beginning as new and pre
viously unexplained phenomena are observed. 

Degrees of Freedom 

The most ambitious calculations being under
taken seek to.describe the collision behavior by 
numerically following the time evolution of a set of 
fluid elements initially distributed over a grid so 
as to represent the incoming ions.4 Substantial sirrr 
plification occurs if the nuclear shapes are param
eterized. One seeks to employ a multi-dimensional 
family of shapes that is flexible enough to repre
sent the natural dynamical evolution of the system 
but has as few parameters as possible. It has often 
been stressed that at least three degrees of free
dom are absolutely essential if the parametrization 
is to be generally applicable. These are: 1) a 
separation or elongation coordinate, 2) a necking 
or fragment distortion coordinate, and 3) a mass 
asymmetry coordinate. In addition to the shape, 
other degrees of freedom may be important under cer
tain circumstances. 
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The ultimate simplification occurs if the nu
clear density distributions are simply "frozen" in 
their original form and are constrained to remain 
unchanged during the collision. This severe limita
tion on the degrees of freedom allowed (only the 
distance between the nuclei and their angular orien
tation need be considered) drastically restricts the 
range of applicability of the model. None the less, 
most of the semi-classical calculations of heavy~on 
reactions have employed this model because of its 
tractability. The scope of the model is generally 
tested against the experimental results and other 
degrees of freedom are sometimes introduced as per
turbations to explain some particular·result. 

Frozen Density Distributions 

Once the distance between the nuclei and their 
orientations have been chosen as the only degrees 
of freedom to be treated explicitly (by freezing 
the densities), the next step is to formulate the 
equations of motion. Classical mechanics often ap
plies and the inertial parameters are often taken 
to be the reduced mass of the system and the rigid 
body moments of inertia. For both the conservative 
and non-conservative forces that act a wide variety 
of somewhat similar alternatives have been proposed. 

Partly because these approaches are all so 
similar we have no strict criteria for choosing be
tween them. However, there ~re some purely geomet
rtcal consideration~ that one should be aware of 
and one unifying principle that would greatly sim
plify these calculations if it were more widely em
ployed. 

a. Geometrical Considerations. The error most com
monly made in these calculations is to assume that 
some radial location (such as the half density point 
or the optical potential half value point) is strict
!l proportional to Al/3. The principle of nuclear 
saturation, which forms the basis for such assump
tions, should be more closely adhered to. It is 
based on the observation that the bulk density in 
the central region of nuclei throughout the periodic 

table is nearly constant. If this is the case then 
only the equivalent sharp radius R is proportional 
to Al/3, For a spherical density distribution with 
a diffuse surface, purely geometrical considerations 
govern the relationship between this quantity and 
the location of the point at which the density has 
half its central value. 

In a similar way, misleading results can be ob
tained if the half-value point of the single par
ticle optical potential is assumed to be proportioir 
al to Al/3 rather than relating its location to the 
density distribution of the nucleus it is supposed 
to represent. 

b. Proximity Force Theorem. The potential between 
various sizes of target and projectile interacting 
via a two-body force can be expressed in terms of 
a single universal function which is easily ob
tained. This is because of the fact that, 

"The force between rigid gently 
curved surfaces is proportional to 
the potential per unit area between 
flat surfaces." 

This theorem and its applications to heavy-ion po
tentials is discussed further elsewhere in this re
port (also see Annual Report 1973). 

Static and Dynamic Considerations 

The gross features of heavy-ion elastic scat
tering are described rather we11 by assuming that 
all the incoming projectiles whose energy and angu
lar momentum permit them to pass over (or penetrate 
through) the barrier in the potential energy are 
removed from the entrance channel. For light pro
jectiles and energies not too far above the Cou
lomb barrier most of the nuclei which pass over the 
barrier actually combine with the target to form a 
compound nucleus. For these systems the hollow in 
the one-dimensional potential energy disappears 
when the incident angular momentum is too large,and 
the compound nucleus cross-section seems to be lim
ited by the critical angular momentum at which this 
occurs. 

Even though absorption (and hence compound nu
cleus formation) is almost synonymous with trapping 
for lighter mass projectiles, substantial difficul
ties arise when the mass asymmetry between target 
and projectile is reduced. We have to extend our 
thinking to the other essential degrees of freedom 
if we want to understand the origin of these diffi
culties. 

Figure 1, which includes a "necking" degree of 
freedom a4 as well as a separation coordinate az, 
serves to remined us that the two fragment valley 
of two colliding nuclei does not lead-directly to 
the ground state configuration of the compound sys
tem. Indeed, if the trapping configuration corre
sponds to a point in this tWo-dimensional space like 
like the one labelled A then no hope of compound 
nucleus formation exists unless enough additional 
energy is added to drive the system over the inter
vening ridge toward the spherical ground state at 
point H. Even then a compound nucleus might not re
sult because the energy in the collective degrees 
of freedom would be sufficient to bring the system 
out over the fission barrier at point S. 
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Fig. 1. See text. (XBL 7111-4852) 

New Phenomena 

The considerations of the previous section make 
it abundantly clear that when heavier projectiles 
are used compound nucleus formation is no longer ex
pected to be the primary result of bringing two nu
clei into contact. A host of new phenomena are ex
pected to arise because the time constants for var
ious types of collective motion (rotation, vibratio~ 
neck healing, mass asyrrunetry, etc.) are roughly com
parable. Of course this is also true for lighter 
projectiles, but the interchange of energy among the 
various collective degrees of freedom and the damp
ing into intrinsic states is not experimentally ob
servable because the end result of the collision is 
usually a compound nucleus. The important differ
ence is that systems formed with heavier projectiles 
are expected to re-disintegrate giving us the oppor
tunity to observe the consequences of interactionof 
the various degrees of freedom during the collision. 

In the scattering of 40Ar on 232Th at a center 
of mass energy of 331 MeV the emerging K nuclei (one 
proton and perhaps a few neutrons are picked up from 
the target) have the energy and angle distributions 
·shown in Fig. 2.5 This kind of distribution might 
be generated by viscous forces acting on projectiles 
that pass close to the nucleus. Trajectories cor
responding to impact parameters smaller than those 
that lead to grazing collisions will not only be 
slowed down but will also be deflected forward to 
smaller angles. 

When the periods for vibration (or neck heal
ing) and rotation become comparable certain types of 
focusing can take place. Figure 3 is the angular 
distribution of light products (assumed to be sim
ilar· to the 84Kr projectile) scattered from 209Bi 
having energies distinctly lower than the bombard
ing energy.6 These products seem to correspond to 
collisions where radial motion of the incoming pro
jectile is completely stopped and the system ro
tates with the incident angular momentum while some 
other collective vibration (such as neck healing and 
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Fig. 2. The yield contours for the reaction 
232Th(40Ar,K), Elab = 388 MeV are plotted against 
the center-of-mass energy and deflection angle. 
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Fig. 3. The angular distribution of products from 
the indicated reaction that have an energy much 
lower than the incident energy. The energy ob
served is approximately that of Coulomb repulsion 
from a configuration of contact with the target 
nucleus. (XLB 746-966) 

reforming) takes place. The vibration and rotation 
rates for different incident angular momentum seem 
to be correlated in such a way as to focus all the 
products into a rather narrow range of forward 
angles. 

Footnote and References 

*condensed from LBL-2945, to be published in the 
Proceedings of the International Conference on Re
actions between Complex Nuclear, Nashville, Tenn., 
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2. F. Plasil, Paper DB2, American Physical Society 
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A CLASSIFICATION OF HEAVY ION REACTIONS 

C. F. Tsang 

The availability of heavy ion beams has opened 
up many new areas of research in heavy ion reactions. 
New phenomena, such as deep inelastic.collisions, 
have been observed and well established processes, 
such as compound nucleus formation,.are being stud
ied in greater detail. Hence it is useful to have 
at the back of one's mind a picture classifying 
these processes with different designations. This 
not only helps to clear up confusions in discussions 
(so that we know we are referring to the same or dif
ferent processes), but also provides a general back
ground from which appropriate models may be construc
ted for each phenomenon. 

Figure 1 was developed* for this purpose. It is 
based on a macroscopic view of the collisions be
tween heavy nuclei. The two major elements enter
ing into the construction of the figure are the en
ergy of collision and the impact parameter. The 
macroscopic approach to heavy ion physics is dis
cussed elsewhere in,this annual report, as well as 
in other well known references.! Figure 1 illus
trates the six major processes that may occur when 
two heavy nuclei collide- this is what we call "the 
six- fold ;,J.y." When the impact parameter is large, 
the nuclei. do not even touch each other and all that 
may hapren are Rutherford scattering and Coulomb ex
citations. This may be called "Distant Collision." 
As we decrease the impact parameter, the two nuclei 
begin to touch; i.e., the tails of the respective 
density distributions overlap each other. This is 
the "Grazing Collision," an example of which is the 
one or two nucleon transfer reactions. When the 
impact parameter is decreased further and the coll~ 
sion energy is large enough (higher than the Cou
lomb barrier energy), solid contact may be made, by 
which we mean that, ·for instance, the half-density 

oo 
Tails of densities ~ouct'ting 

to"ch ~ontect 

Half density Solid 
""'faces ove,apped ~ontact 

Vel. dist .... one Stuck 

ll!_-v_A ~ 
Fused 

Mass dlst:-one 

Distant 
collision 

Fig. 1. The six-fold way. 

Examples: 

Ruit'lerford scattering 
Coulomb excitation 

points of the respective density distributions over
lap each other. At this point, depending on colli
sion conditions, two things may happen. If the en
ergy is larger then the binding energy of the pro
jectile or target, we have what we call the "Hit
and-Run Collision", examples of which are 
Poskanzer's target fragmentation, Heckman's projec
tile fragmentation for relativistic heavy ions, as 
well as Miller's experiments with lighter ions at 
non-relativistic energies. If the energy of colli
sion is not too large, then there is a possibility 
for the system to get stuck, which means that in a 
velocity distribution (or rapidity diagram), in
stead of the two sharp peaks corresponding to the 
initial velocities of the colliding nuclei there is 
now only one bump. Now the controlling factor is 
the neck degree of freedom. If the neck growth is 
slower than the separation (or fission) speed, we 
have "the Two-body System" where the two bodies are 
quite distinguishable even though significant nu
cleon-transfer may have taken place. An example is 
given by experiments of Volkov, Huizenga, Moretto, 
Wolf, and others. It is referred to by a variety of 
names: deep-inelastic reactions, relaxed peaks, 
and strongly damped processes, which all refer to 
the same thing. On the other hand if the neck 
growth degree of freedom is faster, then we may ob
tain a fused system, which means that in a spatial 
di~!ribution, instead of two bumps centered 
around the respective centers of mass of the two 
nuclei, there is now only one broad bump, and the 
two nuclei are no longer distinguishable from each 
other. On a potential energy surface such a system 
is well within the scission point. However, depend
ing on the dynamical conditions, the system may or 
may not be trapped in the compound nucleus well in 
the potential energy surface. We.call the system 
not trapped in the well the composite system, 
which may divide with mass distribution es
sentially symmetric. Some memories of the entrance 
channel may remain, in which case the products 
may be distinguished from ordinary compound nucleus 
fission. by their angular distributions. ExaJIIRles of 
"Composite Systems" are found in experiments of 
Lefort, Blann, Plasil, and others. They are sometimes 
referred to as fusion-fission products. For a sys~em 
trapped in the compound nucleus well we have the 
"Compound System" which may de-excite by evapora
tion of a few particles or undergo the well-known 
compound nucleus fission. These are studied in the 
experiments of Flerov, Ghiorso, Stephens, Lefort, 
Natowitz, and others. 

While the classification in Fig. 1 cannot 
claim to take into account many detailed dynamical 
aspects of the heavy ion collisions, it is useful 
to relate the many possible processes in a simple 
and intuitive way, and to provide a background for 
detailed studies of these processes. 
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EXACT TREATMENT OF THE DWBA BY ANALYTIC MEANS FOR 
PARTICLE TRANSFER BETWEEN HEAVY IONS* 

N. K. Glendenning and M. A. Nagarajan 

Introduction 

Reactions between complex nuclei in which one 
or several nucleons are transferred to form dis
crete states in the product nuclei are though tobe 
direct reactions, analogous to light ion reactions 
such as the (d,p) reactions.l In this case, in 
lowest order, the reaction may be computed by the 
distorted wave Born-approximation (DWBA). 

The DWBA involves the evaluation of multi
dimensional integrals, which is difficult because 
the integrands consist of products of a ntnnber of 
functions which depend on different vector coordi
nates, with, however, onlt several of them being 
independent. In the case of light nuclide reac
tions, such as (d,p), the evaluation is simplified 
by neglecting the effect of the finite size of the 
light nuclide (din the case of (d,p) reaction). 
For reactions between complex nuclei, the neglect 
of their finite size is not justified, howerver. 
In addition to this, the small de Broglie wave
length of typical heavy-ion reactions requires that 
the particular dependence of the functions in the 
integrand on their vector coordinates be retained 
with an accuracy commensurate with the wavelength. 
Evaluation of the integrals which approximate the 
vector dependences of the integrands while retain
ing the finite range2 are referred to as no-recoil 
approximations. (The zero-range approximation of 
the integrals automatically neglects recoil.) 

There appear to be three distinct approaches 
to evaluating the DWBA integral without making 
either the zero-range or recoilless approximation. 
These are usually referred to as "exact", the sense 
of the word being that any errors are due to the 
finite accuracy of the ntnnerical methods, and not 
to the neglect of physical effects. One approach 
evaluates directly the multidimensional integral. 
A second approach employs a Legendre expansion in 
two vectors by which the angle integrals can then 
be done in closed form. There remains a double
radial integral. The third approach expands the 
functions of the dependent coordinates in terms of 
functions for which a separation into the indepen
dent coordinates is possible. The most transparent 
way of achieving this is the expansion of the dis
torted waves on a plane wave basis. Then the coor
dinates separate trivially. 

So far the direct evaluation of the multidime~r 
sional integrals for heavy ion reactions has been 
done only for angular momenttnn transfer equal to 
zero, perhaps because the method takes much com
puter time. Computer programs based on the second 

approach also have turned out to be costly to ex
ecute. In this connection, Low and Tamura have di~ 
cussed how to choose the integration regions judi
ciously so as to save computer time, apparently at 
the cost of accuracy in absolute, though not in 
relative, cross sections. Of the third approach, 
the expansions of Sawaguri and Tobocman converge 
slowly and have consequently been applied only to 
light systems (N + 0). The expansion in plane 
waves used by Charlton has been thus far applied 
only to very light ion reactions. 

In view of the above critique there is eviden~ 
ly a need for a fast and accurate method of eval
uating the DWBA integrals. We propose the method 
discussed in detail in the next section, which ap
pears to us to be a fast method, and one in which 
the convergence with respect to recoil angular mo
menttnn,can be exploited. The method is based first 
on the existence of an addition theorem for the 
product of a spherical Bessel function and spher
ical harmonic, analoguous to that for a Hankel fl.IDc
tion. This addition theorem which is the vehicle 
for the separation of coordinates, can be exploited 
by representing the functions whose coordinates are 
to be separated, by a Fourier-Bessel series. Our 
approach belongs to the third category mentioned 
above. A virtue of our particular formulation is 
that the recoil angular momenttnn appears as the nat
ural expansion parameter. This fact can be ex
ploited in ntnnerical calculations by trl.IDcating the 
series when satisfactory convergence is achieved. 

The DWBA amplitude for the reaction is involves the 
evaluation of an integral like 

X 
(1) 

The difficulty mentioned above of evaluating 
this six-dimensional integral is now apparaent. 
The coordinates of integration, Bn and BPN' appear 
as arguments of only three of the functions, but ap
pear in the other two in the combinations (see Fig, 
1): 



p 

Fig. 1. The coordinates for the reaction 
A+ (N+P) -+- (A+N) + P, with D = N+P, B = A+N. We 
choose to represent all vectors in terms of the two 
shown by heavy lines. (XBL 745-3031) 

A N M 
Rp = :s-En- B"IT EpN 

BAN = En + ~ Epw (2) 

(In this context we use A to denote the mass of nu
cleus A etc., and M denotes the total mass.) The 
recoilless approximation consists in neglecting the 
second term on the right side of Ep· Aside from 
the trivial scaling factor A/B, the arguments of 
two distorted waves are then the same. This simpli
fies the integration very much. However, this ne
glect would be justified only when Wk (R ) varies 
slowly over distances p P 

NM 
d = IT B rD (3) 

where we use r to denote the radius of D which is 
the approximatR bound on EpN imposed by the presence 
of V(RPN) in (1). Hence recoild effects will be 
small only if the de Broglie wavelength ~ = 1/~ 
is large compared to d, i.e., 

- N M k 1 x = IT B p rD < < · (4) 

This inequality is rarely satisfied (see Table 1). 

To evaluate the integral (1) without making 
the zero-range or recoilless approximation, we 

Table 1. For a few typical reactions the parameter 
x which gives a measure of the importance of recoil 
(Eq. 4) is listed. The largest recoil angulr mo
mentum ~R is given by Y~(~+l)= X which for such a 
rough esLimate we solve as ~R = x. 

ELab (MeV) X"" ~R 

13c c12c '13C) 12c 87 2 

208Pb(l60 ,15N)209Bi 104 2 

120sn(l80 ,160122sn 100 4 

12cc2oNe,160)160 78 5 
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seek to express the functions W(~) and ¢(~AN) each 
as the product of a function of Rn and of KJ>N. To 
this end we first introduce, as usual, the partial 
wave expansions 

* ( ) l ia0 . 10 . ll ,A lln A 

'''kD+ fJL) = 4TI e F (k R_)Y ( )Y (R-) ... ~'v l In n•·u In "'n In ··v 
lnlln 

(5) 

(O.;;;Rp.;;;Rm). 

(6) 

We show in Fig. 2 how accurately a typical partial 
wave can be represented by a five - and ten-term 
series of this type. 

0 

. 0 

·2.00~._~~--~~~~--~~-L~--~~~~ 

5 I 0 I' 2 0 

Fig. 2. A typical scattered wave function c~rre
suonding to ~ = 84 in an inelastic channel 2 of 
lEo + lZOsn) is shown by solid line. The best five
and ten-term Bessel series, Eq. (6), fitted to the 
function over the region 0 .;;; R.;;; 15F are shown by 
circles and squares respectively. (XBL 756-1558) 

Similarly, if we denote the radial part of 

¢L2S2J2CEAN) by uL J 
2 2 
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we can expand it 

(7) 

m 

The addition theorem is written for these as 

and 

Now the angular integrals in (1) can be done in 
closed form, and the radial integrals reduce to a 
sum of products of one dimensional integrals of the 
form, 

6 
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8 8 8 

(9) 

The main re'sul t of our paper is expressed in here. 
The six-fold integral representing the t-matrix has 
been reduced to products of two one-dimensional in-
tegrals.l -

It is a convenient feature of this formalism 
that the recoil angular momentum appears explicitly 
because we anticipate that this quantity is restrict
ed to small values. Thus, the convergence in this 
variable can be exploited in numerical calculations 
to reduce the number of integrals (9) that need to 
be evaluated. It therefore appears that we have 
developed a method for evaluating the direct reac
tion amplitude for heavy ion reactions that will 
prove to be fast and therefore economical. 

Footnote and References 

* Abridged version of LBL-2378, in press in Nuclear 
Physics. 

1. For a review and references to the literature 
see N. K. Glendenning, One and Two Nucleon Transfer 
Reactions, in Nuclear Spectrosco~y edited by J. 
Cerny (Academic Press to be publiShed). 

2. P. J. A. Buttle and L. J. B. Goldfarb, Nucl. 
Phys. 78, 409 (1966). 

HOW WELL CAN THE INTERACTION BETWEEN HEAVY IONS BE DETERMINED 
BY ELASTIC AND INELASTIC EXPERIMENTS?* . 

N. K. Glendenning 

It has been asserted that the elastic scatter
ing cross section for heavy ions is sensitive only 
to the tail region of their mutual interaction. 
The opinion has also been expressed that inelastic 
scattering would provide a more sensitive probe. 
Here we intend to determine more precisely what can 
be learned from these reactions. The existence of 
the grazing angle in the classical deflection func
tion for scattering from a potential provides a hint 
as to how to proceed. This angle is the invariant 

• quantity that all potentials must possess if they 
are to reproduce this feature of the cross sections. 
Accordingly we focus on the penetration

8
depth D(~g) 

of the grazing orbit, ig. Taking the 1 O+l20sn 
scattering at E = 100 MeV (lab) as a concrete exam
ple, this depth turns out to be about 12 F. 

We adopt as a standard potential one suggested 
by Becchetti (the 40-MeV potential of the table). 
The value of this potential at the above mentioned 

grazing distance is 0.36 MeV. We generate set of 
potentials which pass through this point, and lie 
within something like ±30% of the standard potential 
within an internal of ±1 F around the grazing dis
tance. There is a continuous infinity of potentials 
having such a specification, of which the tail re
gion of a few are shown in Fig. 1, while a larger 
selection is shown in Table 1. (The parameters re
fer to a Woods-Saxon form.) For each real potential 
we have used a search routine to provide an imag
inary part of the potential such that all potentials 
yield the indistinguishable cross sections down to 
several orders of magnitude below the peak. The 
compacted elastic cross sections for the two ex
treme potentials listed in the table are shown in 
Figs. 2 and 3 at two different energies. In addi-+ 
tion we show the cross sections for exciting the 2 
state in tin. It is evident that the cross sections 
are indistinguishable even- for the extreme poten
tials of Table 1 down to several orders of magnitude 
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Fig. 1. The tail region of the real part of poten
tials which, together with the imaginary parts 
listed in Table 1, yield elastic cross sections 
which are indistinguishable. The central value of 
the depth is in each case indicated and can be used 
to identify the corresponding entry in Table 1. 
These are members of a continuum of potentials. V 
can have any value lying between these curves, and 
possibly beyond. (XBL 745-3282) 

• 1 

Fig. 2. Elastic and inelastic 2+ cross section for 
100-MeV 18o + ~Osn cannot distinguish between the 
two extreme potentials of Table 1 (first and last 
entry). The two scales refer to the two curves. 
For the inelastic cross section, our calculation 
for 8 ~ l5°iS inaccurate because only the contribu
tions for t ~ 215 and R ~ 30 F were computed at this 
energy. Cross sections throughout are in mb/sr. 

(XBL 745-915) 

below the peak. We may conclude therefore that un
less it becomes possible to make very precise mea
surements for very low cross sections, neither the 
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Table 1. A selection from a continuum of potentials 
which yield elastic scattering cross sections which 
are indistinguishable for 100-MeV 18o + ~20sn. Re
action cross sections are equal within- 3% . In 
each case the Coulomb radius is rc = 1.2. The 40-
MeV potential is our standard one . 

v r 
v av " r., a., OR 

-308 1.125 0.52 - 8.9 1.334 0.5323 1800 
-48.5 1.203 0.5216 

-214 1.125 0.55 - 8.18 1.348 0. 5433 1820 
-149 1.19 0.5 - 8.44 1.337 0. 5224 1795 
- 98 1.22 0.5 - 7.404 1.354 0.4936 1785 

-33.34 1.232 o. 5001 1745 
- 67 1.24 0.5 - 5. 673 1.378 0.5ll9 1805 
- 40 1.31 0.45 -15 1. 31 0.45 1760 
- 24 1.32 0.48 - 4.866 1.401 0.4631 1790 
- 10.7 1.39 0.45 - 8. 063 1. 385 0.4179 1780 

- 5.49 1.46 0.38 - ·7. 763 1.424 0. 3276 1790 

Fig. 3. Elastic and inelastic cross sections for 
160-MeV 18o + lZOsn cannot distinguish between the 
two extreme potentials of Table 1 (first and last 
entry). (XBL 745-912.) 

elastic nor inelastic cross sections provide more 
than a very approximate specification of the inter
action in the tail response. That is to say, no 
potential falling within the wide bounds between the 
curves of Fig. 1 can be distinguished save by the 
most precise of elastic or inelastic experiments. 

Footnote 

* Excerpted from an Invited Paper in Proceedings of 
International Conference on Reactions Between Com
plex Nucle1, Nashv1lle, Vo. 2; ed. by R. L. 
Robinson et al. (North Holland, Amsterdam, 1974) 
p. 137. 
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TWO-NUCLEON TRANSFER BETWEEN HEAVY IONS, 
DEEP ORBITS AND SECONDARY PEAKS* 

N. K. Glendenning 

We learned in the preceding paper that neither 
elastic nor inelastic cross sections carry informa
tion about the interaction between nuclei except in 
the tail region. A consideration of the form fac
tors for various reactions between nuclei reveals 
that several nucleon transfer should be more sensi
tive to the interior region. Indeed for two nu
cleon transfer, the form factor is peaked at a sep
aration distance of the centers corresponding to a 
total immersion of one nucleus within the other 
(Fig.8). Whether the nuclei in such close colli
sions survive to emerge again in simple direct re
action channels with sufficient probability to be 
observed is as yet an unsettled question. If they 
do, the carry information about that region, andwe 
must learn how to interpret it. 

For orientation we consider first the two ex
treme potentials of Table 1 of the preceding paper 
whose elastic and inelastic cross sections were 
compared at two energies in Figs. 2 and 3 of that 
paper and found to be indistinguishable under usual 
experimental conditions. In contrast the two-neu
tron transfer cross sections leading to the ground 
and 2+ states in 122sn are very different and easily 
distinguished at angles away from the grazing angle 
(Fig. 1). At this point we emphasize that the 
grazing angle is ideal for determining spectroscopic 
information in transfer reactions, because it de
pends so weakly on the interaction. However, it is 
only by making measurements away from the grazing 
angle that information about interior conditions 

0.1 

0.01 

Fig. 1. Cross sections for two-neutron transfer to 
the ground and 2+ vibrational state easily distin
guish between the two extreme potentials of Table 1 
of the preceding paper. The two scales refer to the 
two states. (XBL 745-914) 

can be determined. The S-matrix at E = 100 MeV for 
the ground state transition for both potentials are 
shown in Fig. 2 and reveal a very large contribu
tion coming from small angular momentum collisions 
in the case of the deep potential. Whether such a 
large contribution for strongly overlapping colli
sions is realistic we cannot tell from either elas
tic or inelastic experiments, but the opportunity 
for learning this is certainly afforded by transfer 
reactions. In addition to plotting the amplitude 
of S, which most transparently reveals the impor
tant regions of i, we have also plotted S itself in 
the complex plane and joined these points. The 

. -lO 

120sn ( 18
0 ,

16
0 ) a+ S·Matrix E ~ 100 MeV CCBA 

0
0 

' .. 
C\ 
~ .. 
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Fig. 2. The S-matrix for the ground state transfer 
are compared for the two extreme potentials. The 
corresponding cross sections are in Fig. 1. The 
amplitude of S is plotted in the top part of the fig
ure, and S iteself is plotted in the complex plane 
in the bottom part. Note the resonant behavior in 
the lower 2 region in the case of the deep potential, 
signalled by the rapid rotations. (XBL 745-903) 



resonant behavior of the deep potential signified 
by the rapid rotation of the trajectory around the 
origin is in contrast with the shallow potential. 
These are potential or shape resonance like those 
known from neutron scattering. This behavior ap
pears also in the elasticS-matrix but since it is.· 
in the low ~-region, where S is several orders of 
magnitude less than inity, it does not manifest it
self in elastic scattering, but rather in several 
nucleon transfer reactions. 

Perhaps it is not so surprising that such dif
ferent potentials as the two compared above could 
be distinguished. Therefore, we turn our attention 
to two which are more conventional. The one is the 
standard that we adopted at the beginning of this 
article and which was the basis for the potentials 
of Table 1 in the preceding paper. It was employed 
by Becchetti in the 0 + Pb reaction. The other one 
is due to Morrison which he used for 0 + Ca. They 
are labeled Band Min Table 1 of this paper. It 
may be noticed that the Morrison potential is very 
similar to one (97) in Table 1 of the preceding 

Table 1. The Becchetti and Morrison potentials and 
their reaction cross sections at two energies. The 
primed potentials have weaker absorption. Pairwise 
they have close to the same reaction cross sections. 
Coulomb radius parameter is rc = 1. 2. (Energy, 
lengtH and cross sections are quoted in MeV, F and 
mb.) 

B 

M 

B' 
M' 

v 

- 40 

-100 

- 40 

-100 

1.31 

1.22 

1.31 

1.22 

a 

0.45 

0.5 

0.45 

0.5 

w 

-15 

-40 

-10 

-27 

E = 100 E = 160 

1760 

1750 

1720 

1700 

2525 

2510 

2465 

2450 

paper, and it is not surpr1s1ng therefore that they 
cannot be distinguished by elastic and inelastic 
scattering. In fact, the two-neutron transfer re
action at E = ~00 MeV shown in Fig. 3 does not dis
tinguish be.tween them either. The S-matrix for the 
Becchetti potential reveals no interior contribu
tions. Only a narrow band of angular momenta cen
tered at the critical angular momentum ~c are im
portant. Knowing that the imaginary potential is 
poorly determined we have reduced it for both poterr 
tials but in such a way that the reaction cross sec
tions remain about equal for the two potentials. 
This roughly insures that we are dealing with equi
valently absorbing potentials. They are labeled B' 
and M' in Table 1. All four yield indistinguishable 
elastic and inelastic cross sections, and even at 
the reduced absorption we cannot distinguish easily 
the two-neutron transfer cross sections (Fig. 4). 

138 

0.1 

0.01 

v w 
40 15 

1CO 40 

Fig. 3. Cross s~ctions for two-neutron transfer to 
the ground and 2 vibrational state. The two cases 
refer to the Becchetti and Morrison potentials of 
Table 1. (XBL 745-913) 

0.1 

0.01 

Fig. 4. Cross s~ctions for two 7neutron transfer to 
the ground and 2 vibrational state computed for the 
reduced absorptions indicated by potentials B' and 
M' in Table 1. Experiment could not easily distin
guish between these. (XBL 745-911) 

At this point we turn to the classical orbits 
to assist us in deciding what to look for that can 
distinguish between these two potentials. Their 



0 0 0 t:j '""'·"~ u . j ' .;) 

classical deflection functions are compared in Fig. 
5 at several energies. It can be seen that for 
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t > tc they give rise to the same classical cross 
section. However, the inner region below tc is dif
ferent in the two cases. Such differences are ob
scured in the quantum elastic and inelastic scatter
ing by the imaginary potential, even when it is week. 

Our attention is attracted by the flat regions 
around t ~ 30 in the case of 160-MeV scattering be
cause flat regions of the deflection function give 
rise to large cross section, there being many waves 
that scatter near the same angle. Classically, 
therefore, the deep potential would produce a peak 
at e = 15° , while the shallow potential would pro
duce a peak at e "" 45° •· Since the grazing angle, 
8g ""' 23° is so far forward at this energy the pres
ence of a secondary peak at 15° is likely to be ob
scured. However, because the cross section normal
ly drops off quickly beyond 8g, the secondary peak 
at 8 = 45° produced by the weak potential may be o~ 
servable if absorption is not so strong as to damp 
altogether the interior partial waves. It turns out 
that for the absorption strengths originally quoted 
for the Becchetti and Morrison potentials, the sec
ondary structure is not visible. However, the two
nucleon transfer cross sections shown in Fig. 6 
clearly distinguish between the deep and shallow 
potentials for the case of weaker absorption. In 
particular for the shallow potential we see the 
secondary aeak at e ~ 45 as anticipated from the 
classicaliscussion. The corresponding S-matrix is 
shown in Fig. 7 and here we see, again in agreement 
with the classical picture, a subsidiary peak at 
t ~ 30. 

Thus by this consideration of classical scatter
ing, we have been led to suggest how two-nucleon 
transfer reactions may be used to distinguish be
tween potentials which are equally acceptable as far 
as elastic and inelastic scattering is concerned. 
For this is possible, however, the absorption must 
not be too strong (unless the real potentials are 

- t z oL......~~'---'-~-'---''--'-~~~~...___._._~......J 
0 " 60 00 I 00 

Fig. 5. Deflection function at several energies 
are compared for the potentials indicated. The 
singularities mark the value of the critical angu
lar momentum at each energy. The grazing angle eg 
and angular momentum tg correspond to the maximum 
just above tc in each case. (XBL 745-930) 

8 '1 0 

0.1 

Fig. 6. Cross section for two-neutron transfer to 
the ground state computed at E = 100 MeV for the 
Becchetti and Morrison potential with reduced ab
sorption (B' and M') of Table 1. Note the second
ary structure in the one case occurring at t = 45° 
in correspondence with the classical deflection 
function of Fig. 5, which predicts such a peak 
arising from deep orbits around t ~ 30. (XBL 745-917) 

. 
0 

AMPLITIJDE MULTIPLIED 

S·Matrix o+ 

1002 

E: 160 MeV 

CCBA 

Fig. 7. S-matrix atE= 160 MeV for the ground 
state two-neutron transfer corresponding to the 
Becchetti potential with weak absorption (B' in 
Table 1). Note the broad structure around t = 30. 
Corresponding cross section is in Fig. 6. Inset 
shows S plotted inthe complex plane from t = 60. 

(XBL 745-931) 

extreme such as 308 and 5 in Table 1 of the preced
ing paper. We note in this connection that the re
duction in W shown in Table 1 does not reduce the 
reaction cross section proportionally. We saw in 
Table 1 of the preceding paper a selection of poterr 
tials which are equivalent for elastic and inelastic 
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scattering. Therefore, we add that for potentials 
with a real depth somewhat weaker than the Becchetti 
potential, the secondary peak would move to larger 
angles, and in the reverse direction for stronger 
ones. The appearancd in experiment of such a sec
ondary peak would indicate that the absorption is 
"weak" and the real potential shallow. The absence 
of such a peak would be inconclusive. 

We have seen a sample of two-nucleon cross sec
tions which are widely different, depending upon the 
potential acting between the nuclei at distances 
corresponding to appreciable overlap. The differ
ences show up at angles away from the grazing angle. 
This is natural, of course, since the grazing angle 
is so called because it is only modestly perturbed 
by the nuclear field. .A reexamination of our fig
ures reveals how important it is to perform measure
ments at small angle intervals and with good res
olution and statistics. This make the experiments 
slow, but they should prove very rewarding. Clear-

ly much more information is potentially available 
here than is elastic or inelastic experiments. Of 
course, the latter play their role in defining the 
strength of the inelastic branch of multiple-step 
transfer amplitudes. But they carry very little in
formation about the nuclear field that is unique. 

I stress that the attention to two-nucleon 
transfer and the tin isotopes is for illustrative 
purposes only. For other multi-nucleon transferre
ations, and for other mass region the same type of 
classical analysis is expected to be fruitful. 

Footnote 

* Excerpted from an Invited Paper in Proceedings of 
International Conference on Reactions Between Com
plex Nuclei, Nashv1lle, Vol. 2; ed. by R. L. 
Robinson et al. (North Holland, Amsterdam, 1974) 
p. 137. 

TWO-FOLD NATURE OF COULOMB-NUCLEAR INTERFERENCE IN 
HEAVY ION INELASTIC SCATTERING 

N. K. Glendenning 

The so-called Coulomb-nuclear interference 
phenomenon has been a subject of a number of exper
imental papers and has also been discussed in the
oretical papers. In some of the latter papers, a 
wave interference explanation of the phenomenon is 
given that, together with the opposite source of 
the nuclear and Coulomb parts of the interaction, 
yields an explanation of the phase relationship 
observed in oscillations in the elastic and inelas
tic cross sections.l The experimental papers often 
allude simply to a cancellation arising from the 
opposite source of the fields.2 

Actually there are in fact two distinct as
pects of the phenomenon. The wave interference 
aspect can be understood in terms of the deflection 
function shown in Fig. 1. The position is indi
cated of three orbits, 1,2, and 3, all of which 
scatter to the same angle. The outer most one, 
labeled 1, can excite the nucleus only throughthe 
long-range quadrupole component of the Coulomb 
field, whereas orbits 2 and 3 penetrate to the re
gion where the nuclear field is strong. The super
position principle ensures the interference of the 
amplitude of such waves and it is the opposite 
sense to the elastic scattering. 

The second aspect could be called the impulse 
cancellation effect. Along certain orbits in a 
very narrow band of angular monenta the integrated 
effect of the alternating sign of the Coulomb
nuclear-Coulomb quadrupole field sums to a negli
gible impulse. This appears explicitly in an ex
amination of the S-matrix for the inelastic process 
shown in Fig. 2. There the amplitude, and S-itself, 
plotted in the complex plane, is shown for a pure 
Coulomb and a pure nuclear quadrupole field in the 
second and third columns of the figure. An exam
ination of S in the complex plane reveals that for 
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Sn E:1QO MeV 
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Fig. 1. Deflection function from which the class
ical scattering angle of a trajectory with angular 
momentum 2 can be read for 100 MeV lBo + 120sn. 
The back scattering for small 2 is caused- by the 
repulsive Coulomb core which at this energy is not 
surmounted. The singularity occurs at the critical 
angular momentum 2c. The three regions I, II, and 
III correspond to orbits which i) turn away from 
the nucleus, ii) turn partly around the edge of 
iii) plunge through the surface into the interior. 

partial waves in the vicinity of 2 = 60 the Cou
lomb and nuclear contributions are in opposite 
quadrants. This leads to their approximate cancel
lation indicated in the first column of the figure 
by the sharp minimum in the amplitude of S, and the 
twist in S itself. 
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Coulomb 

AMPl.ITUDII MUL.TIPLISD IIY 

Nuclear 

L: 55 

Fig. 2. For inelastic scattering to the collective 2+ state the amplitude of the S-matrix are 
shown for the complete,process and for pure nuclear and pure Coulomb excitation. Below, the 
S-matrices themselves are plotted in the complex plane as points, which are joined. Dots mark 
intervals of 5 units. The vector sum of the nuclear and Coulomb parts at corresponding t yield 
(to lowest order) the complete S. The points corresponding to t = 55 and 60 are marked and the 
others can be located by counting. Note that the £-scale for the nuclear S amplitude is ex
panded. In the first part of the figure, it is the spike at t ~57. Also note the slow con
vergence of high t as revealed by the density of points and their slow approach to the origin. 

1 0 2 

0 

(XBL 745-902) 

The corresponding cross sections for the sep
arate contributions and combined Coulomb and Nuclear 
excitation are shown in Fig. ·3, where the elastic 
and inelastic cross sections are seen to be out of 
phase in the region of angles less than the grazing 
one, as discussed above. Of course the uncertanity 
relationship existing between t and e does not per
mit the location in angle of the impulse cancella
tion with any precision because of the narrowness 
of the minimum inS (Fig. 2). It is manifest in an 
overall reduction of the cross section in a broad 
e region as compared to pure Coulomb excitation. 

Fig. 3. The phase relation between elastic and in
elastic cross sections can be seen. Pure nucle~r 
and Coulomb excitation cross sections for the 2 
state are also shown. (Cross sections are in 
mb/sr.) (XBL 756-1559) 
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OUANTAL ANALOG OF THE CLASSICAL DEFLECTION FUNCTION 
FOR HEAVY ION COLLISIONS 

N. K. Glendenning 

A fascinating aspect of heavy ion reactions 
that has been discussed at length is the usefulness 
of classical ideas in understanding the quantum 
mechanical description of the reaction and in some 
cases the relationship of the physical assumptions 
made in a quantum calculation and the cross section 
details. Not only this, but classical physics can 
sometimes be used to suggest what kind of exper
iments need to be performed to settle specific 
questions.l 

An essential part of the classical description 
is the deflection function, which is a plot of the 
scattering angle in a collision as a function of the 
impact parameter, or equivalently the angular mo
mentum of the relative motion. A recent paper has 
questioned the relevance of this classical quantity 
in interpreting heavy ion reactions, and has shown 
examples where the classical deflection function and 
its quantal analog do not correspond very closely. 
This would be disappointing development if it were 
generally, or unqualifiedly true. It is our aim 
here to investigate the question in detail. 

We first define what is meant by the quantal 
analogue of the deflection function. The scattering 
amplitude for any (non=elastic) process contains 
aside from geometrical factors, a sum over ' 

where o and o , are Coulomb phase shifts for the in
cident ~d exif channel~ and S~r ~ is the S matrix, 
the ampl1tude 1n the ex1t channel ~· per unt inci
dent flux in the incident channel ~. We define the 
amplitude and phase of S by 

S~, ~ =_ n~, ~ exp(2io~, ~). 
' ' ' 

By replacing'the spherical harmonic by its assympto
lie expression valid for large ~. one finds that the 
above product involves 

n~, ~ r exp(i~~. ~) + exp(i~~. oH· 
J J )Jt.. 

where 

For large ~ the exponentials are rapidly oscillating 
functions of e. The main contribution to the sum of 
which the above is a term (aside from other factors 
irrelevant to our argument) therefore comes about 
when the phase is stationary; i.e., 

d ± 
IT <1>~, ~ = o. 

' 
This gives us 

which we refer to the quantal analogue of the defle~ 
tion function. It is understood to be a function of 
~-

Harney et al. 2 compared the above analogue com
puted for elastic scattering from a complex poten
tial with the classical deflection funct1on com
puted from the real part of the potential. Such a 
comparison is made in Fig. 1 for two different ab
sorption strengths the potential 1 of Table 1. In
deed one sees that there is very little resemblance. 
If however instead of making the comparison for the 
quantum elastic scattering, it is made for some 
other quasi-elastic process such as two-neutron 
transfer, then one finds as in Fig. 2 a greater sim
ilarity when the absorption is not too strong. The 
reason why the disagreement in the elastic channel 
is so pronounced is clear. The quantum elastic 
channel has in it the shadow scattering arising from 
the black sphere caused by the absorbing complex po
tential. It is only by going to non-elastic chan
nels that we can avoid this highly non-classical de
flection functions resemble each other. The resem
blance is in some case more pronounced than in 
others. If the absorption is too strong, there is 
little resemblance. Otherwise only in the region of 
the critical angular momentum does the quantum re
sult differ from the classical. In particular the 
rainbow angle is preserved, as is the shoulder above 
the critical angular momentum. Interestingly, in 
connection with the predictions made in "Two-Nucleon 

120~~,~-l~~•-:r•-.~~~~~~r-r-r-r-r-r-~ 
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Fig. 1. For the elastic channel in 18o+120sn at 
E = 100 MeV the quantal deflection functions for a 
weak (W) and strong (S) absorbing potential is com-
pared with the classical result (C). (XBL 753-681) 
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Fig. 2. For the two nucleon transfer channel 
18 120 16 122 . 

0+ Sn + 0+ Sn (2+) the quantal deflect1ons 
functions for a weak (W) and strong (S) absorbing 
potential are compared with the classical result 
(C) at E = 100 MeV. (XBL 753-683) 

Transfer Between Heavy Ions, Deep Orbits and Secon
dary Peaks," we compare the quantum and classical 
deflection functions at p = 160 MeV in Fig. 3. In 
the region of the critical angular·momentum the cor
respondence is poor, but for the reaction, the quan
tal deflection function traces the classical func
tion very accurately in the regions where it is flat. 
These are precisely the important regions since they 
yield relatively large contributions to the cross 
section. 

We conclude that the classical deflection func
tion provides quite an accurate picture of its quan
tal analogue in the regions where it is of greatest 
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Fig. 3. For E = 160 MeV the quantal deflection 
functions in the elastic (E) and two nucleon trans
fer channel (R) referred to in Fig. 2 are compared 
for weak absorption with the classical result (C). 

(XBL 753-685) 

interest, namely the flat regions corresponding to 
large cross section. Therefore we can continue to 
take advantage of this as a device both for under
standing as well as predicting phenomena in heavy 
ion collisions.l 
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A SEPARABLE EXPANSION FOR THE NUCLEAR FORM FACTORS 

M. A. Nagarajan and W. L. Wang 

We discuss a technique to obtain a separable 
expansion £or the nuclear form factors+ The form 
factors F(k' .~) for a local density p(r) 1s g~ner-~ 

• ally a functi~n of the momentum transfer q = k' - k, 
where ~· and k are two momenta: 

(1) 

We shall show that a good approximation may be de
vised to represent such a form factor in terms of 

prod1,1cts of functions depending on i( and k' sep-
arately. · 

For density distribution of interest, we may 
write 

p(:t:) = P
0

(r) + l pi(r) YI~(;), 
I 

(2) 

where_ p0 (r) is the spherical density and pi(r) are 
the multiple densitX distributions of order I. The 
form factors for p(r) of Eq. (2) may be written as 
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m,m' 
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where 

(3) 

where we have lumped all the ~lar momentum co
efficients in the factor C; Al!l, (k,k') is defined as Equations (6) and (7) give us the desired separable 

representation for the nuclear form factor. 

S j!l,(kr)j!l,,(k'r)pi(r)r
2
dr, (4) 

0 

where j!l,(x) are the spherical Bessel functions of 
order !1,, 

We now compare our results obtained with a 
finite number of terms in Eq. (6) to the exact re
sults from Eq. (4). The convergence is generally 
quite good. We find it convenient to tabulate our 
results for two values of k and k'. The results 
are shown in Tables 1 and 2 for two typical nuclear 
density distributions. More detailed numerical 
studies are given in Ref. 2. We observe that the integral in Eq. (4) may be 

cut off at some radius, say R, where the radial 
density becomes negligibly small., Within such a 
finite domain, i.e., r < R, we introduce the 
Fourier-Bessel expansion for j51,(kr)l 

!1,!1,' Table 1. The values of AI (k,k') for I=0-4. The 
nuclear density distribut10n is the Woods-Saxon 
form. The radius r is taken to be 4 frn and the dif
fuseness a= 0. 6 frn. N is the order of expansion 
used in Eq. (5). The values given are calculated 
from Eq. (6) for N=M=6, 10, and 14. The exact val
ues are obtained by numerical integration in Eq. (4). 
In this Table, k = 1.0 frn-1 and k' = 1.0 £rn-l. 

N 

~ A;(k)j!l,(a;r) for 0 <r <R, (5) 

n=l 

where a!I,R is the n-th zero of the spherical Bessel 
functioR of order !1,, The expansion coefficients 
~ (k) may be obtained in an analytic form. Using 
Eq.}5), we find the following separable form for AF (k,k'): 

M,N 

Ai!l,' (k,k') = L A;(k)~ 1 (k')KI(a~,a!'), (6) 

m=l 
n=l 

!1, N=6 N=lO 

0 0.07493 0.07493 
1 0.07318 0.07306 

2 0.05814 0.05813 

3 0.03235 0.03230 

4 0.01295 0.01281 

!1,!1,' -1 Table 2. The values of AI=2(k,k') for k=0.5 frn and k' =1.5 
£rn-l, for I= 2 (Quadrupole) derivative Woods-Saxon density with 
r 0 = 4 frn and a =0.6 fm. The densit) is not normalized, but is 

dp (r , 
taken to be pi_2(r) = (r /p ) ---0---. 1be values of N are the 
order of expans10n in Eq ~ C7f wi tRrM = N. The exact values are ob-
tained from Eq. (4). 

!1, !1,' N= 6 N=lO N =14 Exact 

0 2 0.1999 0.19999 0.1998 0.1995 

1 c 1. 842 -1.857 -1.859 -1.853 
1 3 1.537 1.531 1.531 1. 526 

0 0.3552 0.3761 0.3756 0.3738 
2 2 -0.7736 -0.7919 -0.7921 -0.7888 

4 1.513 1.514 1.513 1.505 

1 -,0. 2331 -0.2268 -0.2265 -0.2220 
3 3 0.01569 0. 01116 0. 01148 0.009036 

5 0.6825 0.6822 0.6820 0.6809 

2 -0.1071 -0.1069 -0.1068 -1059 
4 4 0.1072 0.1064 0.1064 0.1050 

3 -0.01179 -0.01200 -0.01204 -0.01243 
5 5 0.04218 0.04195 0.04193 0.04182 

N =14 Exact 

0.07493 o.o749r 

0.07301 0.07300 

0.05812 0.05811 

0.03229 0.03228 

0.01277 0.01276 
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COUPLED-CHANNEL PION-NUCLEUS CHARGE EXCHANGE REACTIONS 

M. A. Nagarajan and W. L. Wang 

In this report, we discuss a coupled-channel 
approach to pion-nucleus charge-exchange reactions 
near the (3,3) resonance region. These processes 
are of particular interest because they are dom
inated by the ~(1231) isobar formation in the nu
cleus. In the distorted wave Born approximation 
(DWBA), the effects of the (3,3) resonance on the 
single and double charge exchange reactions have 
been studied in detail.l Within similar approx
imations, we show that the channel coupling effects 
may also be treated without much complication. The 
simplifying hypotheses are quite similar to these 
used in the isobar-doorway model,2 which was used 
in the DWBA calculation of Ref. 1. 

We first discuss a coupled-channel formalism 
using the concept of isobar-doorway states in the 
elastic and charge exchange channels. We use an 
adiabatic approximation to simplify our coupled 
equations, and obtain a formal expression of the 
T-matrix in terms of a resonant and a nonresonant 
contributions. We then explicitly introduce the 
approximations of the isobar-doorway model and ob
tain solutions of the coupled-channel equations 
algebraically in a closed form. The resonant cou
plings may be treated exactly by an N-point inte
gration, or approximately by introducing a separable 

expansion of the particle wave nuclear form fac
tors.3 

It is of interest to study the effects of the 
channel couplings on the elastic and charge ex
change scattering by comparing the result of the 
present formulation with the DWBA as proposed in 
Ref. 1. We should note, however, that the coupled
channel formalism here depends on the "exact res-· 
onance'' approximation. Otherwise, the two formal
isms are identical. We may diminish the uncertainty 
due to the exact resonance approximation by apply
ing the theory to larger nuclei, and study the true 
channel-coupling effects. 
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HEAVY ION INDUCED TRANSFER REACTIONS LEADING TO 
WEAKLY BOUND FINAL STATES 

M. A. Nagarajan 

The theory of nucleon transfer leading to un
bound states in light ion induced reactions has 
been formulated by Huby et al.,l and by others.2 
The method that has been used is either to describe 
the unbound state as a quasibound state or, if the 
unbound state is in the vicinity of a resonance,to 
describe it as a Gamow state. Both of the methods 
lead to an expression for the transition amplitude 
which resembles the one for transfer to bound 
states. In light ion reactions, one further as
sumes a zero range approximation which simplifies 
the evaluation of the cross-section considerably. 

In the case of heavy ion induced transfer re
actions, the zero range approximation is not appli
cable. One thus has to face the problem of eval
uating ingegrals which are two dimensional. In the 
early application of the distorted wave Born approx
imation (D.W.B.A.) to heavy ion induced reactions, 

Buttle and Goldfarb3 invoked a "no-recoil" approx
imation, which involves eliminating ail terms of 
the order of the ratio of masses of the transferred 
nucleon to either of the cores. This approximation 
allows one to evaluate the two dimensional integral 
in two parts, firstly, the evaluation of the form 
factor and secondly the evaluation of the distorted 
wave integral. The no-recoil approximation was 
equivalent to assuming the transfer of the nucleon 
to occur when the two nuclei were at rest relative 
to one another. Recently the problem of neutron 
transfer to unbound states has been studied by Baur 
and Trautman,4 who explicitly calculated the fea
tures of Sub Coulomb transfer. During recent years, 
experimentsS have indicated the nonadequacy of the 
no-recoil approximation, and approximate6 and exact? 
calculations of recoil corrections have been made. 
These calculations exhibit the importance of the 
translational motion of the transferred nucleon. 
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In the present note, we wish to extend the 
theory of transfer to weakly bound final states in
corporating the finite range and the recoil effects. 

For the sake of simplicity, we shall use the 
notation of Buttle and Goldfarb 3 and represent the 
reaction as 

The co-ordinate system will be identical to that of 
ref. 3. The DWBA transition amplitude of the trans
fer is given by 

One can integrate over the internal co-ordinates of 
the cores introducing the spectroscopic factors as 
follows: 

(2) 

and a similar expression for the parentage expan
sion of the projectile wav~ function ~a a C~ 1n). 
In Eq. (2), the function Xs2o7 (s) is th~ ~pin wave 
function of the nucleon in tfie residual nucleus, 
and e+II is the spectroscopic factor. The transi
tion ~lttude becomes 

(3) 

X 

X 

To derive Eq.(3), we have assumed that the inter
action V(r1) is spin independent. 

If the nucleon is very weakly bound in the re
sidual nucleus, one would expect that, in view of 
the strong absorption in the elastic channels, the 
transfer would occur in the asymptotic region of 
the nucleon wave function in the final nucleus. 
One could therefore approximate the function Ut2Cr2) 
by a spherical Hankel function, i.e., 

where the decay constant x2 is defined by 

&2 being the separation energy. 
audition theorem 

2 £'-£-£ £ £2 
= v4TI 

. 2 
l ......,.....-

£A £1 

R.'A' 

x ( £o£2 i£'o) * 
j £' Cixzr 1) 

One can use the 

( R-Uz>-2 1 £'A') 

(4) 

(5) 

(6) 

We npw define what we refer to as weak binding. The 
integration over the r 1 is restricted by the range 
of the interaction V(r1). One would expect it to 
be of order of the rad1us of the projectile. We 
use the criterion 

(7) 

where ~ is the radius of the projectile, to de
fine we~ binding. If Eq. (7) is satisfied, one 
can verify that in Eq. (8), the spherical Bessel 
functions satisfy the condition 

(8) 

(9) 

Equation (9) implies that under the weak binding 
condition, Eq. (7), the wave function of the nu
cleon in the final nucleus has no component in the 
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~ire~tion of r 1, and that_in the no-recoil approx
Ima~lon the transfer ampl1tud* would identically 
van1sh or be extremely small. This is a particular 
case where the reaction proceeds entirely through 
the effect of recoil. 

At high energies, where one could expect the 
diffraction model to be valid, the integrals con
siderably simplify. We use the model of Dodd and 
Greider8 for simplicity. The elastic scattering 
wave function is described by 

(10) 

Where 8(r.) vanishes in the region of overlap ofthe 
ions and in the shadow region. With the use of Eqs. 
(9) and (10) the integral in Eq. (3) becomes 

Where 

(12a) 

and 

(12b) 

It can be verified that kR is the recoil momentum, 
and the first integral in Eq. (11) is the Fourier 
transform of the product of the potential and the 
projectile wave function. The differential cross 
section becomes 

Where 

soo 
0 

and 

(14b) 

Equation (13) is valid for transfer of particles 
with intrinsic spin of 1/2 or 0. The factorization 
of the cross-section into·the two terms G~1 (kR) 
and S~2A2 is characteristic of a reaction of the 
type (p, Zp) . If the final binding energy is small, 
the final channel behaves like a three body channel 
and the result in Eq. (13) is not surprising. 

The above treatment can also be applied to re-
; actions where the transferred particle is in a res

onant state in the final system. An example of this 
type would be one where one the two ions in the 
final system is 8Be, which is composed of two alpha 
particles in a s-wave resonance at about 90 keV 
above the threshold. The wave function of the par
ticle will then be of the form 

which satisfies an addition theorem similar to Eq. 
(6), and the final result would be identical. 

In order to obtain the simple result of Eq. 
(13), we had ignored the dependence of the distort
ed wave integral, s~2A2 on x2. If the transfer pro
cess is assumed to be peripheral, the distorted 
wave inte!ral is dependent upon X· approximately as 
1/(xzR)~+ where ~is the angular Zmomentum transfer 
and R is the sum of radii of the'ions. The depen
dence of the nuclear overlap integral on -Xz on the 
other hand can be approximated as Cx:zR1)~'. Hence, 
the contribution from the higher order term will be 
of the order of R1/R of the leading term calculat
ed in Eq. (11). If the target is heavy in compar
ison with the projectile, the ratio R1/R is likely 
to be small. The feature of factorization of the 
differential cross section expressed by Eq. (13) 
would result if the masses of the projectile and 
target are very different and if the Q of the reac
tion is close to the optimum value. The latter con
dition is necessary if one assumes the reaction to 
be peripheral. 
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PION-NUCLEUS CHARGE EXCHANGE REACTIONS IN THE 
ISOBAR-DOORWAY MODEL 

M. A. Nagarajan and W. L. Wang 

In this work, wi discuss the application of the 
isobar-doorway model to the charge exchange reac
tions. It is appropriate to recall the main ideas 
of the model. One separates the pion-nucleon inter
action into a resonant and a nonresonant part. One 
assumes that the resonant part of the interaction 
creates an isobar compound state, i.e., a nucleon 
hole and a ~ particle in the target. One further 
assumes that the scattering and reaction phenomena 
are largely determined by the detailed properties 
of the isobar is formed in the elastic channel and 
then decays into both elastic and inelastic chan
nels. The doorway state picture emerges if one as
sumes that the coupling between the elastic and in
elastic channels is solely through the isobar com
pound state. 

The formalism we present in the following sec
tion will be applicable to elastic (leading to the 
ground state of the final nucleus) as well as in
elastic charge exchange reactions, leading to quas~ 
bound excited states of the final nucleus. Breakup 
of the final nucleus is considered only through a 
parameterization of the omitted channels. The for
malism is within the spirit of the usual DWBA cal
culations where the initial and the final states 
wave functions are assumed to be determined from the 
elastic scattering experiments in the respective 
channels. In our model, we obtain such elastic scat
tering wave functions from the isobar-doorwaymodel. 

For SCX (Single Charge Exchange) reaction, we 
consider the following process: 

where 1 and 2 denote the i~itial and final charge 
st~tes of the pions. The incident channel has a n1 
(n or n-) interacting with the target nucleus A1; 
the outgoing channel has a nz (generally n° for SCX 
reactions) with the residual nucleus A2. The 
Hamiltonian of the system may be written as 

(2) 

where HtCrl, r2 ··· rA) is the baryon Hamiltonian 
with baryon coordinates rl, ... rA. The baryon 
Hamil ton ian also describes the motion of the excited 
state of the nucleon (i.e., isobar). We allow at 
most one isobar in the system. In Eq. (2), the pion 

kinetic energy operator is Krr and the n-nucleus in
teraction is V. This n-nucleus interaction V de
scribes the elastic scattering as well as the 
charge exchange process, along with all other reac
tions. We may separate this interaction into two 
parts: 

(3) 

where the non-resonant interaction V0 contains oper
ators of the following form 

(4) 

with f N as the strength·of the interaction (a+ and 
a~ arencreation operators of a pion and a nuclgon, 
respectively). The Coulomb interaction is included 
in V0 . The resonant interaction VR has the follow
ing form 

(5) 

where GnN~ depends on the coupling strength and 
the quantum numbers of n, N and ~. The nonresonant 
interaction contains the n-nucleon s-wave and 
T = 1/2 p-wave interactions. The resonant interac
tion is the T = 3/2 p-wave interaction. 

To formulate our problem, it is useful to use 
the projection-operator techniques of Feshbach. We 
have two charge states in the P-space, so we sep
arate the P-space into two parts: P1 and P2, which 
project onto the initial and the final nuclear 
states, respectively. We next define the Q-space 
operator, Q, which projects onto the isobar-doorway 

• states l¢na >. We finally define the q-space oper-· 
ator, Q, which projects onto the rest of the Holbert 
space (the compound inelastic states). In order to 
exhibit the important dynamical effects of the iso
bar resonance, we choose to introduce a distorted 
wave Born approximation (DI'ffiA) for the T-matrix. 
The DWBA SCX amplitude is defined as 

T =<X(-) IX lx(+) > 
2 21 1 ' 

where the distorted wave functions lxi±) >are the 



0 0 \! 

homogeneous solutions of 

(E- JC..)j/±) > = 0 
ll l 

where JC .. 
lJ 

with 

P. W. and 
l J 

:l 0 t~ 3 0 

i 1,2 

Formally our results so far are rather similar 
to the (p,n) reactions. However, for the case of 
pion-nucleus charge Jxchange reactions, both the 
wave functions I x (± > and the interaction JC21 
have strong energy dependence due to the (3,3) res
onance. The fact that the n-nucleus interaction is 
strong and resonating indicates important initial
and final-state interactions. 

We shall not discuss the details of the formu
lation here. They may be found in Ref. 2. However, 
it is appropriate to summarize our results as fol
lows. 

We have extended the isobar-doorway model for 
pion-nucleus scattering to the ch~rge exchange re
actions. We have shown that energy dependence of 
the SCX and DCX reaction amplitude in DWBA may be 
conveniently separated from the parts which con
tain nuclear structure information. The energy 
dependence depends on the pion optical potential, 
or the self-energy effects in the nuclear medium; 
it is therefore shown to be closely related to the 
elastic scattering amplitude. 

Within the model, the single and double charge 
exchange reactions may be treated on the same foot
ing as the elastic scattering with common factors 
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depending only on the energy and therefore may be 
consistently described by a simple parametrization 
from the energy dependence of the total cross sec
tions. These factors may eventually be evaluated 
by a more detailed interaction model, such as a 
microscopic theory where the motion of the isobar 
is explicitly taken into account. The model we 
present is general enough to allow variations in 
the detailed assump~ions of the pion-nucleon inter
action in the medium. 

The same procedure as described in this work 
may also be applied to separate the resonant and 
nonresonant components in an optical-model calcula
tion. This separation of the optical potential, of 
course, is an extension of the usual DWBA calcula
tion; for the case of pion-nucleus scattering, this 
approach may be useful in order to gain more in
sight into the roles of the (3,3) resonance in the 
optical potential. However, this type of optical
model approach will be formally equivalent to our 
formulation if the optical-model wave functions 
used are obtained from formally exact optical po
tentials, since our wave function formally contain 
all orders of multiple scattering. 

Finally, we would like to point out that our 
model has the distinctive feature of displaying ex
plicitly the roles of the (3,3) resonance in the 
reaction dynamics, including the initial and final 
state interactions. The effect of the nonresonant 
background interactions is also properly retained 
in the formalism. 

References· 

1. L. S. Kisslinger and W. L. Wang, Phys. Rev. 
Letters 30, 1071 (1973). 

2. M. A. Nagarajan and W. L. Wang, Phys. Rev. 
ClO, 2125 (1974). 

FACTORIZATION IN RELATIVISTIC HEAVY-ION SCATTERING 

W. L. Wang 

We have calculated the total cross sections 
for relativistic nucleus-nucleus scattering in the 
Glauber theory and conclude that there will be no 
factorization, due to the short-range nature of 
nucleon-nucleon interaction as compared to the sizes 
of the colliding nuclei. In the optical limit, the 
elastic scattering amplitude FAB(q2) is given as,l 

(1) 

where q is the momentum transfer and k is the in£i
dent momentum. The two-dimensional densities T(b) 
ar~ related to the nuclear density distribution 
p(r) by 

00 

T A cb) s p A (f = b + !) dz, 
-00 

(2) 

where p (f) is normalized to unity. The interac
tion par~eter x is related to the nucleon-nucleon 
total cross section ann by 

(i + et) x = -_....,- AB a 
L. nn' (3) 
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where A and B are the mass numbers of the colliding 
nuclei, a is the .ratio of real to imaginary parts 
of the nucleon-nucleon elastic scattering amplitude. 
In our calculation we use crnn = 44.§_ mb and a=- 0.2. 
The nuclear density distribution p(r) is taken to 
have the spherical Woods-Saxon form. 

For simplicity, we define the "factorizability" 
rAB for A-B scattering as 

r = AB (4) 

where crAB is the total· cross section for A-B scat
tering. + We may obtain the total cross sections 
from FAB(q) of Eq, (1) through the optical theorem. 

We now show our results of the total cross sec
tion as a function of the effective radius 

(5) 

with r = 1.25 fm. From these results, it is 
clear tRat the Glauber theory gives qualitatively 
the same results as predicted by a simple black
sphere model. 

In the case of the black-sphere model, the 
factorizability becomes 

where YAB is the ratio of the radii of the two 
nuclei 

y = AB 

(6) 

(7) 

We now show the results of crAB and rAE from our 
numerical calculations (using Eqs. (lJ and (4)) in 

Table 1, where we also list the factorizabilities 
as obtained from the black-sphere model, (6) and 
(7). 

As concluding remarks, we would like to note that 
Eq. (1) is obtained with an explicit assumption 
that the range of nucleon-nucleon interaction (the 
interaction radius) is much smaller than the nu
clear radius. This is the reason that the relative 
sizes of the colliding objects remain important and 
the scattering process is still determined by the 
geometrical properties of the objects. It is there
fore clear that there will be no strict r AB = 1 fac
torization in the nucleus-nucleus scattering as long 
as the sizes of the colliding objects remain much 
larger than the range of nucleon-nucleon interac
tion. 

Table 1. Total Cross Section and Factorizability. 
Nucleus-nucleus total cross sections (fm2) calcu
lated in the optical model. The average nucleon
nucleon cross section ann= 44.5 mb and a =- 0. 2 (see 
Eq. (3)). The nuclear density is of a Fermi distri
bution. The factorizability (the lower left table) 
is defined by Eq.(4). The values in the parenthe
ses are from Eqs, (6) and (7). 

12 16 27 32 40 88 208 

104 164 200 221 315 502 

12 165 260 321 341 443 659 

16 298 369 389 493 720 
11.41) 

27 2. 34 1.40 405 424 523 754 
11.80) 11.08) 

32 2. 78 1. 70 1. 76 428 530 762 
12.03) 11.14) 11.08) 

40 2.93 1.66 1.69 1.15 577 819 
12.21) (1.18) 11.11) 11.02) 

88 3.64 1.71 1.66 1.08 0.88 1051 
12,98) 11.40) 11.28) 11.10) 11.05) 

208 5.18 2.12 1.98 1.26 1.03 1.02 1383 
14.44) 11.81) 11.61) 11.29) 11.20) 11.15) 
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CHARGE TRANSFER IN HIGH-ENERGY ATOMIC COLLISIONS* 

M. Kleber t and M. A. Nagarajan 

Introduction 

The theory of charge transfer in high-energy 
atomic collisions has remained an intriguing prob
lem over a long period of time. Different methods 
have been used to predict electron transfer cross 
sections, but the success in explaining cross sec
tions does not by itself constitute a criterion of 
the yalidity of a theory. In fact, Greider and 
Dodd have pointed out that the DWBAis questionable 

as a first approxiw2tion to rearrangement scatter
ing. In this note, we show that the conditions for 
the validity of DWBA are considerably relaxed in 
the high-energy limit. 

The Formalism 

In DWBA, the prior form of the transition am
plitude is given by 



0 0 0 :;,~ J •• u 

x v. 1jJ. (t: ) ~ +) c"t:.) 
1 1 a k 1 

i 

(1) 

In Eq. (1), "t: and "t:h are respectively the co
ordinate vectors of the electron relative to the 
residual particle Jtarget minus electron) and to the 
positive ion. lj!i(ra) and lj!f(~) represent thebound 
states of t~J ~lectron in it~ initia~ and final 
system. ~i (ri) and ~~)(rf) descr1be the rel-

ative motion of the colliding 2articles in the ini
t~al and final states, r· and rf being the respec
t1ve channel vectors. ~e Coulomb interaction be
tween the positive ion.and the residual particle 
(target minus electron) is explicitly utili~~d in 
constructing the distorted wave functions xl Jeri) 
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(-) + ki 
and~ (rf). The perturbation causing the transi-

Kf 
tion is therefore 

v. 
1 

z (f) 
eff (2) 

where zC~~ is the effective charge of the positive 
ion, ande Vi denotes the Coulomb interaction be
tween the electron and the positive ion. 

In momentum space, Eq. i (1) reads 

X 
M2 + :;: * ( p 

'~'£ M +m f 
2 

(3) 

M , M and m refer to the masses of the target, 
tfie projectile and the electron respectively. 

In the high-energy limit the. momentum wave 
functions tj!(+J(p.) and tj!(-)(pf) are strongly 

k· 1 k 1+ "" f+ "" peaked around. pi = ki and P£ = kf, respectively. 
If at_these.values of the momenta the functions ¢>i 
~d ¢>£+are not zero,_one may replace !he variables 
Pi and Pf in tPi and ¢>£ by the values ki and kf. 
The resulting expression for the transition ampli
tude becomes 

(4) 

8 9 6 

The assumption used in deriving Eq. (4) is that the 
momentum distribution of the bound states is much 
wider and more slowly varying than the spread of the 
scattering wave packets. If the bound state wave 
function has nodes, the peaking approximation be
comes invalid in the vicinity of the nodes, but it 
should not affect the evaluation of the total cross 
section. In order to verify the nature of the 
spreading of the scattering wave packet, we used the 
representation of 1jJ (p) given by Bethe and Salpeter,2 

k 
which is valid at high energies, and found thateven 
af1e! the subtraction of the delta function term, 
o(K-p), the !emaining term is still very strongly 
peaked over p = k. 

The transition amplitude, Eq. (4), depends 
upon the value of the scattering wave functions at 
r = 0. At r = 0, these functions are dominated by 
the Coulomb repulsion between target and projectile. 
At these distances, the effect of the electron-ion 
interaction is negligible, and the question of the 
best auxiliary potential, which according to Greider 
and Doddl is important for the convergence of the 
DWBA, does not enter into Eq. (4). 

Using the result that 

(+) + 2 
I~- (r = O)l 

k 

2nn (5) 
exp(2nn)-l 

where n is the Sommerfeld parameter 

n (6) 

with Zi and Zf representing the nuclear charges of 
the colliding particles and v their relative veloc
ity, one obtains for the total cross section 

[ 
2nn 

exp(Znn) (7) 

where aBK is the Brinkman-Kramers cross section. 
The effect of screening on the estimate of the 
cross section was investigated in the case of 
proton-hydrogen atom collision. A screened Coulomb 
potential3 of the form 

2 
U(T) = exp( -ar) ~ (1 + ar) (8) 

r 2 

where a is twice the inverse Bohr radius, was used 
to calculate the scattering wave functions. It was 
found that at a proton energy of 100 keV, the cross 
section showed a 1% deviation from Eq. 7). 

In the one-electron approximation, the average 
Brinkman-Kramers cross section for an electron cap
ture from a hydrogen-like target from an initial 
state with principal quantum number ni into an emp
ty ~ydr?gen-like shell of principal quantum numb~r 
nf :!s g1Ven by (McDowell and Coleman, page 379). 



where 

and 

k = mv/h 

Z (a) Z 
eff e 
he 

(9) 

(10) 

a= i,f. 

Approximation (7) should remain valid as long as 
the electron cloud does not get deformed during the 
collision with the ion, i.e., if 

(11) 

Comparison With Experiment 

The total cross section for electron kapture 
at high energies is obtained by summing aB in Eq. 
(9) over all values of nf and by inserting the re
sult in Eq. (7). For a proton incident on hydrogen, 
the condition nn < 1 means that (7) should be valid 
for proton energies exceeding Z50 keV. In Figs. 1 
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Fig. 1. Total cross sections for electron capture 
by protons from atomic hydrogen. Curve 1: Impulse 
approximation.lO Curve Z: Continuum distorted 
wave method.ll Curve 3: High-energy DWBA limit 
(Eq. (11)). Curve 4: Brinkman-Kramers approxima
tion (Eq. (13)). Experimental results: B Ref. lZ, 
~Ref. 8, A Ref. 13, 0 Williams 1967, • Ref. 
14. (XBL 757-3503) 

15Z 

and Z, the theoretical predictions are sho"n for the 
reaction 

H+ + H(ls) --> ') H(nQ,) + H+. 
L 
n,Q, 

Also plotted are the experimental results for pro
tons incident on Hz multiplied by 0.5. It is, how
ever, not obvious that the hydrogen molecule could 
be considered as equivalent to two independent hy
drogen atoms. Tuan and Gerjuoy5 showed that in the 
high-energy limit the rat.io of charge transfer from 
atomic hydrogen to charge transfer from Hz tends 
towards a value between 0.6 and 0.7. In spite of 
the scatter in the experimental points, we can see 
from the figures that a scaling factor between 0.6 
and 0. 7 will improve the agreement between the high
energy DWBA (7) and the measured capture cross sec
tions. 

In order to avoid the problem of scaling fac
tors, we investigated the nonresonant electron cap
ture in proton-helium collisions: 

+ z ~ H + He(ls ) --> L. H(nQ,) + 
n,Q, 

I 
n'Q,' 

+ 
He (n'Q,'). 

In this reaction the high-energy approximation (7) 
should be valid for proton energies exceeding 1000 
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Fig. Z. Total cross sections for electron capture 
by protons from atomic hydrogen. Details as in 
Fig. 1. (XBL 757-350Z) 
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keV. We note that the simultaneous transfer of one 
He electron·and the Coulomb excitation of there
maining electron is not included in DWBA, but as a 
second-order process it should not be important at 
high impact energies. By comparison with corre
lated two-electron wave functions, Bransden and Sin 
Fai Larn6 found that the ~ingle-electron wave func
tion which belongs to z~ft = 1.6875 is adequate for 
the calculation of electron capture in helium. We 
therefore used this effective charge to calculate 
the intrinsic momentum Ki. The calculated cross 
sections are compared with the experimental cross 
sections in Table 1. 

Table 1. Total cross sections aBK (Eq. (13)) and 
a (Eq.(ll)) for electron capture by protons from 
helium. 

E BK a(experiment) Ref. a ,a 

1.063 11.3-5t 1.22-5 (2.9±0.4) -5 8 
2.45 11.8- 7 2.91- 7 (3.2±0.4) -7 8 
2.99 3.81- 7 1. 08- 7 (1. 2±0 .1) -7 8 
5.41 12.4-9 4.97- 9 (5.4±0.6) -9 8 
6.45 4.42-9 1. 93-9 (2±0.4) -8 9 

10.5 2.52- 10 1.32-10 (1.2±0.4)-10 9 

Proton energy E in MeV, cross sections in lo- 16cm2. 

tThe superscript indicates the power of ten by which 
the number is to be multiplied. 

Conclusion 

The non-relativistic high-energy DWBA approx
imation reproduces very well the experimental sit
·uation in the energy ranges under consideration. 
This agreement is, of course, no proof for the re
liability of the theory. Nevertheless, it should 
be realized that the DWBA capture rate in the case 
of 10.5 MeV protons on He is in accordance with the 
result of more advanced scattering methods as de
scribed by Begum et al.7 The high-energy electron 
transfer is not only a test for the correctness of 
the scattering theory used in a calculation, but it 
simultaneously probes the asymptotic tail of the 
momentum distribution of the bound electron. Since 
Hartree-Fock calculations are not very sensitive to 

t' 
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the asymptotic region of the electron momentum dis
tribution, the reliability of theoretical capture 
cross sections for complex targets will be obscured 
at high energies. 
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THE NUCLEAR SEYLER-BLANCHARD MODEL IN THE 
HARTREE APPROXIMATION 

J. Randrup* 

Introduction 

The nuclear model introduced by Seyler and 
Blanchard1 in 1961 has proved a very useful tool 
for the study of macroscopic properties of nuclei. 
The model is based on a simple phenomenological 
two-nucleon interaction (often referred to as the 
Seyler-Blanchard interaction), 

-r e =-
r (1) 

Here r1z is the distan~e between the two interac
ting nuclei and P:j.Z = p1 - pz their relative mo
mentum. The spat1al part of the Seyler-Blanchard 
interaction is a Yukawa function of range a. The 
interaction strength C depends on whether the two 
nucleons are 'like' (i.e., two neutrons or two pro
tons) or 'unlike' (i.e., a neutron and a proton). 
In addition, the strength of the interaction de
pends on the relative momentum Pl2 of the two nu
cleons; it becomes weaker as P12 increases and for 
some value b (the 'saturation' momentum) it changes 
from attractive to repulsive. 

1he fact that one wishes to extract information 
about the macroscopic nuclear properties only, per
mits the use of relatively simple approximations for 
the treatment of the associated many-body problem. 
Up to now, the model has been studied almost exclu
sively within the Thomas-Fermi approximation. This 
approximation leads to a very simple description of 
the nuclear system. 

The Seyler-Blanchard model, in its Thomas-Fermi 
formulation, has a wide range of applicability, and 
because of its great mathematical simplicity it is 
a very helpful tool for the study of macroscopic nu
clear properties. It is obvious, however, that in 
the nuclear surface region, where the potential var
ies rapidly, the Thomas-Fermi approximation is rath
er crude as it neglects the phase correlations im
posed by the surface as well as the penetration of 
particles into the classically forbidden region. 
Considering the great virtue of the model, it is 
valuable to clarify, in a quantitative way, howmuch 
a more proper treatment of the quantum-mechanics 
would affect the results. 

We have studied the Seyler-Blanchard model with
in the Hartree approximation. At the same time the 
model is formulated in more general terms so that it 
applies also to the general situation of non-static 
systems. The Hartree approximation treats the quan
tum-mechanics in an exact way, within the restric
tion that the many-particle system be described by 
a product wave function. Like the Thomas-Fermi ap
proximation, the Hartree approximation neglects ef
fects associated with the correlation between indi
vidual particles, and it constitutes a natural basis 
for studying the macroscopic properties of a quan
tum system. 

The development of the Seyler-Blanchard model 
in the Hartree approximation provides us with a 
possibility for determining the accuracy of the 
Thomas-Fermi approximation for nuclear matter. 
MOreover, it makes it possible to obtain more accu
rate values for the various macroscopic nuclear 
properties, as for example, thoze represented by 
the Droplet-MOdel coefficients. 

In addition to thus yielding a more detailed 
insight into the properties of isolated static nu
clear systems, the development of the model pre
sented here has importance for more general situ
ations encountered, for example that of two collid
ing nuclei. 

Quantization 

The quantization of the Seyler-Blanchard inter
action is rather straightforward, the only problem 
being associated with the proper quantum

2
represen

tation of the momentum-dependent part, p ~ Cr). The 
ap~arent ambiguity (whether to choose ~(p g+gp2) or 
pgp or some combination) may be eliminated after a 
closer analysis of the situation. The crucialpoint 
is the requirement that the resulting expression for 
the interaction-energy density continues the momen
tum distribution of the system only in terms of the 
total local momentum, which is the only measurable 
quantity. This requirement leads to the result 
that the momentum-dependent part of the Seyler
Blanchard interaction should be quantized as theav
erage of the two alternative~ mentioned above; this 
may be written pZg + ~ {p, {p,g}} , where 
{a,b } = ~ (ab-ba) is the anti-communicator. 

We can not here go into further details of the 
Hartree formulas but we mention below some results 
for semi-infinite nuclear matter. 

Density Profiles 

For the parameter values specified in Ref. 2 
we have calculated the self-consistent solution to 
the derived Hartree equations. In Fig. 1 we display 
the resulting matter density distribution p(x). For 
comparison we also show the corresponding density 
distribution as obtained in the Thomas-Fermi approK 
imation. The two densities are plotted such that 
their surface locations Xs coincide. The Hartree 
density exhibits two new features relative to the 
Thomas-Fermi density. One is the tail outside the 
system due to the finite depth of the nuclear poten- . 
tial. The other feature is the density ripples due 
to the phase correlations imposed by the presence 
of the surface. 

We observe that the Thomas-Fermi density repr~ 
sents the average trend of the Hartree densityquite 
well, being most markedly off in the tail region. 
The surface diffuseness, measured in terms of the 
10-90% distance, increases by around 11% from 3.17a 
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Fig. 1. Matter density distributions in units of 
the bulk density p0 • The smooth curve is the 
Thomas-Fermi result and the oscillating curve is 
the Hartree result. The dashed density corresponds 
to an infinite wall located such that the wiggles 
are in phase with the Hartree wiggles deep inside 
the system. The scale has been enlarged by a factor 
of ten for x < - 7a in order to exhibit the density 
wiggles. (XBL 749-4326) 

to 3.5la. This increase is almost entirely due to 
the density tail which moves the 10% point outwards 
by 0.46a. The 90% point is almost unaffected by the 
quantization because it happens to be located right 
between two oscillations. We observe that the am
plitudes of the ripples are considerably smaller 
than those corresponding to a sharp surface. This 
is due to the diffuse· surface. This is due to the 
diffUse surface which disturbs to some extent the 
perfect phase correlations of the wave functions at 
the surface and thereby inhibits the undulations. 
However, as one goes away from the surface region 
deeper into the system the effect of the surface 
profile is felt to a decreasing extent and the wig
gles become more and more similar to those pertain
ing to a sharp wall. This phenomenon is illustrated 
in Fig. 2 where we have plotted tile amplitude versus 
the depth from the surface. Thus the asymptotic be
havior does not depend on the detailed profile of 
the surface but follows in general the infinite-wall 
expression. 

This fact has some impact on the possibilityof 
describing the density profile in terms of surface 
moments along the lines suggested by Sussmann for 
finite nuclei3 The nuclear density profile is de
scribed in terms of surface moments of the density 
distributions, the surface diffuseness being given 
in terms of the second moment, the surface skewness 
(flare) in terms of the third moment, and so on. 

Any two distributions may then be compared by com
paring their respective surface moments. However, 
as we have seen above,' the density amplitudes are 
asymptotically inversely proportional to the square 
of the depth. It follows that all higher moments, 
from the second and up, are not mathematically well 
defined. In fact, they all exhibit an oscillatory 
behavior as function of the lower limit of the in
tegral (the cut-off depth x<), the corresponding 
amplitude being constant for the second moment, in
creasing linearly for the third moment, and so on. 
Hence it is not possible to directly extract the 
surface-moment information about a semi-infinite 
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Fig. 2. Doubly logarithmic plot of the relative 
amplitude of the Hartree density wiggles as func
tion of the depth. The straight lines corresponds 
to the inverse square dependence pertaining to an 
infinite wall while the curved line joins the ac
tual results, from the third to the seventeenth un
dulation. The vertical scale extends from 0.01 to 
0.0005. (XBL 749-4319) 

quantum density distribution. For real nuclei, of 
course, the problem does not occur because of the 
finite size. But it is of general interest tostudy 
semi-infinite systems. And since this type of den
sity ripple is a quite general feature in a Hartree 
description of such system, it would be desirable 
to generalize the concept of surface moments to 
cover this case as well. Such a generalization 
could conceivably be brought about by defining some 
appropriate averaging procedure by which the conver
gence would be ensured. In doing so one might ben
efit from the general knowledge of the behavior of 
the ripples in the asymptotic limit. 

In Fig. 3 we have made a similar plot of the 
kinetic-energy densities obtained in the Hartree 
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Fig. 3. Kinetic-energy density distributions in 
units of b2/2m p0 • The full curve is the Hartree 
result and the dashed curve the Thomas-Fermi result. 

(XBL 749-4325) 



and Thomas-Fermi approximations. We observe here 
in particular how the kinetic-energy density is 
negative in the outer surface region. But apart 
from this region it follows rather closely the 
oscillations of the matter distribution plotted in 
Fig. 1. 

Surface Energy 

For the self-consistent Hartree solution we 
have calculated the surface-energy density distri
bution as(x). The surface energy represents the 
binding-energy deficit due to the presence of a sur
face for the system. Hence as(x) is given by 

e (x) - (2) 

where e(x) is the total energy density and p(x) the 
matter density. The subscripts o refer as usual to 
the bulk values. The surface-energy coefficient as 
is the integral of this density, multiplied by the 
'nucleon' surface area, 

00 

4rrr
0 

2 S as (x) dx. (3) 
-co 
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In Fig. 4 we show the calculated surface-energy 
density together with the one pertaining to the 
Thomas-Fermi system. Figure 5 shows the decomposi
tion of these densities into their kinetic and in
teraction parts. For the Hartree system those lat
ter partial densities exhibit oscillations in the 
deeper part of the system. They are opposite to 
each other so that the combined density as(x) has 
considerably smaller oscillations. The Thomas-Fermi 
densities all go to zero at the end-point x0 ~1.90a 
while the Hartree densities extend out in the tail 
region. We notice that in this region the two parts 
tend to cancel each other resulting in a rather neg
ligible, slightly negative, value of the total sur
face-energy density. 

The kinetic-energy contribution to the surface
energy density is negative (apart from the small 
bulk oscillations). Its behavior in the tail re
gion reflects the fact that it is very advantageous 
for a particle to be in this region as it has here 
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Fig. 4. Surfa~e-energy density distributions in 
units of MeV/a . Full line: Hartree, dashed line: 
Thomas-Fermi. (XBL 749-4324) 
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Fig. 5. Kinetic and interaction parts of the sur
face-energy density distributions displayed in 
Fig. 4. (XBL 749-4323) 

very small or even negative kinetic energy. Further 
inside the system the Hartree contribution is less 
negative than the Thomas-Fermi contribution. This 
is due to the quantum localization effect which pro
hibits low-momentum particles from getting as close 
to a potential wall as high-momentum particles. 
This exclusion of the low-momentum particles from 
the potential surface results in a relative excess 
of high-momentum particles and a corresponding 
higher kinetic energy in that region. In theThomas
Fermi approximation, with its phase averaging, this 
effect is not taken into account. In the extreme 
case of a sharp wall, the kinetic-energy contribu
tion to the surface energy would be positive; the 
fact that it remains negative in the actual case is 
due to the diffuseness of the surface. 

The interaction-energy contribution to the sur
face-energy density follows more closely the Thomas
Fermi curve, with some wiggles reflecting the matter
density oscillations relative to the Th9mas-Fermi 
density. For example, the fact that axlnt(x) is 
smaller than the Thomas-Fermi curve on the inside 
slope (around-3a) is a consequence of the first den
sity hump which brings the density closer to the 
ideal bulk value and consequently lowers the energy 
deficit. In the tail region there is an appreciable 
contribution because the particles here are notvery 
well bound. As we noticed, it so happens that this 
contribution to a large extent cancels the kinetic
energy gain in the tail. 

The curve for the total surface-energy density 
then follows rather well the Thomas-Fermi curve. 
The largest deviation occurs near the peak and from 
the discussion above it follows that this increase 
should be mainly ascribed to the lack of low
momentum particles near a quantum surface. 

The integrated quantities corresponding to the 
various densities discussed above are listed in 
Table 1. For the surface-energy coefficient as we 
find a 10% increase from the Thomas-Fermi value of 
18.56 MeV to 20.51 MeV. In an earlier study by 
l\ohler4 of nuclear many~body calculations it is 
stated that the surface-energy coefficient would 
increase by 3.3±1 MeV. This trend is confirmed by 
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Table 1. Various characteristic surface quantities 
as obtained within the Thomas-Fermi and Hartree ap
proximations. The quantities are: 10-90% surface 
diffuseness of matter density, the similar diffuse
ness based on the second surface moment, the kinec
tic part of the surface-energy coefficient, the in
teraction part, the total surface-energy coefficient, 
the 10-90% diffuseness of the mass function, and the 
10-90% diffuseness of the potential. The last col
uum shows the relative change (in percent) in going 
from the Thomas-Fermi to the Hartree approximation. 

Quantity Thomas- Hartree Change 
Fermi [ %] 

t10-90[a] 3.17 3.51 10.7 

b [a] 1.39 1.47 5.8 

akin [MeV] -16.22 -16.88 4.1 s 
int [MeV] 34.79 37.38 7.4 as 

as [MeV] 18.56 20.51 10.5 

B 
tl0-90(a] 4.30 4.95 15.1 

u 
tl0-90(a] 4.55 5.10 12.1 

the present more accurate finding that the increase 
is 1.95±0.01 MeV; because of the large error quoted 
by Kohler we do not attempt a detailed comparison.· 

Our study of the semi-infinite nuclear system 
may be concluded by the following remarks. For the 
various density distributions. the Thomas-Fermi ap
proximation vields a good average representation of 

,, 
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the Hartree results. This suoports the application 
of the Thomas-Fermi approximation for studies of 
macroscopic nuclear Prouerties. In this connection 
we recall the criterion derived in Ref. 2 that the 
Thomas-Fermi approximation yi~lds the correct den
sity to within 10% provided l\lpl/p4/3 < 10. In the 
nuclear case this relation holds good fhrough the 
surface region out to a point where the density has 
dropped to one-sixth of its central value.2 Ourre
sults, displayed in Figs. 1 and 3, are seen to con
firm this criterion which was ob5ained on the basis 
of a study of linear potentials. Furthermore, we 
can state' that the Thomas-Fermi approximation under
estimates the surface diffuseness as well as the 
surface energy by around 10%. This could be rough
ly compensated for by increasing the range param
eter a by this relative amount (keeping the value 
of ca3 constant) when using the Thomas-Fermi approx
imation. 
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NUCLEAR HYDRODYNAMICS 

C. T. Alonso 

The incoming data from very heavy ion exper
iments have indicated that the collisions of heavy 
nuclei may be strongly influenced by macroscopic 
dynamic effects.lExciting prospects are associated 
with future studies of the bulk properties of heavy, 
almost macroscopic drops of the unique nuclear 
fluid. Thus it is of interest to investigate whether the 
techniques of classical hydrodynamics can describe 
the bulk flow of very heavy nuclei. During the past 
ten years dynamic studies of nuclear fission, as
suming irrotational and inviscid flow, have been 
carried out by Nix and his collaborators.2 In this 

· decade we are interested in nuclear collisions, which 
probably involve rotational as well as viscous flow, 
and new methods for solving the corresponding flow 
equations are needed. Therefore we have developed 
a numerical solution of the Navier-Stokes equation 
that describes the rotational or irrotational flow 
of charged viscous drops scaled to nuclear dimen
sions.3 The computer code SQUISH that performs this 
numerical calculation can simulate the surface os
cillations, fissions, and fusions of classical 

charged liquid drops. The free surface of these 
drops is not restricted by any parameterization and 
therefore it can assume any shape necessary for the 
solution of the differential flow equations. In 
particular it should be able to follow distorted 
collisions of liquid drops. 

In previous papers we have discussed certain 
aspects of the rheological properties of the nuclear 
liquid.3, We have concluded that slow processes 
involving many. nucleons like fission and fusion 
should be described by a liquid model. The nuclear 
drop is an emerging hydrodynamic system; that is, heavy 
ion accelerator experiments can lie in the transi-
tion regions between the quantum mechanical and the 
classical and between the microscopic and the macro
scopic. Therefore we should expect that our class
ical macroscopic model will need quantum-mechanical 
or microscopic adjustment in certain cases. Our 
primary purpose is to explore how far a full hydro
dynamical treatment can be taken in the description 
of nuclear processes. It is interesting to note 
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that recent studies in the field of molecular dynamr 
ics have indicated that small systems containing sev
eral hundred particles pass into the hydrodynamic 
regime much faster than had been previously thought~ 
This may indicate that a hydrodynamic nuclear model 
will be more appropriate than has been anticipated. 

In cases where a hydrodynamic model applies, 
the transport coefficient of greatest interest is 
the viscosity because of its sensitive microscopic 
origins. The nuclear viscosity is probably highly 
temperature dependent. In Fig. 1 on the left is 
shown the observed temperature dependence of theneu
tral Fermi liquid He3, which is not dissimilar to 
the nuclear liquid. On the right of Fig. 1 is a 
sheculation concerning the temperature dependence of 
t e viscosity of nuclear matter. At low temperatures 
the pairing correlation in nuclear matter may intro
duce a superfluid component that brings the viscosity 
down. This could mean that cold processes likespon
taneous nuclear fission have an effective viscosity 
that is quite different from hot processes like 
accelerator collisions. 

In the spirit of the classical macroscopic as
sumption, we have carried out a full solution of 
the Navier-Stokes equation for a charged viscous 
liquid drop. The hydrodynamic equations and sur
face boundary conditions have been described in a 
previous report.3,4 In Fig. 2 is illustrated the 

(b) 
Nuclear matter ? 

Fermi liquid Classical gas 

T T 

Fig. 1. (a) Measured temperature dependence ofthe 
viscosity of the Fermi liquid He3 (b) Speculation 
of the temperature dependence of the viscos1ty of 
nuclear matter. A superfluid component could force 
the viscosity to zero at low temperatures. 
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SQUISH-HOW IT WORKS 

o =Free surface 
marker 

• =Lagrangian 
particle 

Velocities 
stored on cell 
boundaries 

Resultant 
force applied 
at cell center 

I . Forces calculated from 
free-flow shape 
(surface tension and 
coulomb forces) 

2. Velocities co lculated from 
Navier-Stokes equation 

(.§.+u•V)u•-lV'P+E+llll"u 
8t p m p 

3. Volume conserved from 
incompressibility V·u •0 

4. Move cell particles and 
surface markers and 
advance lime to 1+81 

The SMAC method (Harlow and Amsden. Los Alamos) 

Fig. 2. A schematic description of how the two
dimensional code SQUISH solves the finite-difference 
equations for fluid flow while satisfying the bound
ary conditions at the free surface of a viscous in
compressible liquid. (XBL 748-4016) 

numerical solution as it is carried out by the code 
SQUISH. An axially symmetric drop is placed on a 
fixed Eulerian mesh, and movable Lagrangian parti
cles representing liquid volume elements are in
jected into the drop at t = 0. The code calculates 
the Coulomb forces and the surface tension from the 
free surface and its derivatives, which are obtain
ed from a cubic spline fit on a special set of 
Lagrangian markers that follow the free surface. 
The method of G.B. Foote is used for applying the 
surface tension to the drop.6 We have used the 
SMAC method of Harlow and Amsden for the hydrody
namic solution.? In this method the mesh is first 
adjusted to contain the correct vorticity and then 
the code deposits the correct velocities on thecell 
boundaries. The particles are moved according to 
the weighted local velocities, the time is incre
mented by a small step dt, and in this manner the 
program cycles, tracing out the flow of the drop as 
a function of time. 

Our studies of drop dynamics fall into three 
categories: 1) surface oscillations, 2) fissions, 
and 3) fusions. In order to check the accuracy of 
the code we have relied heavily on experimental and 
theoretical research from such other fields as met~ 
orology, fluid dynamics, astrophysics, and even 
space science. In Fig. 3, for example, are two 
frames of colliding water drops filmed in the Sky
lab space station. Conversely, we find that this 
code has applications in all of these fields. 

Surface oscillations have been described in 
previous reports.3,4 We find that our code obeys 
the Rayleigh theory quite well and that it can re
produce such quantities as the critical viscosity, 
the period, the damping, and the.amplitude with 
good accuracy for both charged and uncharged drops. 
We are presently using the code as a research tool 
to study the effects of short-time solutions of 

BEFORE AFTER 

Fig. 3. Colliding water drops in the Skylab space 
station. This system soon fused into a stable 
compound drop. (CBB 751-454) 



0 0 ~· h 
•·I 0 4 J 'J t 6 9 £~•), 

159 u 0 

Rayleigh oscillations as well as studies of the flow 
in large-amplitude oscillations for which no theory 
exists. In Figs. 4 and 5 are shown the uuderdamped 
and overdamped motions of an uncharged l~Lsm nu
cleus, and in Fig. 6 is the underdamped oscillation 
of a charged 15Lsm nucleus. 

Fission studies of charged drops that move be
yond the saddle point are harder to check because 
there are no direct experimental data for compar
ison. We have available only the inviscid calcula
tions of NixZ and some asymptotic data from nuclear 
fission experiments. Due to practical limitations 
involving the expense of running the code, we can 
make numerical simulations only in a certain range 
of viscosities that includes the critical viscosity, 
for surface oscillations. Therefore we cannot sim
ulate the inviscid Nix calculations directly. By 
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Fig. 4. Underdamped surface oscillations of a vis
cous liquid drop scaled to the dimensions of un-
charged 152sm nuclei. (XBB 748-5739) 
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Fig. 5. Overdamped surface oscillations of the 
drop represented in Fig. 4. The viscosity has been 
increased by a factor of ten. (XBB 748-5740) 

increasing the charge on a drop we can determine 
the atomic number at which it stops oscillating and 
starts to fission, and we do find that the code pre
dicts correct saddle point charges. In Fig. 7 are 
shown two fission simulations initiated at rest 
beyond the saddle point and using the two viscos
ities that produced the underdamped and overdamped 
oscillations of Fig. 4 and 5. We find that at these 
viscosities this highly charged drop (Z = 160, A=300) 
does not scission but elongates with a thin cylin
drical neck. Similar recent simulations of real 
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Fig. 6. Underdamped surface oscillations of a 
c~rged 152sm nuclear drop. (XBB 748-5738) 
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Fig. 7. Simulations of nuclear fission of the 
mythological isotope 160300, which was started at 
rest with a shape outside the saddle shape. The 
drop on the top is ten times more viscous than the 
drop on the bottom. The central time scale applies 
to both simulations. (XBB 749-5975) 



nuclei indicate that these viscous drops also do 
not achieve scission at the times predicted by Nix 
for inviscid drops. This results in a lower frag
ment velocity at infinity, and preliminary results 
indicate that the lowered velocities do not corre
spond to experimental velocities. The problem of 
viscous fission is still under study at this time. 

Fusion studies such as that shown in Fig. 8 
are also under way. There are no experimental or 
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Fig. 8. Preliminary simulation of the fusion of 
two viscous charged drops. (XBL 746-3368) 

theoretical data for comparison except some gener
alized results from heavy ion accelerator collisions. 
Our preliminary observation from fusion simulations 
is that colliding viscous drops develop a lot of 
heat in their fusing neck that causes them to lose 
their forward momentum before they have fused to 
within the saddle shape, with the result that they 
do not fuse into a stable compound drop but rather 
break up after a short time. The implication for 
heavy ion physics is that nuclear drops would not 
fuse to make compound nuclei if their viscosity is 
appreciable. 
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SIMILARITIES AND DIFFERENCES BETWEEN VOLUME-CHARGED (NUCLEAR) 
DROPS AND CHARGED CONDUCTING (RAIN) DROPS* 

C. F. Tsang 

The liquid drop model of nuclear fission was 
suggested thirty five years ago. The model has 
been very useful for the understanding of nuclear 
fission data and has recently been found to be an 
important element in what has come to be known in 
nuclear physics as the Strutinsky method by which 
the predictions on the masses and stability of the 
yet-undiscovered superheavy nuclei are made. 

With all that has been developed in the nu
clear fission problem, it would be interesting to 
apply it to actual macroscopic rain drops which are 
electrically conducting and consider their shapes 
of equilibrium. This has the great advantage over 
the nuclear case that direct measurements in the 
laboratory on a drop can be made. Besides studying 
the rain drops on its own merit, a parallel theoret
ical and experimental study of the conducting drop 

may also throw light on the nuclear drop. Of 
course properties of the charged conducting drop is 
not a new area of study. In 1882, Lord Rayleighl 
published a paper on the stability of a charged con
ducting drop under small oscillations. Other stud- _ 
ies are made more recently.2 However, in the pre
sent work we make a close comparative study of the 
nuclear drop and the rain drop using methods devel
oped in the liquid drop theory of nuclear fission. . 

It is straightforward to apply the methods de
veloped in nuclear fission theory to the study of a 
charged conducting drop. Thus the fissility param
eter x can be defined similarly as the ratio of the 
Coulomb energy to twice the surface energy for a 
sphere with given charge and volume. The equation 
for the energy excess ~ over a spherical drop will 
be the same as for the volume charged drop case. Of 
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course, the Coulomb energies will now be evaluated 
on the assumption that the drop is conducting. 

Three simple similarities may be pointed out. 

(a) For x = 0, there is no charge on the drop 
so that the equilibrium shapes are the same whether 
the drop is conducting or not. Also, it turns out 
nontrivially that as in the case of a volume charged 
drop, x = l represents the transition point where the 
spherical drop is stable for x < 1 and is unstable for 
X > 1. 

(b) A second similarity is apparent if we look 
at the energy difference ~ between the initial and 
the final state when the droif.is divided into equal · 
spheres. It has been shown by Swiatecki that for a 
volume charged drop. 

1/3 -2/3 
~R = (n - 1) + 2x (n - 1). 

When we make a similar study for a conducting drop, 
we get a completely identical equation and the cor
responding disucssions are applicable. The reason 
is that only spherical shapes are involved in both 
the initial and final states, and the Coulomb·energy 
of a volume charged sphere (which is 3/5 q2/R) and 
that of a conducting sphere (which is 1/2 q2/R) dif
fer by only a numerical factor, 6/5, that is the 
same for both states. 

(c) It also turns out that the Coulomb energy 
of a volume charged ellipsoid and that of a conduct
ing ellipsoid is given by 

so that 

E c 

00 

d/.. 

where a, b, and c are the lengths of the axes of an 
ellipsoid and ECg) is Coulomb energy of a sphere 
with same volume and charge. This integral may be 
carried out analytically in the case of a spheriod 
where·two of the axes are equal. Be for a volume 
charged case is given by exactly the same formula. 
Hence, if we make the drop to take on only ellip
soidal shapes, then any conclusions about the stat
ics of the volume charged drop will be true for the 
conducting drop. 

The first difference between the volume charged 
drop and a conducting drop can be found if we con
sider the division of the drop into two unequal 
spheres at an infinite distance apart, one with vol
ume 6V and the other with volume (l-6)V. In Fig. 1 
is plotted the energy change ~R between the initial 
and final states as a function of 6 for various 
values of the fiss1lity parameter x. For 6=0 and 
6=1 we get a sphere with volume V which is just the 
initial state. For 6=0.5, we get two equalspheres. 
The energy change turns out to be zero at x = 0. 35 
for 6 =0. 5. For a conducting drop Fig. 2 is found. 

We note that here again the energy is zero at x=0.35 
for 6=0.5. However, except for the points at 6=0, 
0.5, and 1.0 the curves in the two figures are very 
different. A potential minimum for a volume charged 
drop occurs at 6 =0. 5 for x >0. 2, but a potential 
maximum for a conducting drop occurs at 6=0.5 for 
all x values less than one. In the latter case 
minima occur at points where the fragments are un
equal. 

The major reason for the above differences is 
that the· charge to mass ratio for a volume charged 
drop is 'a constant, but for a conducting drop it is 
not required to be a constant. This is also the 

0.0 

X= 0.2 

0.5 

VI 

VI+ V2 

1.0 

Fig. 1. The energy change in the division of a 
volume-charged drop into two spheres as a function 
of the fractional volume of one of the spheres for 
various values of x. (XBL 694-2458) 

VI + V2 

Fig. 2. Same as Fig. 1 for the case of a charged 
conducting drop. (XBL 694-2459) 
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Fig. 3. Shapes in the symmetry N = 3 family of equipotential surfaces. (XBL 693- 2278) 

underlying cause for the second difference that ap
pears when we try to find the configuration with the 
absolute lowest energy for a drop with a given fis
sility parameter x. For a volume charged drop, this 
configuration is n equal droplets at infinity and 
the number n depends on the x values of the drop. 
One would at first expect that the same conclusion 
might hold for a conducting drop. But, as it can be 
shown, for a conducting drop, the configuration at 
the lowest energy is one with all the charges Q on 
the drop taken off and distributed among many in
finitesimal droplets at infinity. The total energy 
of the droplets may be made to vanish and only the 
surface energy of the original drop is left. 

In our work we next try to determine the equili
brium shapes of a charged conducting drop to be com
pared with those for a volume-charged drop. 

The calculation of the Coulomb energy of a con
ducting drop with an arbitrary shape is in general a 
difficult problem. However, it can be side-stepped 
by requiring the drop to assume a prescribed family 
of shapes, in fact, making the calculation of its 
Coulomb energy a trivial matter. It is well-known 
from the theory of electrostatics that the electric 
potential due to a system of charges (total charge 
Q) at any point outside a given equipotential, is the 
same as that due to a charged conductor with the 
shape of this equipotential having a charge Q. 
Hence, if we require the drop to assume the shape of 
an equipotential of potential a, its Coulomb energy 
is just 1/2 aQ. If R is the radius of a sphere that 
has the same volume as the drop and possesses the 
same amount of charge, its Coulomb energy is 1/2 
q2/R. Hence we get 

B = aR/Q. c 

The surface energy relative to that of the sphere, 
Bs, can simply be found by calculating its area 
numerically. Hence for a given fissility x the en
ergy of the drop is calculated, and equilibrium 
shapes, whose energies are stationary, are then de
termined numerically. 

For illustration, the shapes of equipotentials 
that enclose three equal points charges are shown 

in Fig.3, where the volumes of the shapes have been 
normalized to the same value. The symmetric equilib~ 
rium shapes of a charged conducting drop we calcu
lated based on a family of shapes generated by two, 
three up to six point charges are shown in Fig. 4. 
The abscissa gives the fissility parameter·x from 0 
to 1. The ordinate gives ~IN/R and RwJc/R as a mea
sure of the shape, where the minimum radius ~IN is 

~I 0 E a:: 
a:: 

cl 0.6 
J~ 

0.4 

0.5 0.6 0.7 
X 

0.8 0.9 

Fig. 4. The maximum and minimum radii of the sym
metric saddle point shapes of a charged conducting 
drop as a function of the fissility parameter x. 
Different curves correspond to the restriction to 
different families of shapes indicated by the values 
of N. (XBL 694-2462) 
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the minimum radius of the neck of the drop and the 
maximum radius RMAx is the distances from the center 
of the neck (at its minimum radius) to the ends of 
the drop. 

Let us take the N = 6 curves at its face value 
and examine its main features. As the value of x goes 
from 1 toward small x values, the equilibrium shape 
elongates from a sphere, i.e., RMAx/R increases with 
decreasing x in the region near x = 1. This is in 
constrast to cases of small x values (x ~ 0.7)where 
~/R is slowly decreasing with decreasing values of 
x. The shapes in the latter case are long and look 
like a dumbbell. Similar to the volume charged drop 
case there exists a region where there is a rapid 
change of shape, but it occurs at x ~ 0.9 in the 
present case. Actually the curve for ~~y/R even 
turns back at x = 0.887 and again at x ~~].906. 
However, we are able to show, by an independentvari
ational test, that our results in this region are 
much less reliable than regions with larger or smal~ 
er x values, so that the double turn may be spurious. 
(It is interesting to note that similar uncertainty 
once existed in the volume charged case). 

The nature of these equilibrium shapes may be 
found by looking at the signs of the second deriv
atives of their energy with respect to all the pa
rameters. The following results are found when the 
shapes are restricted to only the degrees of free
dom that allow reflection symmetric shapes. For 
1 > x > 0. 88 7 the energy of the drop is a maximum 

in one degree of freedom, but a minimum in the 
other symmetric degree of freedom. Between the 
bends, for 0.887 < x.< 0.906, the energy is a min
imum. For values of x smaller than 0.906, it is 
again a maximum in one degree of freedom. With re
spect to the degrees of freedom that describe reflec
tion asymmetric deformation, the energy of the drop 
is a minimum from x = 1 to x = 0.892. From x = 0.892 
to x = 0.68, it is a maximum in one degree of free
dom. Below x = 0.68 it appears to be a maximum in 
two degrees of freedom. Hence, the equilibrium 
point is a saddle ·from x = 1 to x = 0.892. From x = 

9 0 2 

0.892 to x = 0.887 it is a mountain top (unstable in 
more than one direction). Between the bends at x = 
0.887 and x = 0.906 it is again a saddle. For x 
smaller than 0. 906, it turns out to be a mountain 
top also. As discussed before the shapes close to 
x = 1 is fairly well determined, but at the bends 
the results are not reliable. 

In conclusion, it is interesting to note that 
even some ninety years after Lord Rayleigh's study 
of a charged conducting drop, the whole problem is 
still a very open subject. The present calculations 
have been able to determine the saddle points of a 
charged conducting drop for values of x from 0.892 
tb 1 where they are reflection symmetric. But for 
the region up to 0.892, one is still very ignorant 
of the saddle point shapes and energies of a charged 
conducting drop. 
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FURTHER STUDIES ON PROXIMITY FORCES 

J. Randrup, W. J. Swiatecki,* and C. F. Tsang 

For certain physical systems such as homoge
neous solids, fluids or the heavier atomic nuclei, 
made up of elements interacting by short-range 
forces and possessing a surface region which is thin 
compared to the size of the obejct under consider
ation (leptodermous systems), the potential energy 
of the system may be decomposed into a volume term 
and a surface term. The surface term is propor
tional to the area of the surface bounding the ob
ject. For a simply-connected system the above de
composition is accurate if the principal radii of 
curvature of the surface are everywhere much larger 
than the thickness of the surface region. Moreover, 
when this condition is satisfied, correction terms 
to the surface energy (such as the curvature correc
tion) may be derived by expansions in powers of the 
ratio of the thickness of the surface to the size 

of the system, thus making the expression for the 
potential energy even more accurate. Such a series 
expansion has been useful in discussing the average 
binding energies (masses) of atomic nuclei, and one 
might have thought that, apart from effects asso
ciated with the discreteness of nucleons (shell ef
fects) there was no more to the problem of average 
nuclear energies than the calculation of the above 
series expansions to a sufficiently high order. 
This is not the case. Thus, when the surface of the 
system becomes contorted into features whose charac
teristic dimensions are of the order of the thick
ness of the surface region itself, the above series 
expansions become useless. This failing is by no 
means of merely academic interest: it may be seri
ous for a system with a thin neck, on the verge of 
dividing into two fragments (as in nuclear fission), 



164 

or in the case of two sub-systems about to come into 
contact (as in c~llisions between heavy nuclei). In 
the latter case in particular, when the system is 
not simply-connected, a calculation of the surface 
energies of the two pieces, no matter how accurately 
it is corrected for the curvatures of the two sur
faces, can never give rise to the (strong) attrac
tion that in practice appears when the two surfaces 
approach to within a distance comparable with the 
surfaces thickness. 

Various attempts to remedy these failings have 
been made in the past. They range from microscopic 
computer calculations on individual pairs of nuclei 
(by Greiner and collabotatorsl and Brueckner and 
collaborators2) through various folding prescrip
tions where a more or less realistic potential well 
is folded ~to a more or less realistic density dis
tribution3, to direct estimates of certain aspects 
of the nucleus-nucleus force in terms of the exper
imentally known surface-energy coefficient. 5 

In line with the latter developments we have 
found it possible to derive simple expressions for 
the additional potential energy (or forces) asso
ciated with certain of the more important types of 
violently contorted surfaces, which should enable 
one to complement in a useful way the usual series 
expansions of the nuclear energy. We shall call 
these additional forces "Proximity Forces" because 
they arise from the proximity of elements of the 
contor~ed surface, the contortion being such that 
different pieces of the surface actually face each 
other across a small gap or crevice. In particular 
we have derived a theorem that makes it possible to 
relate (approximately) the interaction between two 
finite nuclei to the interaction between two flat 
parallel slabs of semi-infinite nuclear matter--a 
problem that is simpler, and can be solved (in a 
suitable approxin1ation) once and for all. 

The Proximity Force Theorem states that, under 
certain assumptions, the force F(s) between curved 
surfaces, as a function of the least separat~ 
is proportional to the interaction potential per 
unit area e(s) between two flat surfaces, the pro
port1onality factor being 2n times a certain mean 
radius of curvature characterizing the two surfaces 
at the point of closest approach. The theorem was 
proved and discussed in the last year's Annual Re
port. The result may be expressed as follows: 

dVp 
F(s) = - <IS 2n R e(s), 

where, in the case of two spherical surfaces with 
radii c1 and C2, the mean curvature radius R is 
given by 

a kind of "reduced radius" of the two spheres (like 
a reduced mass M1Mz/(Ml +M2) . Thus the Proximity 
Potential is given by 

2n R E(s) where £(s) J e(s')ds'. (1) 
s 

Caution should be exercised in using the Prox
imity Theorem. The proper domain of applicability 
of the theorem derived above is to the mapping of 
the average nuclear potential energy (for not too 
small systems) in a small sub-space of the total 
configuration space, defined by specifying certain 
deformation co-ordinates. In trying to compare the 
potential V directly with results of nucleus
nucleus scattering experiments one should remember 
that nuclei are not undeformable, so that at each 
instant of time,-une formula show up in scattering 
experiments at sufficiently high energies (especial
ly in grazing collisions) where there might not be 
enough time during the collision for the nuclear 
density distributions to deform appreciably. It 
might also be argued that in the analysis of elastic 
nucleus-nucleus collisions a formula based on the 

assumption of undeformability is actually the rel
evant one, since any excitation of the degrees of 
freedom of the individual nuclei would tend to take 
the system out of the channel for elastic scattering. 

A second reservation on the indiscriminate use 
of Eq. (1) stems from the assumption that C1 and C1 
should be much larger than the thickness of the nu
clear surface. Even for heavy nuclei this condition 
is not satisfied very accurately, and when one of 
the nuclei is as light as oxygen or neon, serious 
corrections to Eq. (1) might be expected. 

In this connection it seemed for a while, as a 
result of comparisons of our Proximity Fo3ce The
orem with calculations of Krappe and Nix, that 
even though correct in principle the theorem might 
be useless in practice for applications to nuclei, 
because actual nuclear radii are not sufficiently 
large compared to the diffuseness of the surface. 
These difficulties and their resolution are illus
trated by the following considerations. 

In Ref. 3 Krappe and Nix give a formula for the 
interaction potential between two non-overlapping 
sharp spheres of radii R1 and R2 whose volume el
ements interact by a Yukawa attraxtion of a certain 
strength (sa, K) and range a. We rewrite the for-
mula as follows -

2 Rl Rl Rl R2 R2 R2 
V = -16n a y(- cosh-- sinh-)(- cosh- -sinh-) a a a a a a 

exp[- (R1+ R2+ s)/al 

(R1 + R2 + s)/a 

4 Here y stands for 2n a K and, as shown by Krappe 

(2) 

and Nix, this is the surface energy per unit area 
associated with the sharp surface and the Yukawa 
interactions underlying their model. The separation 
between the two sharp surfaces is denoted by s. 
When R1 and R2 are sufficiently large compared to a 
the conditions for the validity of the Proximity -
Force Theorem are satisfied and, as remarked by 
Krappe and Nix, the limiting form of V 

R1R2 -s/a 
V + -4ny R + R a e , 

1 2 
(3) 
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is, indeed, in accordance with our theorem since the 
interaction energy per unit area between two Krappe
Nix semi-infinite systems with flat surfaces can be 
shown to be given by 

e(s) -s/a -2y e . (4) 

If, however, one attempts to use Eq.(3) as an 
approximation to Eq.(2) for values of R1 2/a of the 
order of two to four, one finds discrepancies of the 
order of a factor of three to two! (The Krappe-Nix 
range a is of the order of 1-1.5 fm; it should not 
be conrused with the range a in the Seyler-Blanchard 
model [8], whose value is aoout 0.6 fm.) This poor' 
accuracy of Eq.(3) was traced to the fact that the 
relevant effective radius of a Krappe-Nix sphere 
(i.e., or a s~a£¥ density distribution of radius R 
generating a 1 use potential well), is signif
icantly smaller than R, and by applying the Prox
imity Theorem to these effective objects with small
er radii a dramatic improvement was obtained. 

The crux of the matter is that the location of 
the profile of the potential well of a Krappe-Nix 
sphere (as given by the half-value radius or Suss
mann's central radius Cv) is inside the density 
radius R as is seen from the formula 

b2 Cv = R [ 1 - R2 + ••• ] • 

Here b is the Slissmann width of the diffuse poten
tial surface. In the Krappe-Nix case it can be 
shown to be given by b2 = 2a2. 

The location of the effective profile of a 
Krappe-Nix sphere [taken as the mean between the 
density and potential profiles because the density 
and potential enter symmetrically in the formula f 
Vp for the (interaction) energy] is therefore 

1 a2 
Ceffective = 2 CCv + CP) = R(l- R2 + ···). (5) 

(Note that in the case of the density the half-value 
or central radius Cp is equal to R because the dif
fuseness is zero.) 

Applying the Proximity Force Theorem to the ef
fective spheres with radii given by Eq. (5) we find 

i a 2 
(R - -)(R --) 1 R1 2 R2 

ay 2 2 
R -~ + R -~ 

1 R1 2 R2 

exp(- ! 

to be compared with the exact result Eq. (2). 
Figure 1 shows the comparison for the case of equal 
spheres R1= R2 = R. In that case the Krappe-Nix in
teraction V and the Proximity Potential Vp may be 
written as 

9 0 J 

and 

where p = R1/a = Rzla, and a = s/a. 

On the left in Fig. 2 these expressions are 
plotted as functions of the separation s/a for 

z 

Fig. 1. Two curved surfaces whose distance of 
closest approach iss (along the z-axis). The gap 
width D(x,y) is a function of the transverse coor-
dinates x and y. (XBL 7412-8381) 
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Fig. 2. A comparison of the exact interaction be
tween two equal Krappe-Nix spheres (solid lines) 
and the approximation resulting from the Proximity 
Theorem applied to properly chosen effective spheres 
(dashed lines and crosses). The dot-dashed line 
corresponds to a poor choice for the radii of the 
interacting objects. (XBL 7412-8382) 



three radii: R/a =- 3, 2, 1. At contact (s = 0) the 
Krappe-Nix potential V and Proximity Potential Vp 
are reasonably close; the former then falls off 
somewhat more rapidly with s than the latter. On 
the right the values of V and Vp at contact are 
compared as ~ function of R/a. The Proximity Poterr 
tial is zero at R/a = 1 whereas the exact result 
has a small tail extending to R/a = 0. Otherwise 
the correspondence between the two curves is close. 
The dot-dashed curve is given by Eq. (3). It even
tually achieves the correct limiting value, but is 
useless for R/a- 2-4. We made similar comparisons 
of V and Vp for unequal spheres with a ratio of 
radii 2:1 and the close agreement was preserved. 
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These comparisons illustrate the importance of 
recognizing the proper location of the surface 
profiles of the-curved objects to which the Proxim
ity Theorem is being applied. This has to do with 
the importance of properly matching the parallel 
flat surfaces (underlying the Proximity Theorem) to 
the profiles of the curved surface elements that the 
flat surfaces are supposed to represent. In the 
Krappe-Nix case this proper matching makes all the 
difference between the theorem being a useless curi
osity, or providing a semi-quantitative tool for 
predicting in certain cases the results of a crrlcu
lation without carrying out the somewhat involved 
multiple integrations associated with folding in 
(Yukawa) interactions. We should remark, however, 
that the Krappe-Nix case, with a sharp density but 
a diffuse potential, is a situation that exaggerates 
this aspect of the problem. It is only because the 
density is sharp that its profile stays at R, wher~ 
as the potential profile moves in by b2/R as the 
surface is curved. In a self-cohesive system (such 
as a nucleus), where the density generates the po
tential and the potential determines the density in 
a self-consistent way, the widths of the potential 
and density profiles are approximately equal, and 
so the density and potential profile locations do 
not move appreciably with respect to-each other as 
the surface is curved. Applying the Proximity The
orem simply to the density radii CP, as was done 
implicitly, should then be a fairly adequate proce
dure. 

Concerning the relation of our Proximity Poten
tial to nucleon-nucleon potentials obtained by fold
ing (either using schematic models of the Brink
Rowley [ 4] type) the most important difference is 
that the Proximity Potential takes account of the 
saturating character of nuclear interactions (built 
into the Proximity Theorem by way of the saturating 
properties of the semi-infinite systems). The non
saturating folding procedures of the Brink-Rowley 
type tend to give potentials much too deep by the 
time the two nuclei are in contact. In the Krappe
Nix case the potential is effectively normalized to 
give the right attraction at contact (by adjusting 
the properties of the Yukawa force so that it re
produces the surface tension ~oefficient). Thenon
saturating character is then in evidence in a more 
subtle failing of the force function, namely in that 
e(s) in Eq. (4) is not a minimum near s = 0, and 
consequently that V in Eq. (2) does not have a point 
of inflexion near contact. 

Footnote rrnd References 

* LBL Theory Group. 

1. W. Greiner, Proceedings of Heavy-Ion Summer 
Study at Oak Ridge National Laboratory, June 12-
July 1, 1972, p. 1. 

2. K. A. Brueckner, J. R. Buchler, S. Jorna, and 
R. J. Lombard, Phys. Rev. 171, 1188 (1968). 

3. H. J. Krappe rrnd J. R. Nix, Proceedings of the 
Third IAEA Symposium on Physics rrnd Chemistry of 
Fission, Rochester, New York, August 1973, p. 159. 

4. D. M. Brink rrnd N. Rowley, Nucl. Phys. A219, 
79 (1974); R. A. Broglia rrnd A. Winther, Phys. 
Reports!, 153 (1972). 

5. J. Wilczynski, Nucl. Phys. A216, 386 (1973); 
R. Bass, Phys. Lett. 47B, 139 (1973). 

POTENTIAL ENERGY SURFACES 

J. P. Blocki* 

Great progress has been made in heavy ion phys
ics during the last few years. On the one hrrnd a 
lot of experiments have been done using mrrny differ
ent combinations of target-projectile systems with 
different relative angular momenta rrnd energies. On 
the ohter hand there are many theoretical descrip
tions that attempt to interpret the results of these 
experiments rrnd predict some main features of heavy 
ion collisions, such as probabilities of scattering 
(elastic rrnd deep inelastic) rrnd formation of com
pound systems. However, it has been found that 
there is a lack of some basic calculations, namely 
of potential energy surfaces for different target
projectile combinations. This should obviously be 

a starting point in all theoretical considerations. 
In this note we intend to describe our approach to 
the solution of this fundamental problem. 

The basic model assumed for calculation of the 
potential energy is a simple liquid drop model 
(Coulomb plus surface terms). The shape of the drop 
is described by three smoothly joined portions of 
quadratic surfaces of revolution, which are two 
spheres connected by hyperboloidal (spheroidal) neck 
(see Fig. 1). 

The equation for a drop surface in a cylindri
cal coordinates system is written as: 
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Fig. 1. An illustration of a shape described by 
two spheres connected by hyperboloidal neck. 

(XBL 757-3507) 

{ 
2 2 R1 - (z - d1) -d1-R1,;;;; z ,;;;; z1 

2 a + bz + cz 2 z
1
.;;;;z.;;;;z2 p (1) 

R2 2 
2 - (z - d2) z

2
.;;;; z ,;;;; d

2
+ R2 . 

There are seven parameters describing the shape 
(Rl, R2, d1, d2, a, b, c), four of which can be ' 
eliminated by imposing the constancy of the volume 
the smooth connection between surfaces at points ' 
z1 abd Z2, and fixed position of the center of mass. 
Essentially, there remain three independent degrees 
of freedom in describing the shape and it was de
cided to choose for these: asyTill)letry 

A = M1/ (M1 +M2) = Ri/ (R~ + R~) , 
where M1 and M2 are the masses of two separated 
fragments, distance between spheres centers D = d2 
- ~1, ~d so called "neck variable" o = 6.Vneck/V0 , 

wh1ch 1s the excess of the volume of the hyperboloi
~al (~pheroidal) neck over the nominal one expressed 
1n un1ts of total volume V0 • By nominal volume of 
the neck we understand the volume that corresponds 
to the overlapping volume of two spheres. To make 
the situation more clear the family of shapes"for 
asymmetry A= 0.2 is presented in Fig. 2. 
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Fig. 2. The family of shapes for asymmetry A= 0.2 
(the R in the figure is the radius of the compound 
sphere). (XBL 757-3497) 

. 
0 
167 

9 0 .s:J 

The potential energy is parametrized addition
ally by the fissionability parameter x which essen
tially defines the proportion in which Coulomb and 
surface terms should be mixed in total energy E 

(2) 

where Bs and Be are the ratios of surface and Cou
lomb energies respectively, to those of the com
pound sphere and E is expressed in units of surface 
energy of the compound sphere. 

We decided to present the results of our cal
culations of E in the form of the sets of two
dimensional plots E = E (o,D), for definite values 
of asymmetry A and x. An example of such a plot 
for A= 0.2 and x = 0.7 is shown on Fig. 3. 

X = 0. 70 asymmetry = 0.2 

0.6 
.!! 
.c 
c ... 
c 0.4 > 
,., 
u 
C1l 
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0;2 

o.o 
0 3 4 

Distance in R units 

Fig. 3. Plot of potential energy surface for asym
metry A= 0.2 and fissionability parameterx = 0.7. 

(XBL 757 -3501) 

The distance between the sphere's centers D is 
expressed in units of the radius R of the compound 
sphere. The saddle point for fission was indicated 
by x. The big mountain around o = 0 and D ~ 1.55 
corresponds to the barrier for fusion in head-on 
collisions of two nuclei. Looking at this plot,one 
could make the first estimate as to what the prob
ability of the compound system formation in head-on 
collisions is, and at the same time what the competi
tion of fission process is. It is obvious, that in 
order to make this last estimation one should have 
the whole set of plots for all different values of 
asymmetry A at fixed x, as the fission process may 
lead to other more energetically convenient values 
of asymmetry. Besides, to answer the questions of 
fusion pr?bability and fusion-fission competition 
more prec1sely the problem of dynamics should be 
solved. 

Nevertheless, it is hoped, the calculations of 
the potential energy surfaces presented here will 
be helpful to experimentalists as a guide for deter
mining values of potential energies in various heavy 
ion experiments, while they should also be a base 
for further theoretical considerations. 

Footnote 

* On leave from Institute of Nuclear Research, Poland. 
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A SIMPLE MODEL FOR DEEP-INELASTIC HEAVY ION SCATTERING 

F. Beck* 

INTRODUCTION 
~ 

The occurrence of highly inelastic direct 
scattering in heavy ion reactions well above the 
Coulomb barrier represents a new and outstanding 
gross feature of such reactions: when summed over 
relatively narrow distributions of charge- and 
mass-transfers in the reaction products the deep 
inelastic events peak at a (kinetic) energy-loss 
of the order of 100 MeV, well separated from the 
quasi elastic scattering. In some cases there is 
also a peaking in the angular distribution at a 
scattering angle somewhat smaller than the grazing 
angle.l-4 

It has been pointed out by several authors5 
that heavy ion reactions well above the Coulomb 
barrier can be treated in a classical approxima
tion. Quantum corrections to the so derived clas
sical cross sections then show up in typical os
cillations, or in rainbow scattering, in regions 
where the classical trajectories vary strongly with 
the impact parameter. They can be treated in a 
semiclassical way by amending the classical tra
jectories with WKB ~hases and constructing a scat
tering amplitude.6,7 In.deep inelastic heavy ion 
scattering, however, one sums over a large member 
of reaction channels, and quantum effects wash out 
completely. Thus a purely classical treatment, in 
terms bf a classical deflection function 8(b), 
seems sufficient, from which the scattering cross 
section is derived according to 

(1) 

In such a description the inelasticity is intro
duced by assuming, in addition to the conservative 
Coulomb and nuclear forces, a friction force rep
resenting statistically the transfer of kinetic 
energy to internal excitations of the reaction 
partners. 

The heavy ion reaction cross sections have 
been studied in a classical dissipative treatment 
by several authors.S-11 The models discussed so 
far are characterized by (a) a rather strong nu
clear attraction inside the Coulomb barrier (of the 
order of the nucleon-nucleus potential}, (b) a 
friction form-factor which peaks in the nuclear 
surface, and, in one case,8 extends well to separa
tion distances outside the nuclear interaction 
region and (c) the same forces are assumed for the 
entrance and exit channels. The deep inelastic 
events are then attributed to "negative angle scat
tering", and the cross section rises continuously 
to the quasi-elastic peak near the grazing angle. 
Thus in this form the model is unable to separate 
the deep inelastic scattering in energy or angular 
distribution from the quasi elastic scattering, 
contrary to the observations. 

In the schematic calculation reported here no 
precise fit to experimental data is intended. The 
emphasis lies rather in employing a fairly simple, 
analytically solvable, scattering problem, and to 

study the influence of various assumptions about 
the nuclear interactions. On the other hand, the 
model is flexible enough to include, and to vary, 
the main qualitative features of the conservative 
and dissipative forces along a prescribed trajec
tory in the entrance and exit channels of heavy ion 
collisions. 

The Scattering Model 

The schematic model is characterized by three 
features which differ to some extent from previous 
calculations: (a) the interactions and interaction 
radii differ in the entrance and exit channels. 
Bondorfl2 already pointed out that the formation of 
a neck has to be expected in heavy ion scattering 
forming a strongly interacting contact area which 
allows considerable mass-, charge-, and energy
transfer between reaction partners.l3 (b) The 
interaction potential for heavy ions inside the 
touching radius is shallow due to the strong 
Coulomb repulsion and may even become repulsive in 
the density overlap region. (c) Energy dissipation 
is only present in the interaction region. Thus 
the friction force is exactly zero before touching 
in the entrance channel and after scission in the 
exit channel. 

For the sake of generating analytically sim
ple soluble equations of motion the potentials 
V(r) of the conservative forces FC(r) are either 
step potentials or vary - r-1 (modified Coulomb 
potentials; r is the distance between centers of 
gravity of the two fragments). 

The friction is assumed to be purely radial 
and the corresponding force is 

Fd(r) = -A I8U _1_ dr. 
... 2 dt' 

r 
(2) 

in the regions where dissipation is present. The 
choice of the friction form factor - r-2 is again 
dictated by practical arguments of solubility 
may be even not so unphysical. The practical action 
of that force is anyhow restricted to the nuclear 
surface (cf. Fig. 5). 

With these assumptions four radial regions 
can be defined: 

Region I: 

Region II: 

Entrance channel: r. > R. 

V(r) 

Fd = 0 

ln l 

Entrance channel: R. < r. 
l ln 

V(r) = f . nJ. 
d 

F (r) = --

2 
g_ + c· r 1 

1 
\ /8il r2 

dr 
Or 

< R c 



0 0 

Region III: Exit channel: 

2 
V(r) = f . g_ + c 

n1 r o 

0 

Fd(r) = - A /8V _! dr 
0 . r2 (ff 

'i "'. 

Region IV: Exit channel: rout > Rsc 
q2 
r V(r) 

Fd = 0 

3 0 

The substitutions de = [L/mr2J .dt, which 
follows from the integration of the tangential 
equation (L = const, no tangential frictio~ ), and 
Y(8) = l/r(8) + ~·f . q2jLZ lead to the radial 
equation in the forM (prime denotes differentiation 
with respect to 8) 

Y" - 2 _...:..A.:........._y• + y 

b·El/2 
ern 

0 (3) 

which has solutions in terms of elementary func
tions. The total scattering solution results from 
continuation of the individual solutions through 
regions I - IV. 

Choice of Potential Parameters 

The two deep inelastic scattering experiments 
that have been discussed in most of the theoretical 
work so far are chosen also in this calculation as 
a basis for comparison: 

(A) 84Kr + 
209Bi at Ecrn 374 Mev3• 4 

(b) 40Ar + 
232Th at Ecrn 331 MeV1 . 

The radius parameters R., R and the poten
tial steps at r = Ri were ta~en ffom a liquid drop 
calculation of nuclear energies including a neck 
degree of freedom.l4 The liquid drop parameters 
are those given by Myers and Swiatecki at the 
Lysekill Conference.l5 In addition to this a re
pulsive core was introduced to represent the in
crease in energy where the densities overlap 
strongly. It consists of an adjustable soft core 
and a hard core at r = Rc. 

The resulting model potentials are shown in 
Figs. 1 and 2, respectively, for the two compound 
systems, and for three different choices of the 
soft core strength. 

Results 

The results of the model calculation are pre
sented in Figs. 3 to 7. The deflection functions 
(Figs. 3 and 6) show that the assumptions in this 
model lead to a separation of the deep inelastic 
peak from the quasi-elastic scattering. The dis
continuity in the deflection functions near the 
grazing impact parameter results from the discon
tinuity in the potential at r = Ri. 

The cross sections show in the Kr case a pro
nounced angular peaking below the grazing angle 
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Fig. 1. Potentials of the conservative force in the 
regions I - IV for the system 84Kr + 209Bi and 
three different choices of the soft core (VRc= 300, 

400, 600 MeV, resp.). The entrance channel coord
inate, r. , is plotted to the left, the exit chan-
nel coora~nate, rout• to the right. (XBL 745-829) 
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Fig. 2. The same as Fig. 1 for the system 
40Ar + 232Th. (XBL 754-828) 
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Fig. 3. Deflection functions S(b), resp. e(£) 
with Z = £ · h) for the system 24Kr + 209Bi at 
Ecrn = 374 MeV. The parameters are the friction con
stants Ai/Ao in units Mevl/2.frn. The soft core 
has the value VRc = 400 MeV. (XBL 754-827) 
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Fig. 4. Differential cross s~ction for deep ine
lastic scatter!ng; 84Kr + 20 Bi at E = 374 MeV. 
\i = 100 Mevl/2.£m, \o = 100 Mevl/2~m. The cross 
section is plotted for different strengths of the 
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Fig. S. The effective potential V'(r) = V(r) 
+ L2j2~r2 for two differents values of l(=L/h) and 
the energies of the corresponding trajectories. 
The origin of the focussing and the importance of 
the difference in the entrance and exit channel 
potentials for a relatively small spread in the 
energy loss can be seen from this picture. The 
example is 84Kr + 209Bi. (XBL 7S4-82S) 
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M~l/2.fm. Th~ e~erirnental cross'sections are 
given for selected reaction products. 

(XBL 7S4-823) 

while in the Ar + Th system the peak has moved to 
forward angles and is no longer pronounced. No 
negative angles are involved in the scattering, due 
to the rather shallow nuclear potentials resulting 
from the liquid drop fit. 

The observed inelasticity can be achieved by 
fixing the friction constant to the weak friction 
case Lin the terminology of Bondorf et al. 9). The 
friction force (2) can be written in the form 

( 

2 R. v rl) ~-· (4) 

For vr ~ O.OS.c (at the Coulomb barrier), and 
r = Ri one has the following correspondence in the 
Kr + tli case 

A SO MeV1/ 2 ·Em <> Fd(R.) ~ 10 MeV/fm 
l 

A= 2SO MeV1/ 2 · fm +> Fd(R.) ~51 MeV fm 
l 

The employed friction force constants are all in 
the range 30 Mevl/2fm .;;;; A .;;;;; 100 Mevl/2.fm. 

Conclusion 

The schematic model that was investigated here 
shows that the characteristic features of deep in
elastic heavy ion scattering can qualitatively be 
reproduced if a difference between entrance and 
exit channels together with the rather shallow nu
clear potentials expected for heavy ions because 
of Coulomb and density overlap effects are em
ployed. 

In contrast to purely elastic scattering 
where the interior region is masked by strong ab
sorption in the surface, deep inelastic heavy ion 



0 0 ~J 1) 
~- 4 J 0 

scattering offers a unique experimental tool to in
vestigate the nuclear potential energy landscape in 
the vicinity of the fusion-fission valley. 
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THEORETICAL ESTIMATES OF SPONTANEOUS-FISSION 
HALF-LIVES FOR SUPERHEAVY ELEMENTS 

J. Randrup, s:·E. Larson,* P. Moller.* 
A. Sobiczewski, t and A. Tukasiak t 

Introduction 

The first extensive and realistic estimates 
of the stability of super-heavy elements (SHE) was 
given by the Berkeley-Lund-Warsaw groupl,Z in 1968 
on the basis of the modified-oscillator (M.O.) 
model. Since then, many other calculations (which 
we do not attempt to review here) have been made 
on the stability of this region of nuclei. In 
particular, we may refer to similar studies made 
by Fiset and Nix3,4 using the Folded-Yukawa (F.Y.) 
single-particle model and by Brack et al.5 using a 
Woods-Saxon type of potential. These calculations 
suggest considerably longer half-lives than those 
of Refs. 1 and 2. 

Progress has been made on several crucial 
points involved in such calculations. Firstly, the 
description of the smooth macroscopic part of the 
deformation energy is now more detailed and has 
reached a higher degree of sophistication in the 
recently developed shape-dependent droplet model 
of Myers and Swiatecki.6 Secondly, detailed 
studies7,8 of the fluctuating microscopic-correc
tion energy have now established that the fission 
of SHE may proceed through axially asymmetric 
shapes with a corresponding reduction of the fis
sion barrier by up to a few MeV. As an alternative 
to a multi-dimensional barrier-penetration treat
ment, considered by Pauli9'and Szymanski,lO we 
have taken a semi-empirical approach to the prob
lem. In an earlier study we found that the ob-

served spontaneous-fission half-lives could be well 
reproduced in terms of such an approach,ll,l2 and 
it is believed that such a method which appears 
reliable just outside the presently known actinide 
region may also be used for an extrapolation to the 
superheavy region. 

These developments make it desirable to re
consider the stability question for the SHE's. 
Furthermore, it has been realized that the single
particle potential parameters, in particular the 
spin-orbit coupling strength used in the original 
study,l,2 probably should be slightly modified 
also to account for information from the spherical 
Pb region. In the present calculations the spon
taneous-fission half-lives are calculated on the 
basis of the recently introduced semi-empirical 
approachll with the smooth inertial-mass function 
refitted as in Ref. 12. 

Calculation of Fission Barriers 

The calculations have been carried out within 
the framework of the M.O. model, as described in 
Ref. 7. However, we have here considered two al
ternative sets of single-particle potential-pa
rameters. One is the conventional "A = 298" set of 
Ref. 2 (here denoted by SPL-1) based on a linear 
extrapolation through known deformed regions while 
the other set (SPL-2) corresponds to a somewhat 
reduced spin-orbit coupltQg strength as the spheri
cal Pb region indicates.l8 We have investigated a 



spin-orbit coupling strength K reduced by 15% 
with ~· = K~ fixed). See Table 1. Calculations 
based on the previous parameter set are given for 
compariso~. For the macroscopic part of the energy 
we use-the shape-dependent droplet model with the 
newly determined values of the coefficients.6 

Table 1. Alternative single-particle potential-pa
rameters for the superheavy region of nuclei. 

SPL-1 0.0534 0.686 0.0634 0.256 

SPL-2 0.0454 0.807 0.0539 0.301 

Spherical Shape. Since the superheavy region 
largely consists of near-spherical nuclei, the sub
shells corresponding to purely spherical shapes 
deserve particular attention. Figure 1 displays 
the proton and neutron single-particle levels for 
the two alternative parameter sets SPL-1 and 
SPL-2. For the protons the Z = 114 gap is slightly 
reduced in going from SPL-1 to SPL-2 due to the 
reduced 2£ and li spin-orbit splittings. For neu
trons the main effect is the opposite one. A de
crease in K actually increases the N = 184 gap as 
the h11; 2 state is raised. The N = 184 gap thereby 
becomes more pronounced at the expense of the 
N = 196 gap. The resulting spectra, both for neu
trons and protons, are more similar to those ob
tained by Fiset and Nix3 in the F.Y. model. The 
extracted microscopic-correction energies are dis
played in Fig. 2. The shape of the superheavy 
island is mainly determined by these ground state 
energies. 
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Deformed Shapes. We now proceed to study the po
tential energy for deformed shapes. Single-parti
cle levels are calculated in the (£,£4) plane in 
a 90-point grid: £ = - 0.05(0.05)0.80, 
£~ = - 0.08(0.04)0.08 where £~ = £4 + 

O.ll D f . . d . db 
0_85 £. e ormat1on-energ1es are etermme y 

means of the Strutinsky shell-correction 
methodl3,14 The pairing strength G is assumed in
dependent of deformation. 

From the deformation-energy surfaces we con
struct one-dimensional fission-barriers by smoothly 
joining the minima and saddle points with poly
nomials of degree three. These polynomials are 
calculated as functions of r, the center-of-mass 
separation coordiante. One or more additional 
points beyond the last barrier peak are also used 
in the construction of the fission barriers (this 
procedure is described in Ref. 11). These barriers 
are subject to corrections, taken from Ref. 8, due 
to the axial-asymmetry degree of freedom. The re
sulting fission barrier hgights, with corrections 
from £4 and y included, are displayed in Fig. 3. 

Inertial-Mass Parameters. The spontaneous-fission 
decay, in parallel with the alpha decay mode, plays 
a decisive role in determining the total half-lives 
for the SHE's. We have employed two alternatives 
for the calculation of spontaneous-fission half
lives. Rather than taking an average value of the 
inertial-mass parameter B, we have considered the 
deformation dependence. 

The hydrodynamical method, based on the use 
of a smooth semi-empirically determined inertial
mass function, was found to give very satisfactory 
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Fig. 1. Single-particle levels for spherical shape. Left-hand sides are obtained with the 
parameter choice SPL-1 and the right-hand sides with SPL-2. Independent. variations of the 
parameters K and ~ have been performed. The levels labeled K> correspond to a 10% increase 
in K (keeping ~ fixed) and ~> indicates a similar 10% increase of ~ with K fixed. 
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results in the actinide region. Actually, the 
spontaneous-fission half-lives were there repro
duced to within a factor of 80 on the average.12 

In this semi-empirical approach the inertial
mass function is assumed to be described by the 
following expression 

B 
r 

- (r-~ )/d ] 4 0 . (1) 

The inertial mass is defined in terms of the 
center-of-mass separation coordinate r. Further
more, ~ is the reduced mass of the two-fragment 
system and d the fall-off parameter indicated by 
irrotation-flow calculations. In a recent investi
gation for the actinides the factor k was deter
mined from a fit to the half-life data as 
k = 10.0. This k-value is assumed to hold for the 
SHE's as well. 

As is shown in Ref. 11 a relatively good re
production of the actinide fission half-lives may 



be obtained by using microscopically calculated 
inertial-mass parameters renormalized through one 
common a posteriori common factor (of around 0.8). 
A preliminary estimate indicates that the predicted 
fission half-lives in the superheavy region cal
culated by use of the microscopic inertias re
normalized, by a factor 0.8, differ from those cal
culated by use of the semi-empirical inertias by 
less than a factor 100. A more detailed calculation 
based on the microscopic inertias is in progress. 

Results and Discussion 

In summary, the following conclusions can be 
drawn: l)'The shape of the superheavy island de
pends extensively on the single-particle parameter 
set used and considerably less on which of the two 
alternative inertias is used for the calculation 
of the half-lives. 2) For SPL-1 the island ex
tends "eastwards" or towards N-values in excess of 
N = 184, as a consequence of the significant 
N = 196 gap while the SPL-2 results (see Figs. 3 
and 4) exhibit a larger similarity with the re
sults of Ref. 3. In fact, the island exhibits a 
rather strong alignment along N = 184. 3) When 
comparing the half-lives based on the use of the 
extrapolated smooth inertias with those based on 
microscopic calculations we find in a preliminary 
estimate that they differ by less than a factor 
100. This discrepancy may be taken as a measure of 
the uncertainty in the theoretical half-life esti
mates. 4) The SPL-1 half-lives are around four 
orders of magnitude shorter than the SPL-2 results 
in the island center. 

The (in our opinion) most reliable fission 
half-life estimate, based on the single-particle 
scheme SPL-2, and the semi-empirically calculated 
inertia values predicts for 298114 a fission half
life of 108 years. These half-lives are somewhat 
shorter than the previous estimates of Nilsson 
et al.2,16,17 and in particular Nix et al.3,4 and 
Brack et al.s Part of these differences is due to 
the inclusion of the y-corrections which reduces 
the barrier heights by 1-2 MeV. 

In the superheavy region the alpha process is 
a progressively important competing mode of decay. 
From the calculated ground-state energies the alpha 
half-lives may be estimated.l9 The combined alpha 
and fission half-lives are shown in Fig. 4. The 
decrease in alpha stability with increasing Z has 
the consequence that the nucleus with the longest 
total half-life is 294110 rather than 298114 with 
a total half-life of lOS years. 

Accepting the present calculations at their 
face value, it appears excluded that one should be 
able to find SHE's in terrestial matter. 

Two recently studied effects, not included in 
these calculations, appear to work in the direction 
to increase the half-lives. One represents the 
Coulomb shell-corrections associated with the non
homogenous charge distribution. The other derives 
from the inclusion of non-isotropic terms in the 
pairing matrix elements. These effects are ex
pected to adjust the estimates somewhat upward 
(see Ref. 20) in the vicinity of 298114. 
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Fig. 4. Combined diagram of half-lives with re
spect to spontaneous fission and alpha decay, as 
obtained for the parameter set SPL-2 with the semi
ampirical fission inertial-mass function and the 
alpha half-life formula of Taagepera and Nurmia.l9 
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STUDIES IN THE SUPERFLUID ENHANCEMENT OF .FISSION 
BARRIER PENETRATION 

L G. Moretto, R. P. Babinet, and J. J. Sventek 

A description of some preliminary work in this 
area has been already published. After a brief re
view, we wish to describe extensions which have 
been made. 

We are attempting to determine the effect of 
the pairing interaction on the penetrability of 
fission barriers in the WKB approximation. It is 
well known that the gap parameter ~ is usually de
termined by minimizing the expectation value of the 
BCS Hamiltonian with respect to ~: 

~~H)= 0. (1) 

Equation 1 is usually referred to as the Gap 
Equation. The gap parameter is then a constant ~O 
which characterizes the stationary nucleus. When 
dealing with barrier penetration, the assumption of 
constant 60 is no longer valid, since the penetra
bility is determined from a dynamical principle 
(the Least Action Principle), while the value of 
~O was determined from static considerations. It 
seems that the gap parameter ~ should be defined 
in the framework of the more general dynamical 
principle. 

In the WKB approximation, the penetrability is 
given by P = exp(-2S/h). The action integral 
S is given by: 

b 

S = J /2B(V-E) da (2) 

a 

where a is the deformation coordinate, a and b are 
classical turning points, B is the inertia associ
ated with the coordinate a, V is the potential 
energy, and E is the total energy. This expression 
depends upon the gap parameter ~ through both the 
inertia B and the potential V. 

The Least Action Principle requires that the 
path taken by the system in getting from point a 
to point b be such that S is an extremum, i.e., 
oS = 0. In our case, S will be a minimum. 

Our task is to find the path ~(a) that mini
mizes Eq. (2), which can be formally rewritten as: r F(A(a), /,(a),a) da (3) 

a 

where ~(a) = ~(a) The differential equation 
a 

for ~(a) that minimizes Eq. (3) is: 

d (aF ) _ . aF = 0 .. crt a~ a~ · (4) 

This is Euler-Lagrange Differential Equation well 
known in the calculus of variations. In our parti
cular case, 

F = ;f2(Baa+ 2 Ba~~ + B~~(~) 2)(V-E), 
where the Bi j 's are the elements of the inertia 
tensor, each'of which depends upon a and ~. as 
does V. After carrying out the necessary straight
forward algebra in Eq. 4, we get the following dif
ferential equation for ~: 

where 

2 2E:(ac-b ) 

E:(bc~-2cb~+cca)-E:~bc+E:ac2 
2 

E:(ac~-2bb~-2ca~+3bca)-EJ2b ;ac]+3E:abc 
E:(-caa+2bba+2aca-3ba~)+EJ2b +ac] -3E:~ab 
E:(-aa,+2ab -ba )-E:,a2+E: ab 

I.'. a a I.'. a 

(5) 

i=l 

i=2 

i=3 

i=4 

i=5 



and a = Baa' b = Bab, c = B~~,E = V-E, 

dx dx OU and X~ = Clll for X = a,b,c, 

Once we know the ftmctional fonns of Baa, 
Ba~• B~~· and V on a and ~. we can solve the dif
ferential equation by the nonnal numerical methods 
after we specify the value of ~ at the two end
points. When considering spontaneous fission, it 
would seem reasonable that the value of ~ when the 
fissioning system enters and leaves the barrier 
should be the one detennined by the Gap Equation, 
~o· 

For the calculations below the following fonns 
have been used: 

B aa 0, 

The inertias have been obtained from the cranking 
model and the potential has been approximated to 
second order in c~-~0). 

In Fig. 1 a single-humped potential barrier 
v0(a), and the corresponding ~(a) from solving 
Eq, 5 are shown. The-value of~ is quite enhanced 
as we proceed into the barrier, and the corre
sponding enhancement of the penetrability overth?t 
when ~ is constant is approximately a factor 10, 
Figure 2 shows a barrier similar to that of an 
actinide nucleus, and the corresponding ~(a) from 
Eq. 5. The gap parameter tends to follow the gen
eral form of v0(a). In this case, the penetrability 
is enhanced approximately by a factor of 1013 over 
that obtained when ~ is a constant. 

The code used to solve Eq. 5 is now used with 
the potential energies and mass parameters calcu
lated from a Nilsson Hamiltonian including pairing 
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and with the Cranking model expressions for the 
mass parameters. Further studies of the type of 
enhancement in barrier penetrability described here 
are planned for these more realistic potentials and 
mass parameters. 
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Fig. 1. Single-humped fission barrier and dynam
ical value of the gap parameter as a ftmction of 
deformation. (XBL 752-2379) 
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Fig. 2. Double-humped fission barrier and dynam
ical value of the gap parameter as a function of 
deformation. (XBL 752-2380) 
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A THEORETICAL APPROACH TO THE PROBLEM OF PARTIAL 
EQUILIBRATION IN HEAVY ION REACTIONS 

L. G. Moretto and J. S. Sventek 

The present work is concerned with explaining 
the observed features of the "relaxed" or "deep
inelastic" cross section observed in heavy ion re
actions by many groups.l-3 The main features of 
this large fraction of the total reaction cross 
section are: 

1) Fully relaxed kinetic energy spectra, 
2) A mass-charge asymmetry distribution not wholly 

consistent with statistical equilibrium, and 
3) Center-of-mass angular distributions which are 
forward peaked and whose forward peaking depends 
upon the distance in atomic number between the 
emitted fragment and the projectile. 

These general features appear to be consistent 
with the following qualitative, three-step mech
anism: 
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1. Promptly after the initial collision, friction 
brings the two nuclei to rest one with respect to 
the other, while ~he initial kinetic energy is dis
sipated into the internal degrees of freedom, 
leading to the formation of an intermediate complex 
of well-defined asymmetry. 

2. A diffusion process leads to the exchange of 
particles between the two touching fragments, thus 
generating a time-dependent distribution in the 
asymmetry of the intermediate complex. 

3. The complex decays randomly with a time con
stant comparable to or shorter than the rotational 
time. 

The central aspect of the model is the dif
fusion of the intermediate complex along the asym
metry degree of freedom. The time-dependent-pop
ulation ~z(t) of the macroscopic state whose asym
metry is characterized by the atomic number Z of 
one of the fragments, can be described by a Master 
Equation: 

Using Golden Rule No. 2, we can express the macro
scopic transition probabilities (Azz•) in terms of 
the microscopic transition probabilities (Azz•) and 
the level density of the macroscopic states lP ) as: z 

The level density of the intermediate complex is a 
function of the excitation energy of the complex, 
which is equal to the total energy minus the po
tential energy necessary to form the intermediate 
complex. Due to the finite transfer rate between 
the two fragments in contact, the Azz•'s must 
obey some sort of a sum rule, and for lack of 
better knowledge, we assume 

A ~ 0/[ PzPz ,] 

The level densities can be expanded as follows 

where 

p(E-V ) z 

-v /T 
p(E)e z 

T-1 _ dlnp(x) I 
- dx 

. X= E 

to give the final version of our Master Equation: 

L (V + V ,)/2Tt -V /T z z z 
~ = A e ~ e -
~z 0 ~z' 

z' 

We assume that the sum over Z' is limited to Z ± 1, 
since the temperatures commonly encountered 
(2 - 3 MeV) are sufficiently high to rule out 2nd 
and higher order correlations among transferred 
particles. 

9 ,f"i u 9 

The potential energies Vz used are liquid drop 
potential energies for saddle point shapes of a 
given asymmetry. The potential energies are calcu
lated by means of the liquid drop model using a 
rigid body moment of interia. Types of saddle point 
shapes considered to date include touching spheres, 
touching spheriods, and spheres connected by an 
hyperboloid of revolution. The diffusion constant 
A should be shape dependent, and we assume it to 
b~ proportional to the cross-sectional area of the 
neck through which particles are expected to dif
fuse. 

For the initial part of the mechanism, we 
assume that after the collision, the target and 
projectile slip over each other by an angle 9s, 
which is proportional to the tangential velocity 
at point of impact. The kinetic energy is dissi
pated as the slippage takes place. After the slip
page, the complex rotates with the rigid moment of 
inertia. 

In the final stage, we assume that, after a 
given contact time t, the fragment is emitted at 
an angle e with a new Z = Zexit· This information 
allows one to calculate the impact parameters b 
which satisfy these conditions. The final cross 
section is given by: 

00 

~~J=f ~t e-t;r{I>,Cb.tl 
0 

bP(b) l 
I . de I sm edb 

where T is the mean lifetime of the complex and 
the sum is carried over the aforementioned b 
values. The quantity P(b) or P(2) represents the 
probability ( 0 ~ P ~ 1) that a given 2-wave will 
lead to a reaction of the kind we have described. 
It seems safe to assume that P(2) will be substan
tially different from zero for rather large 
2-waves, since the low 2-waves are certainly 
associated with the formation of a compound nu
cleus, and thus responsible for the evaporation 
residue cross section. The highest 2-waves are 
associated with direct or quasi-elastic cross sec
tions. We have made the rather bold assumption 
that no sizeable amount of fission is present in 
the reaction cross section, since, for low 2-waves, 
the fission barrier is large and, for high 2-waves, 
the compound nucleus is not formed. We establish 
P(2) from the experimental data. 

Using this formalism, we have tried to fit the 
data for Ag + 288-MeV Ar. We have used a step func
tion for P(2), with slighly rolinded edges, the 
lower bound defined by the evaporation residue 
cross section of 670 mb,4 and the upper bound de
fined by the sum of the evaporation residue and 
relaxed cross sections, which is - 2000 mb. 

Figure 1 is a plot of the potential energy, 
V , measured with respect to the rotating ground 
state, as a function of asymmetry (here specified 
by the Z of one fragment) for three representative 
2-waves in the reaction 107,109Ag + 288-MeV 40Ar. 
The arrows show where the system starts, its dif
fusion along the mass asymmetry coordinate. It 
seems apparent that the system is more likely to 
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Fig. 1. Potential energy V as a function of Z for 
the system 107,109Ag +~OAf. (XBL 752-2381) 

diffuse towards symmetric fragments, and that this 
tendency is larger for higher ~-waves. 

Figure 2 is a comparison of experimental re
laxed cross sections (triangles) with the cross 
sections calculated using this theory. The values 
of the previously defined parameters that went 
into this calculation are: T = 5 x lo-2lsec, 
AQ = 30 sec-1, andes= 70 . All the theoretical 
cross sections have been multiplied by a factor of 
three to achieve numerical agreement. It can be 
seen that the theory produces the right general 
trends in the angular distributions. The scaling 
that was necessary seems to be an artifact of the 
saddle point shape parameterization (two touching 
spheres). Preliminary results using spheres with 
an hyperboloid neck parameterization not only re
produce the shapes of the angular distribution, but 
also reproduce the absolute cross sections as well 
for similar values of the theoretical constants. 
These results will be published in the near future. 

In summary, an attempt at describing the vari
ous stages of relaxation of the collective modes 
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Fig. 2. Comparison of experimental cross section 
(~) with theoretial cross sections calculated for 
the system 107,109Ag + 288 MeV 40Ar. (XBL 752-2382) 

excited in heavy-ion reactions has been made using 
a Master Equation appraoch. The results are seen to 
be reasonable, and further work on this and other 
reaction systems is presently being pursued. 

References 

1. S. G. Thompson, L.G. Moretto, R. C. Hared, 
R. P. Babinet, J. Galin, M. M. Fowler, R. C. Gatti 
and J. B. Hunter, Nobel Symposium on Superheavy 
Elements, June 1974, Ronneby Brnun, Sweden 
(Lawrence Berkeley Laboratory Report LBL-2940, 
June 1974). 

2. K. L. Wolf, J.P. Unik, J. R. Huizenga, 
V. E. Viola, J. Birkelund and H. Freiesleben, Phys. 
Rev. Lett. 33 1105 (1974). 

3. F. Hanappe, M. Lefort, C. Ngo, J. Peter and 
B. Tamain, Phys. Rev. Lett.~. 738 (1974). 

4. H. H. Gutbrod, F. Plaisil, H. C. Britt, 
B. H. Erkkila, R. M. Stokes and M. Blann. Third 
Symposium on the Physics and Chemistry of Fission, 
August 1973, Rochester, N.Y., U.S.A., 
IAEA-SM-174/59. 



0 0 ~.-~ u i;l 3 0 6 1 "'" 0 179 

STATISTICAL EMISSION OF LARGE FRAGMENTS- A GENERAL 
THEORETICAL APPROACH* 

L. G. Moretto 

A theory for the statistical emission of 
large fragments has ~een developed. In analogy with 
the fission saddle point, a ridge line is defined, 
which controls the decay width of the system into 
any given fragment. The normal modes at the ridge 
are classified into three classes: decay modes, 
amplifying modes, and non-amplifying modes. The 
amplification refers to the fact that the thermal 
fluctuations along an amplifying mode are amplified 
into a much broader kinetic energy distribution. 
Analytical expressions for the kinetic energy dis
tributions are developed for various combinations 
of amplifying and non-amplifying modes. The limit 
tor large amplifications is a Gaussian kinetic 

energy distribution. The limit for no amplification 
is a Maxwellian. Thus the formalism comprehends 
the fission decay on one hand and the neutron 
evaporation on the other. The angular distributions 
are evaluated in terms of the ridge-line principal 
moments of'inertia. The analytical expression for 
the angular distribution predicts, correctly in 
both limits, the neutron evaporation and the fis
sion angular distribution. 

Footnote 

* Condensed from LBL-3457. 

THERMODYNAMICAL PROPERTIES OF A PAIRED NUCLEUS 
WITH A FIXED NUMBER OF QUASI-PARTICLES 

L. G. Moretto 

Introduction 

The statistical properties of a system with a 
fixed m.nnber of excitations (quasi-particles) are 
of interest in the study of relaxation phenomena 
in nuclei. By far the widest use of these prop
erties has been made in the description of pre
equilibrium emiss'ion of nucleons.l-4 However, one 
can forecast a multiplicity of cases where the 
statistical properties of a fixed quasi-particle 
system may be of interest. For instance, in the 
description of the width of a doorway state (single 
particle or collective in nature), the coupling of 
such a state with a certain class of particle-hole 
states needs to be considered. In systems with un
restricted quasi-particle number of the residual 
interaction is very important only at low en-
ergy. 5-8 In this paper it will be shown that, at 
small quasi-particle numbers, the pairing corre
lation is present even at very high excitation en
ergies and that it plays a dominant role during 
the relaxation process leading from a small quasi
particle number to its equilibrium· value. 

The Hamiltonian 

In this paper we shall use the simplest form 
of a pairing Hamiltonian with constant pairing 
strength:· 

where A. is the Lagrange multiplier introduced to 
fix the particle number; nk = ~1 bk is the quasi
particle occupation number for the level k; Ek are 
the quasi-particle energy eigenvalues, and the 
quantity ~. called pairing gap, is given by the 
equation 

2 1 - 2n 
G = E ~ k 

In order to fix the mean number of quasi-particles 
we· introduce a new auxiliary Hamiltonian: 

H' I = H' - F;Q 

where F; is the Lagrange multiplier necessary for 
this particular constraint. 

Explicitly, the new Hamiltonian can be writ
ten as 

The Grand Partition Function obtained from the 
Hamiltonian H'' is: 

2 E ln [ 1 + exp - S(Ek _ -F;)] 

From this expression, all the other thermo
dynamical functions can be obtained by differentia
tion. 

Application of the Formalism to the Uniform Model 

The model is completely described by the 
single-particle level density g, which defines the 
independent particle aspect of the problem and by 
the ground state gap parameter ~0• which defines 
the pairing residual interaction. A great advan
tage of this model is the fact that the particle 



chemical potential A is a constant due to the 
symmetry of the single-particle spectrum. Thus one 
can set A = 0 and disregard the particle equation. 

In the graphs presented from here on, the gap 
parameter will be expressed in terms of the ground 
state gap parameter ~o; the energy and free en
ergy in units of the condensation energy 

C 1 2 th . f h .. = z g ~0 ; e temperature 1n terms o t e cr1tl-

cal temperature Tcr = 2~0/3.5; the quasi-particle 
number in terms of the most probable quasi-particle 
number at the critical temperature Qcr = 4g Tcr ln2; 
the entropy in terms of the entropy at the critical 
point Scr = 2(n2/3)g Tcr· 

Limiting Properties for T = 0 (8 + oo) 

The Gap Equation. The gap equation in the 
uniform model can be rewritten as follows: 

Zg j8tanh' ~CE- ') d£ 

0 

s 

fr = 2g j tanh ~ BE d,. 

0 

In the limit of 8 +oo the following expression 
for the quasi-particle chemical potential is ob
tained in terms of ~: 

~ = ~A c~ + ~o) · 
0 

The Quasi-Particle Equation. Similarly the quasi
particle number equation can be written as: 

Q = 4g joo __ d::..:E::_ __ 

1 + exp 8 (E - ~) 

In the limit of 8 + oo one obtains the following 
analytic result: 

Q 
or 

Q 

Discussion on the Phase Stabilitt. Figure 1 
shows that ~ is a triple valuedunction of Q (one 
trivial and two non-trivial solutions) in the in
terval 0 ~ Q ~ Qcr, where Qcr = ---..:...4:.._ g~0 , and 

3/3 
and it is single-valued (~ = O) for Q > Qcr' 
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The larger solution starts at ~ = ~O when 
Q = 0; it decreases as expected from this value down 
down to 1/3 ~0 at Q = Qcr· Similarly the smaller 
nontrivial solution starts at ~ = 0 for Q = 0 and 
increases with increasing Q until it merges into 
the larger solution at Q = Qcr· 

This peculiar state of affairs must be re
solved by deciding which of the three solutions is 
the stable one. 
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Fig. 1. Dependence of the gap parameter and of 
the energy E upon quasi-particle number Q at T = 0. 
The dashed lines correspond to the unstable solu-
tions. (XBL 742-2400) 

An immediate test on the two nontrivial solu
tions can be made by checking the sign of 
a2H''/Cl~2. If a2H''/a~2 is positive, then one has 
indeed a minimum, while a negative sign implies 
that the solution is a maximum. 

The second derivative calculated at the equi
librium value of ~. ClH''/Cl~ = 0 is given by the 
following expression: 

[ ~ -~ l 2g 1 - 2 ~~ + ~ · 

This expression vanishes for ~ = ~ /3, which is 
the value of ~ to which the larger ~d the smaller 
solutions converge. For values of ~ larger than 
~0/3 the second derivative is positive, thus in
dicating a stable solution. For values of ~ 
smaller than ~o/3, the second derivative is 
negative and the solution is unstable. 

. The Energy Equation. At this point one must 
decide on Which of the two remaining solutions, 
the paired or the trivial one c~ = 0), is the 
stable solution. In order to determine such a 
point, one must inspect the energy equation. 

In the limit of 8 + oo and for the uniform 
model, the energy equation becomes 

+ ~0 l for~ > 0, 

for.~ = 0. 

The Existence of a First-Order Phase Transi
tion. In Fig. 1 the excitation energy is plotted 
as a function of the quasi-particle number. As the 
gap parameter~ goes from ~0 to 0, the energy fol
lows a loop. The stable solution is the one with 
the least energy. Therefore the loop must be by
passed. At the bypass point the curves for the 
paired and the unpaired energies cross. The bypass 
coordinates are: 
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Q = g 
X 

The excitation energy at the crossing is: 

where C is the pairing condensation energy. 

In conclusion, for values of Q < Qx the paired 
solution is the stable one. At Q = Qx, ~ goes ab
ruptly from the value ~o/2 to zero and it re
mains zero for any value of Q > Qx. 

On the Stability of the Aligned Configuration. 
A simple inspection of the equations indicates 
that for T = 0 the quasi-particles occupy the 
single-particle levels pairwise with opposite spin 
projections. One may wonder whether a configuration 
with one quasi-particle per level, like that oc
curring in the yrast line (aligned configuration) , 
is more stable than the configuration described 
above (normal configuration). 

The ratio between the number of quasi-parti
cles necessary to give the same gap parameter in 
the two configurations is: 

This ratio is always slightly larger than one in 
the interval 1 >~/~ L 0.5, thus indicating that 
more quasi-particle~ are needed by the aligned 
configuration in order to obtain a given value of~. 

The ratio of the energies for a fixed value of 
~ is: 

1 
2 

This ratio is also slightly larger than one 
for 1 > M~ >0.5. The ratio of the energies at 
fixed Q is [lso larger than one in the same inter
val, thus proving that the aligned configuration
never has the lowest energy at fixed Q. 

Properties of the Sys tern for T > 0 

Solution of the Gap Equation. The dependence 
of the gap parameter~ upon the quasi-particle_ 
number Q at various temperatures can be determDned 
by solving siffiultaneously the gap equation and the 
quasi-particle equation numberically. Such a de
pendence is illustrated graphically in Fig. 2. For 
temperatures smaller than the critical temperature 
T r two paired solutions exist. For tempera~ures 
atove the critical temperature, only one pa1red 
solution exists. An increase in temperature has 
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the. effect of pushing the quasi-particies farther 
and farther away from the particle Fermi surface. 
The blocking due to the quasi-particles becomes less 
effective and the pairing corrleation is enhanced. 

0 

"' ... ,_ 
-' 

~ ,_ 
-' 
~ 

" 

T/TCA,DCT/TCR)= o.ooo,.zoo 

.0 .50 1.00 1.50 2.00 

Q /DCA 

Fig. 2. Dependence of the gap parameter upon quasi
particle number at various temperatures. The inner 
isotherm corresponds to T/Tcr = 0.00; the succes
sive isotherms are spaced at intervals of 0.2 
T/Tcr· The onset of the first-?rder phase transi
tion is indicated by an open c1rcle, the unstable 
solution at the same temperature is indicated by a 
solid point. (XBL 7411-8555) 

Free Energy and Phase Stability 

A general view of Free Energy isotherms is 
available in Fig. 3. All of these isotherms pre
sent a minimum which corresponds to the equilibrium 

~ .. 
u 

0 
> .. .. 
~ 

z .. 
~ .. 
"' ... 

-•.ool_~~~_l~~~~l_~~~=t====~~ 
.0 .50 I . 0 0 I . 50 2 ' 0 0 

Q I Q C A 

Fig. 3. Dependence of the Free Energy upon quasi
particle number at various temperatures. The upper 
line corresponds to T/Tcr = 0.00. The following 
lines are spaced at intervals of 0.2 T/Tct· The 
open circles represent the region of the first
order phase transition. The bypassed loops are not 
shown. (XBL 7411-8557) 



value of Q is no restriction is set upon the sys
tem. Such a minimum satisfies the condition 

ClF 
ClQ = l; = 0. 

The T, Phase Diagram and the Plots of Vari
ous Thermo ynamical Functwns. In Fig. 4 lines o 
of constant gap parameter ~ are projected in the 
T, Q plane. It is possible to appreciate two facts 
already pointed out before, Firstly, the gap pa
rameter at fixed Q actually increases and tends to 
go to its ground state value as T tends to infinit~ 
Secondly, even for those values of Q for which 
~ = 0 at T = 0, an increase in temperature eventu
ally leads to the onset of pairing and to its in
crease towards the ground state value as an asymp
totic limit. 

In Fig. 5, the lines of constant energies are 
projected on the same T, Q plane. At high temper
atures one observes a nearly hyperbolic behavior 
typical of the Boltzmann limit. The change in the 
second derivative visible at low temperature in 
the unpaired region is due to the onset of the 
strong degeneracy limit. Similar considerations 
hold for the entropy plot shown in Fig. 6. 

E, Q Diagrams and the Plots of Various Thermo
dynamical Quantities. The relevance of constant 
energy processes in nuclei makes it desirable to 
use the energy itself as an independent variable. 
The transformation can be done by means of the en
ergy versus quasi-particle number isotherm plot 
shown in Fig. 7. The first-order phase transition 
produces a discontinuity responsible for a gap in 
the E, Q plane. 

F= DELTA /OLTZAO 

FIOT,OF= .050, .050 

I 5 0 

~ 

u ... 

~ 

=> I .00 ... 
" "' ... ._ 
E 

. 5 0 
I 

. 0 . 5 0 1 . 0 0 I 5 0 1 0 0 

Q I Cl C R 

Fig. 4. Lines of constant gap parameter in the T, 
Q plane. The solid line corresponds to ~ = 0; the 
lines to the left correspond to increasing values 
of ~ in steps of 0.05 ~~~0 • (XBL 7411-8559) 
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F= ENEAGV /C 

F&OT,DF= .500, .500 

. 50 1 . 0 0 

Q /QCA 
1 . 50 2 . 0 0 

Fig. 5. Lines of constant energy in the T, Q plane. 
The leftmost line corresponds to E/C = 0.5. The 
lines to the right are spaced in steps of 0.5 E/C. 
Notice the mismatch of the lines in the region of 
the first-order phase transition. (XBL 7411-8560) 
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Fig. 6. Lines of constant entropy in the T, Q 
plane. The leftmost line corresponds to S/Scr= 0.2. 
The lines to the right are spaced in steps of 
S/Scr = 0.2. Notice the mismatch of the lines in 
the region of the first-order phase transition. 

(XBL 7411-8561) 



> 

"' "' ... 
z ... 

.0 

0 0 r 0' 0 lf,e1 

F= TE"PEAATUAE ITCA 

FBOT,DF= .200, .200 

. 50 l . 0 0 
Q I Q C A 

4·J ;j 0 

1 . 50 

Fig. 7. Energy quasi-particle number isotherms. 
The lowest line for T = 0 is the same as in Fig. 1. 
The higher isotherms are spaced in steps of 0.2 
T/Tcr· The forbidden region, defined by the two 
dotted lines, originates at the phase transition 
for T = 0 and terminates at T = Tcr, Q = Qcr· The 
boundaries of this region converge into a single 
line for T Tcr· The locus of most probable Q is 
shown by the small arid large dot line. 
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F= ENTAOPV ISCA 

FIOT,DF= 0.000, .125 

. 50 1 . 0 0 1 . 5 0 

Q I Q C A 

Fig. 8 Lines of constant entropy in the E, Q 
plane. The thick solid line corresponds to 
S/Scrit = 0. The lines above it are plotted in in-
tervals of 0.125 S/Scrit· (XBL 7411-8564) 
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In Fig. 8 the lines of constant entropy are 
plotted in the E, Q plane This graph is perhaps 
the most significant insofar as it provides infor
mation on the driving force along the path towards 
equilibrium at constant energy. 

The entropy is small at very small quasi
particle numbers; it increases with increasing 
quasi-particle numbers and reaches a maximum at the 
~ = 0 line; a further increase in quasi-particle 
number leads to a decrease in entropy. 

The maximum entropy at constant energy ob
viously represents the equilibrium condition. 

The Level Density. In Fig. 9 the constant 
level density lines for a system characterized by 
g = 7 Mev-1, ~0 = 1 MeV can be seen inanE, Q plo~ 
The pattern is very similar to that of the entropy 
plot in the E, Q plane and the same comments apply. 

. A larger gap in the plot is visible due to the 
failure of the saddle-point method close to the 
region of phase transition . 

> ... 
0: 

.0 

F= LOG<LEVEL OENSITYl 

FIOT,DF= 2.000,3.000 

5 . 0 0 1 0 . 0 0 
Q 

l 5 . 0 0 2 0 . 0 0 

Fig. 9. Lines of constant level densities in the E, 
Q plane. The calculation refers specifically to a 
nucleus with g = 7.0 Mev-1 and the ~0 = 1.0 MeV. 
The lowest level density line has a value 
lnp 2.0. The higher lines are plotted in steps 
of 3.0 lnp. (XBL 7411-8567) 
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INFLUENCE OF PAIRING AND OF THE SPIN PROJECTION DISTRIBUTION 
ON THE "CLASSICAL" ISOTHERMAL ROTATIONS OF A NUCLEUS* 

L. G. Moretto 

The properties of spherical, paired nuclei 
with finite angular momentum are discussed in 
terms of "classical" rotations. Rotational quanti
ties like the angular velocity and the moment of 
inertia are calculated both for the yrast line 
(T = 0) and for higher temperatures. Particular 
attention is paid to the superfluid features assoc
iated with the pairing correlation. Three different 
models are considered. The first model is charact
erized by a constant spacing in the single particle 
levels and by a constant spin projection, and it is 
treated analytically in the zero temperature limit. 
It is shown that this model leads to a very strong 
back-bending. Calculations accounting for the 
pairing fluctuations are shown. The second model 
differs from the first one in the spin projection 

distribution which, in analogy with a spherical 
shell model nucleus, is taken to be rectangular. 
Analytical calculations show that, while strong 
superfluid properties remain, the back-bending 
seen in the previous model disappears. The third 
model used is the shell model. Numerical calcula
tions of the angular velocities and of the mo
ments of inertia are compared with the results ob
tained from the previous two models. A remarkable 
agreement is observed between the second model and 
the shell model. 

Footnote 

* Abstract of paper; Nucl. Phys. A226, 9 (1974). 

STATISTICAL DECAY OF GAMMA RAYS IN (nth·1') REACTIONS* 

E. Nard,t L. G. Moretto and S. G. Thompson 

Isomer ratios obtained in doubly even targets 
in the (nth,Y) reaction are calculated using real
istic level densities and spin cut-off parameters. 
The calculations were performed using the Monte
Carlo method and the general agreement between the 
present calculations and experimental data is sat
isfactory. In one case the shape of they-ray 
spectrum was calculated and good agreement with 

experimental data was obtained. 

Footnotes 

* Abstract of paper; Nucl. Phys. A259, 170 (1974). 

tPresent address: Israel Atomic Energy Commission, 
Soreq Research Center, Yavne, Israel and Weizmann 
Institute of Science, Rehovot, Israel. 
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SEMICLASSICAL CALCULATIONS FOR COULOMB EXCITATION* 

J. de Boer,t H. Massmann, and Aa. Winther+ 

The Coulomb excitation of a deformed target 
(index t) by a heavy ion (index p) involves many 
couplings. A fully quantum mechanical (QM) treat
mentl of, e.g., the excitation of the rotational 
levels in an even-even target by an inert projec
tile can therefore presently include only the 
ground state (level index N = 1) and the first five 
excited states (N = 2- 6). The interpretation of 
experiments involving more levels must rely ?n 
classical2,3 or semiclassical4 (SC) computat1onal 
methods. The relative deviations of the cross sec
tions (dcrsc - dcrqM)/dcrsc have been found5 to in
crease with transferred angular momentum IN and to 
be roughly proportional to the reciprocal Bohr 
parameter 1/n, where nN = Z~Zte2fhVN with vN ~eing 
the relative velocity at inlinity after exc1t1ng 
level N. 

In modern experiments, where spins in excess 
of 20h have been Coulomb-excited (e.g., 84Kr and 
136xe on 238u)6 the experimental accuracy of the 
measured cross-sections often matches or ~xce2ds 
the accuracy with which older SC calculat1ons can 
be corrected for expected QM effects.l,S The ac
curacy of interpretation may thus be limited by_ the 
accuracy of the calculation. The present a~pro~1-
rnations presented here strive to remedy th1s S1tu
ation. 

The semiclassical system of coupled differ
ential equations in the amplitudes Cs can be writ
ten in the form 

const. L 
>..,s 

M(>..) · 0(>..) (t) 
rs rs 

The indices r and s label the nuclear states 
I IyMy > and I IsMs > with excitation ene,:r:~ies 
ENr and EN5 ; A is the rnultipole order and Mt~) is 
the electr1c multipole matrix-element. By symmet
rization one denotes the choice of the orbit, 
given by o(>..)(t) which depends on the impact pa
rameter orrthe initial orbital angular momentum 
J·h and which may depend on the transitions 
s + r considered. For a hyperbola, the orbital 
angular momentum £ and the scattering angle e are 
connected by t = nctg(e/2). The present symmet
rization procedure uses a set of hyperbola with 
the following features: 

1) All lie in the same plane (x-y plane), 
2) All have the same symmetry axis (x axis) , 
3) For each transition s - r the half-dis

tance of closest approach aNrNs and the 
velocities VNrNs are adjusted to the 
average excitation energy by choosing 

4) Fo~ each transition s + r the scattering 
angle 8rs is adjusted to the average angular-mo
mentum projection iiMrs = (11/2) CMr + Ms) along a 
z axis perpendicular to the orbital plane by 
choosing 

£ = J-M rs rs 
nN N = nl 

r s 

The results of three stages of symmetrization 
will be c~nsidered, namely 

1 No symmetrization 

M rs 

0 

2 Symmetrization with respect/v .v 0 to energy transfer Nr Ns 

Symmetrization with respect 1 
3 to energy and angular [vNr"vNs -rCMr+Ms) 

momentum transfer 

The second symmetrization is the one used in 
Ref. 4. The WKB limit of the QM equations leads to 
the third one and allows an identification of the 
SC corn~lex ~plitudes cs with the reaction matrix 
rl,I -9 g1ven by cis,Ms(t = + oo) = rl=J-Ms,Is" 

For a projectile with n = 20 exciting a ro
tational even-even nucleus th~ comparisons of the 
absolute values I r I , IDlfl tiplied with I2J+I, and 
of the phases ¢ (r= I r I e1¢) for Jrni~ J ~ 60 
(2J · = M + I) with the QM values are shown for 
I =rnifr(N = 6) and M = - 10,0,+10 in the two 
figures. A marked improvement in lrl is achieved, 
especially for M = + I (M = + I is the largest 
summand in dcri = McicrTM). The main contr~bution to 
the cross section ari~es from channel sp1ns J ~ n; 
the smooth behaviour of r allows interpolation in 
large steps. A larger number of cornparisonslO in
dicates that the Mrs=(l/2)·CMr+Ms) symmetrization 
diminishes the deviations <PscCN)-¢qM(N). 

Investigations tracing the origin of re
maining deviations are in progress. There are in
dications that they stern from the detailed prop
erties of the wave function near the classical 
turning pointll rather than from the inaccurate 
shape of the orbit. Methods similar to the one 
used here can be used for non-hyperbolic orbits 
(nuclear plus Coulomb potential) as well as the 
approximate accounting for the transfer of rnass.l2 
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Fig. 1. Reaction matrix for the excitation of a rotational 10+ state by a projectile 
with n = 20, as a function of the channel spin J. Only the values M = J - ~ = - 10,0, 
and +10 are displayed. The semiclassical results of three types of symmetrization are 
;ompared to the quantum mechanical values. The absolute values, multiplied with 

ZJ+l, are given in (a), whereas the phases are shown in (b). (XBL 756-1561, XBL756-1562) 
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UNIFORM SEMICLASSICAL ORBITAL CALCULATIONS OF 
HEAVY ION COULOMB EXCITATION* 

H. MasS11Jann t 'and J. 0. Rasmussen 

In recent years a new semiclassical method, 
the so called "uniform semiclassical approximation" 
(USCA) has been developed and applied to molecular 
scattering and reaction problems.l-3 Here we wish 
to report on applications of this method to mul
tiple Coulomb excitation for backward scattering 
angles. 

The equations of the USCA can be derived from 
Feynrnan's path integral formulation of quantum 
mechanics. The semiclassical limit of matrix ele
ments of quantum mechanical operators is found by 
invoking the stationary phase method to evaluate 
integrals. By following this procedure one finds 
the following basic features of this method: 

1) The dynamics of the system is completely 
classical, that is the system follows the classi
cal equations of motion. 

2) By evaluating a phase along the classical 
trajectorie~ one can extract the so called "clas
sical S-matrix" which then by the usual equations 
yields differential cross sections. In other words 
the quantum mechanical superposition principle is 
retained in the USCA since one adds probability 
amplitudes for indistinguishable processes rather 
than probabilities. 
For the details of the theory we refer to the work 
of W. H. Miller.l-3 

We consider here only the scattering of a 
projectile moving toward an even-even deformed tar
get (initially in its ground state) with zero im
pact parameter C~in = 0). In this case since all 

the motion classicaly takes place in a plane, one 
can describe the system by using only two variables 
simplifying the numerical work considerably. How
ever care must be taken to assure that one is 
solving~the backscattering from a three-dimension
al rotor and not from a two-dimensional rotor. 

In Fig. 1 the excitation probabilities for 
backscattering (9 = 180° to the different final 
angular momenta I ate plotted and a comparison is 
made with results obtained using the conventional 
de Boer - Winther code for multiple Coulomb excita
tion.4 The agreement between the two semiclassical 
theories is very reasonable. 

When writing the equations of motion for the 
system in terms of dimensionless quantities one 
finds that the evolution of the system depends 
only on the following three dimensionless param
eters: 

1) n = Z1Z2e2/hv0 (Sommerfeld parameter) 
being a measure of the monopole-monopole interac
tion strength. 

2) ~O?. = nE2/C2 Ecrn) (Adiabaticity parameter) 
being a measure of how adiabatic the collision is. 
E2 is the energy of the first excited rotational 
state. ~02 = 0 would represent a sudden collision. 

3) q2 = z e2Q0(2)/(4hv0a2) (Quadrupole inter
action strengtR parameter) being a measure of the 
quadrupole-monopole interaction strength. 
The ratio n/q2 gives a measure of how close the 
trajectory of the projectile corresponds to a 
hyperbola. For n+ oo the orbit is a pure hyperbola 
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Table 1. The probabilities for excitation of rotational states in an even-even nucleus in the limit 
~02 = 0 and n = 
(Ref. 5). 

oo. Tabulated are the resuts of the USCA and the conventional semiclassical approximation 

USCA A-W USCA A-W USCA A-W USCA A-W USCA A-W · USCA A-W 

q2 
Po Po P2 P2 p6 p6 plO plO pl4 pl4 pl8 pl8 

1.0 0.6339 0.6945 0.2518 0.2850 0.0003 0.0006 

1.5 0.3830 0.4300 0.4917 0.4812 0.0039 0.0057 

2.0 0.1940 0.2152 0.5733 0.5597 0.0203 0.0260 0.0000 0.0001 

2.5 0.0988 0.1021 0.4892 0.4842 0.0650 0.0750 0.0004 0.0006 

3.0 0.0842 0.0835 0.3084 0.3098 0.1485 0.1572 0.0022 0.0029 

3.5 0.1067 0.1108 0.1362 0.1389 0.2568 0.2563 0.0084 0.0104 0.0001 

4.0 0.1224 0.1317 0.0509 0.0514 0.3385 0.3354 0.0247 0.0286 0.0003 0.0004 

4.5 0.1115 0.1214 0.0622 0.0600 0.3571 0.3555 0.0581 0.0634 0.0011 0.0014 

5.0 0.0820 0.0881 0.1193 0.1158 0.2999 0.3006 0.1127 0.1171 0.0038 0.0046 

5.5 0.0553 0.0571 0.1569 0.1540 0.1911 0.1932 0.1829 0.1831 0.0107 0.0124 

6.0 0.0461 0.0463 0.1427 0.1412 0.0828 0.0848 0.2451 0.2436 0.0255 0.0283 0.0006 0.0007 

6.5 0.0530 0.0547 0.0921 0.0917 0.0242 0.0250 0.2768 0.2757 0.0523 0.0558 0.0018 0.0022 

7 .. 0 0.0630 0.0671 0.0462 0.0459 0.0317 0.0312 0.2615 0.2616 0.0933 0.0961 0.0050 0.0058 
7.5 0.0637 0.0687 0.0352 0.0343 0.0809 0.0798 0.2004 0.2014 0.1452 0.1455 0.0120 0.0134 
8.0 0.0532 0.0570 0.0568 0.0552 0.1251 0.1242 0.1160 0.1174 0.1946 0.1938 0.0253 0.0274 
8.5 0.0396 0.0413 0.0936 0.0819 0.1293 0.1292 0.0436 0.0446 0.2266 0.2258 0.0478 0.0503 
9.0 0.0324 0.0329 0.0892 0.0879 0.0925 0.0930 0.0124 0.0128 0. 2277 0.2275 0.0808 0.0828 
9.5 0.0345 0.0355 0.0692 0.0685 0.0442 0.0447 0.0290 0.0286 0.1930 0.1935 0.1221 0.1223 

10.0 0.0409 0.0432 0.0412 0.0408 0.0188 0.0189 0.0725 0.0719 0.1316 0.1326 0.1627 0.1622 
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Fig. 1. Calculations of Coulomb Excitation proba
bilities to excite members of rotational ground 
band in -38U with the backscattering of 40Ar at 
Elab = 170. MeV on 238U. For this case: E2=170.0 
MeV, q!2)= 10.84 barn, Qb4)= ~ barn2, 
~02 = ~.0196, n = 127.0 and q2 = 5.574. The black 
tr1angles correspond to the result obtained if the 
interference term is neglected. The open squares 
correspond to the result for the backscattering 
from a 2 dimensional rotor. (XBL 756 -1563) 

(as in the de Boer- Winther code). 

The n + oo , ~02 = 0 limit can be found analyt
ically for our example and this limit is in very 
good agreement with results published for this case 
using the conventional semiclassical approach5 as 
can be seen from Table 1. 

In realistic scattering problems, n is finite 
and the projectile's orbit will differ from a pure 
hyperbola. Figure 2 shows the backscattering exci
tation probability for ~02 = 0 and q = 9.0 vs 
1/n . The finite n corrections shown tn Fig. 2 
come about because of the change in the projec
tile's orbit due to the angular momentum transfer 
between the target and the projectile. The angular 
momentum transfer between target and projectile is 
not taken into account in the conventional 
de Boer - Winther code although work is currently 
being done to include it approximately.6 
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0.05 

o .ot:::i::::L::::c:J:::c:J:::I::::r:::r::=:r:d:!:l====~==±=~:..l 
o.o 0.5 1.0 1.5 2.0 

100/ TJ. 

Fig. 2. Backward scattering excitation probabil
ities to Coulomb Excite members of a ground rota
tional band of an even-even target. Results are 
shown vs n for ~02 = 0 and q2 = 9_.0. The n + oo 

limit was evaluated analytically. (XBL 756-1564) 
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TWO HYDRODYNAMICAL LIMITS IN THE DESCRIPTION OF 
HIGH-SPIN YRAST CASCADES 

J. Meyer-ter-Vehn* 

Experimental work on yrast cascades after 
heavy-ion reactionsl,2 indicates that these cas
cades proceed through a smooth band system and are 
spread over a least five separate bands. Mottelson 
has pointed out that the spectrum of a triaxial 
rotor can possibly explain these features.3 On the 
other hand, Swiatecki and coworkers have studied 
the rotating liquid drop and predict oblate equi
librium shapes for angular momenta I < 6Qh4. 

The answer to the question which shape will 
occur critically depends on which kind of nuclear 
flow prevails in these strongly rotating nuclei. 
As long as the shape deformation is not too large 
(S < 0.5) so that the nuclear surface can be de
scribed by the first-order parameters Sandy, 
irrotational flow favors shapes of maximum y
symmetry (y - 30°), whereas 'rigid' flow leads to 
oblate shapes (y = 60°). Beyond a certain angular 
momentum, very elongated shapes are likely to ap
pear for any kind of flow and these will finally 
lead to fission. In this region, which is expected 
for I > 60h in medium-mass nuclei, the following 
arguments do not apply. 

The aim of this note is to show that the ro
tational spectra and the decay properties of the 
two limiting model cases, (a) the y = 30° rotor 
with irrotational moments-of-inertia, and (b) the 
y = 60orotor with rigid moments-of-inertia, can be 
treated in an elementary way. Neither of these two 
models is expected to describe actual yrast cas
cades quantitatively, but they represent two in
teresting approximations because they sharply 
illuminate a characteristic difference between ir
rotational and rigid flow models that is likely to 
be also present in more elaborate treatments and 
that allows one to some extent to distinguish be
tween the two kinds of flow on the basis of the 
existing experimental data. 

The moments-of-inertia corresponding to rigid 
flow and irrotational flow are given as functions 
of y in Fig. 1. Maximum moments-of-inertia are ob
tained at y = 60° and y = 30°, respectively, and 

Prolate 

00" 30 
-Y 

Oblate 

60° 

Prolate 

30° 
-Y 

Oblate 

Go• 

Fig. 1. Rigid (left side) and irrotational (right 
side) moments-of-inertia as functions of the 
asymmetry parameter y. For illustrative reasons, 
a very large S ""' 1 has been assumed for the rigid 
case. (XBL 744-2782) 

the two smaller moments-of-inertia are equal at 
exactly these y's in both cases. Choosing the 
~es such that J 1 > 'J 2 = "J 3, the rotor Hamilton
Ian 

H =Ali+ A1 (I~ +I;), 

with A = 1/2'1 cq:).d AL = 1/2~ , is axially sym
metric about the 1-axis (though'~ot necessarily the 
shape!). For this reason, standard rotor formulas 
are applicable. The energy spectrum is 

2 2 
E = Aa + A l [ I (I + 1) - a ] I,a 

and the wavefunctions are 

'!' = IM,a 
21 + 1 

16n2(1 +o 0) a, 

where a denotes the angular momentum projection 
on the 1-axis and has to be an even integer > 0. 
The general expression for the E2 transition 
probabilities is 

Here, qi~)is the intrinsic quadrupole tensor re
lated to the 1-axis. For the y = 30° case, it is 
convenient to introduce the so-called wobbling 
quantum number3 n = I' - a, since, in this case, 
states with same n are connected by large 
B(E2) 's. Inserting a= I - n, the energy spectrum 
reads 

The quantum number n labels a series of ro
tational bands parallel to the yrast band (n = 0) 
as shown in Fig. 2. For a given level (I,n) there 
are 5 possible ways to decay via E2 transitions. 
These are also indicated in Fig. 2. For I» 1, one 
obtains: 

21-n 4 

2I 
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--I 

Fig. 2. Band structure of a triaxial rotor at 
y = 30° assuming irrotational flow. Possible E2-
transitions from a given state (I,n) are indicated. 

(XBL 744-2779) 

j 

(b) B [E2; (I ,n) + (I ,n-2] ~ 1
5
6rrqg) 2. 3n(n-l) 

(2I) 2 ' 

(c) 

(d) 

(e) 

. _ ""'5 (1)2 n(2I-n) 3 
B[E2,(I,n)+(I+l,nl]- 16rrq 22 . 

4
I4 , 

2 
B[E2· (I n)...,. (I-1 n-1] ~2_ q(l)2 3n(I-n) (2I-n) 

' ' ' 16rr 20 2I4 ' 
2 

B[E2· (I n)...,. (I- 2 n- 2]~2_ q(l)2 6n(n-l) (2I-n) 
' ' ' 16rr 20 2I4 

From these results, two important conclusions can 
be drawn: 

(1) For triaxial shapes with y = 30°, favored 
by pure irrotational flow, one has q~~)= 0 and a 

the intrinsic quadrupole moment. In the yrast 
region n << I, transitions (a) along the n-bands 
are dominant, cross-transitions (b) and (c) are 
reduced by factors (n/I)2 and (n/I), respectively, 
and transitions (d) and (e) are completely sup
pressed. The E2-cascade is therefore channeled 
through a number of bands parallel to the yrast 
band as needed to explain the experimental results. 
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(2) For oblate shapes with y = 60° , favored 
by rigid flow, the energy spectrum has the same 
structure as for theY= 30° case, but the decay 
properties are decisively different due to the 
different shape. Since now qf5)= Q0 has reached 
its maximum and q(li = 0, the cascade proceeds 
through the transit1ons (d) and (e) and is trapped 
on the yrast line. Since the yrast states corre
spond to rotation about the symmetry axis in this 
case, nuclei in these states do not radiate and 
form high-spin isomers. Even if the isomers would 
be relatively short-lived due to small deviations 
from pure oblate shapes, most of the population 
after a heavy-ion reaction would quickly drop into 
the yrast band, and individual yrast transitions 
should be observed up to very high angular momenta. 
This is in clear contradication to the experi
mental evidence. 

It is concluded that the y = 30° rotor based 
on irrotational flow is in qualitative agreement 
with experimental data on yrast cascades, whereas 
the y = 60° rotor based on rigid flow is not. This 
might indicate that the nuclear flow corresponding to 
the yrast region has a strong irrotational com
ponent. Due to the large overall values of the 
empirical moments-of-inertia, however, the flow 
cannot be completely irrotational. This is known 
already from groundstate moments-of-inertia that 
lie between irrotational and rigid values. A two 
fluid model accounting for a mixture of both kinds 
of flow is therefore suggested to describe the 
hydrodynamics of rotating nuclei. An investigation 
in this direction based on classical work by 
B. Riemann (1860) is now in progress. 
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THE TRIAXIAL-ROTOR-PLUS-QUASIPARTICLE MODEL* 

J. Meyer-ter-Vehn t 

Calculated energies, moments and transition 
probabilities of the triaxial-rotor-plus-quasi
particle model are presented in a series of plots 
(Figs. 1-9) to provide the basis for a systematic 
study of unique parity spectra in transitional 
odd-A nuclei in the A = 190 and A = 135 mass 
regions. 

The model Hamiltonian 

3 
H = E 

K =1 
(1) 

describes the core as a rigid triaxial rotor 
(Davydov approximation) and restricts the config
uration space of the odd nucleon to one complete 
j-shell. The quasiparticle energies 
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2 

Fig. 1. The odd-A energy spectrum as a function of 
S for y = 0° , A.F = El, and j = 11/2 . The core 
states underlying the multiplets at S = 0 are 
indicated. (XBL 749-4307) 

are obtained from the Fermi energy A.F, the pairing 
gap ~. and the single-particle energ~es E which 
result from the diagonalization of the par¥icle
core interaction 

H = - kS[cosy Y + siny cY
22 

+ Y2_2)1 • 
p 20 .rz 

The co4~ling strength k is taken as k ~ 206 
MeV/All consistent with the Nilsson model. The 
moments-of-li1ertia are chosen as 

f3. A 2/3 
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Fig. 2. Same as Fig. 1, but for y = 30° and 
A.F = E1 . (XBL 747-3731) 
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Fig. 4. The odd-A energy 
spectrum a~ a fuRction of ~ 
y for S·A213 = 5, AF = £1,~ 
and j = 11/2. 
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Fig. 3. Same as'Fig. 1, but for y = 30° and 
AF = E2. (XBL 747-3732) 

Fig. 5, Sam~ as Fig. 4, 
but for S·A213 = 7 and 
AF = £ 2. 

(XBL 747-3733) 
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Fig. 6. The odd-A energy spectn.nn as a ftmction of 
AF for S· A2/3, y = 30° , and j = 11/2. 
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Fig. 7. Spectroscopic quadrupole moments of the 
lowest odd-A states, includiqg the second j state 
as functions of y for S· A2/3 = 5, Ap = e::1, and 

j = 11/2, given in tmits Q0 = _1_ -RX · Z · S . 
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Fig. 8. Reduced E2-transition probabilities for the 
lowest odd-A states as ftmctions of y for 
S · A2/3 = 5, AF = El, and j = 11/2. (XBL 749-4304) 
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with K = 1 , 2 , 3 and '1 0 determinrd according to 
Grodzin' s general ernpuical rule h 2 I (2 c:r o) 
~ 204 MeV/(~2.A7/3). Choosing furthermore 

0 

~ ~ 135 MeV/A, consistent with even-odd mass dif
ferences in the region 100 < A < 200, and ex
pressing all energies in units h2/(2~ 0), the only 
free parameters· of the model are ~ .A2/3, y , and 
A . The final diagonalization of the Hamiltonian 
(f) involves matrices of dimension (I+~)(j+~) 
where I denotes the total angular momentum. The 
eigenvalues satisfy the important symmetry 
E(~,y, AF) = E(~,60° - y, -AF) which relates parti
cle and hole spectra. Earlier work on this model 
has been done by Pashkevich and Sardanyan.2 
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The FORTRAN program ASQROT which calculates 
energies, momenta and transition probabilities of 
this model is available on request. 
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ON THE YRAST STATES OF 'Y·UNSTABLE NUCLEI 

J. Meyer-ter-Vehn* 

Judged from microscopic calculations of po
tential energy surfaces V(~,y), a wide class of 
nuclei is characterized by potentials which- are 
rather soft in y-directfon. On the basis of these 
potentials, one obtains collective wave functions 
which are spread all over the y-range 0°-.::; y ~ 60° . 
This result holds for low angular momentum~ GOing 
to higher angular momenta, however, one expects 
the wave functions to localize more and more about 
y = 30° due to a dynamic stabilization! - provided 
the moments-of-inertia depend on y as those of 
irrotational flow 

J 2 2 27! ) 
K = 4B8 sin (y - T K , K = 1,2,3. 
.I 

In this case, the largest moment-of-inertia occurs 
for maximum asymmetry at y = 30° and, of course, 
favors the y = 30° shape at high angular momenta. 
It should be recalled that the y-dependence of ir
rotational moments-of-inertia is well supported 
empirically by spectra of odd-A nuclei.2 

The aim of this note is to show that the 
process of localization can be studied analytically 
in the limit of y-unstable potentials (V indepen
dent of y). In this case, Bohr's collective 
Hamiltonian3 separates in ~ and y , and the total 
wave function can be written3 as 

(1) 

The y-dependent part ¢ does not depend on the po
tential V(~) and is common to all y-unstable sys
tems, including the harmonic quadrupole oscilla
tor v- ~2. Since the wavefunctions of the latter 
are known, it is relatively easy to construct ¢.4 
For the yrast states with even I, one obtains 

[ I] ¢ I 
= (a~2 ) 2 

A = Z' IM =I IM=I 

= [[ CO'Y D(Z) + 'iny [n(zJ. n(ZJ] J1 (2) 
20 12 22 2-2 

IM=I 

The easiest way to analyze this expression is to 
look for the solution in the range 60°< y < 120~ 
where the moment-of-inertia has its maximum at 
y = 90°. In fact, from Eq. (2) one expects ¢ to 
have the asymptotic form 

""(siny)t - 1- [n(I)+ D(I)) (3) ~A = t,IM = I 12 II I-I 

for I -+ oo , since cos y « 1 for 60° < y < 120° . The 
completely coupled form of ~ is 

~ I 
A = 2,IM 

g I (y) 
A= Z' (I-2K) 

1/IIM,ZK(n) (4) 

with 

l1 [tl 1 J1-2v . A-J1+2v 
g (y) = N ~ ~ A· cos y. s1n y 

A,Jl A (i~) v=O 12v (A-2v) ! v ! (A-jl+v)! 

and 



2I+l (~) (Q) + ~=~ (Q)) 

Nt.. .. is a nonnalization constant and [! 1 the 
largest integer smaller than ~ . The y-density 

PI (y)=Jcini<P I (y,n)j2 
A. = 2 ,IM 

is plotted for different I in Fig. 1. It is seen 
that the localization about y = 30° sets in rather 
slowly for I ~ 6. For I = 2 and 4, the wave func
tion is equally distributed over y . For I = 40, 

0.8 

PI ( y) 

Pr (30°l 

1 0.6 

0.4 

0.2 

---Y 

Fig. 1. The distribution of y- unstable wave 
functions over the y-coordinate. With increasing 
angular momentum the wave functions localize about 
y = 30° and approach the asympto~ic limit (given 
for I= 40 as broken Line). 

(XBL 744-2780) 
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PI ( y) is sharply peaked at y = 30° and has almost 
reached the asymptotic limit. 

The yrast energies corresponding to Eq. (1) 
depend on V(S). If the potential has a sharp 
S-minirnum and localizes the wave function at a 
definite S = S0, the spectrum for even I is 

EI = 8B~2 I(I + 6) . 
0 

But also in the case of an harmonic oscillator, 
the centrifugal term in the effective potential 

ff c· 2 h 2 
ve (S) = 2 s + --

2 
I (I + 6) 

8BS 

tends to localize the wavefunction at 

S (I) = ~ h 
2

I (I + 6) 
0 4BC 

F I h . . f veff . or + oo, t e m1nJJila o are JUSt 

the exact yrast energies of the harmonic oscilla
tor. 

It is concluded that the moments-of
inertia of irrotational type stabilize triaxial 
shapes at high angular momenta no matter how 
y-soft the collective potential is. This process 
sets in, however, rather slowly. It cannot be 
responsible for triaxial shapes in the region 
I < 10. 
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THEORETICAL INVESTIGATION OF UNIQUE PARITY SPECTRA OF 
ODD-A NUCLEI IN THE A = 135 AND A = 190 MASS REGION* 

J. Meyer-ter-Vehn t 

Unique parity spectra of transitional odd-A 
nuclei in the A = 135 and A = 190 mass region have 
been investigated based on the triaxial-rotor-plus
quasiparticle model.l Triaxial shapes are indicated 
in these mass regions already by the low-lying 
second 2+ states in even nuclei. It is shown in 
this work that the odd-A spectra contain much more 
detailed evidence for triaxial shapes than the 
even ones. Here, only a brief summary can be given. 
The comparison between experiment and theory is 
given for some representative cases in Figs. 1-10. 
Features of the spectra which are characteristic 
for the various triaxial regions are pointed out 
in the captions. References to the experimental 
data are given in the main publication.2 

The calculated spectra represent essentially 
parameter-free calculations. The parameters 8 and 
y are derived from the lowest excited states in 
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neighbouring even nuclei according to a standard 
procedure which is described in Ref. 2. In partic
ular, the y-parameter is derived from the (A-1) 
even neighbor for particle spectra (AF below the 
unique parity j-shell) and from the (A+l) n~ighbour 
for hole spectra (AF above the j-shell). The Fermi 
energy AF is estimated from a Nilsson level scheme. 

The surprising result of this work is that 
rather complex families of unique parity states 
can be. reproduced theoretically on the assumption 
of triaxial shapes with fixed 8 and y values. In 
particular, the odd-A spectra define y rather 
sharply, and the values obtained in this way, co
incide consistently within a few degrees with 
those derived from the even neighbors. This result 
suggests that a number of transitional nuclei are 
less soft than expected from existing theoretical 
calculations of potential energy surfaces. 
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Fig. 1. Systematics of experi
mental unique P~fity spectra built 
on the ~and h-z shell of odd 
proton nuclei are shown for nuclei 
in the A = 190 mass region. Lowest 
energies (in keV) of adjacent even 
nuclei and values for 6 and y, de
rived from these energies, are also 
given. The odd-A spectra confirm a 
gradual transition from prolate to 
oblate between Os and Hg. In such 
a transition, the theoretical spec
tra change from a decoupled type 
(.(j + 1) level above the (j + 2) 
level to a strongly coupled type 
( (j + 1) level below (j + 2) 
level) for particle spectra and 
vice versa for hole spectra. This 
change is observed in the experi
mental s~ctra, e.t'i those of 
187rr, 1 9Au, and 9 Tl where the 
h~ particle spectra are based on 
tne Y = 16o 186os, Y = 24o188pt, 

~
"'y = 38° 19'0flg cores and the 

h hole s ctra are built on the 
1 Pt and ~~g cores, respective
ly. Both spectra are ~ecoupled 
in 189Au because the h2 states are 
related t~1 the prolate 188pt core 
and the h~states to the oblate 
19~g core. (XBL 7411-8166) 
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The present work has strong applications in 
the field of experiment. It provides a general 
frame for analyzing low-energy spectra of transi
tional odd-A nuclei. It predicts numerous states, 
their energies, moments, and transition probabil
ities. Mbre experimental results are necessary to 
judge the range of validity of the present model. 
Certain discrepancies are expected due to shape 
fluctuations and other effects. But the present 
work clearly points out that there is a simple 
general structure behind the odd-A spectra in the 
transitional regions and that triaxial nuclear 
deformations are a simple way to understand their 
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systematic behaviour. 
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TEST OF MANY,BODY METHODS IN AN EXACTLY SOLUBLE 
BACKBENDING MODEL 

S. Y. Chu, E. R. Marshalek,* J. 0. Rasmussen,and P. Ringt 

Much attention has been focused on the be
havior of the nuclear moment of inertia at high 
spins in the last few years. The sudden increase 
of the moment of inertia and the occurence of back
bending has been studied in a number of exactly 
soluble models by Krumlinde and Szymanski.! For 
realistic calculations the selfconsistent cranking 
model (SCC) has proved to be very successful.2 
Some neasons for this success may be that the 
underlying wave functions are product wave func
tions and therefore simple enough to be applied 
for realistic calculations and general enough to 
contain all the necessary degrees of freedom, such 
as, changes in shape, pairing correlations and 
decoupling processes, which seem to be very 
important for these high-spin states. 

There are, however, some serious shortcomings 
of that method: 1) The cranking wave functions 
violate symmetries; in particular they are not 
eigenstates of angular momentum and particle number. 
2) There seem to be some regions in the back
bending curve where one has great quantum fluctua
tions which cannot be handled within the cranking 
model. 

One way to overcome some of these difficulties 
is a particle-number projection which has to be 
carried out before the variation. Another method 
is the random phase approximation (RPA) based on 
the cranking model basis. The RPA allows the in
clusion of higher correlations and includes an 
approximate projection of angular momentum and 
particle number. 

We therefore decided to study the cranking 
model and these two methods in an exactly soluble 
case. For this purpose we took the R(8)-model of 
Krumlinde and Szymanski.! 

The model consists of 2n identical fermions, 
interacting via a pairing force, distributed among 
two 2n-fold degenerate single particle levels 
separated by an energy 2E and coupled to an external 
rotor with fixed moment of inertia a-1. 

a- -3/2 v 

b- -1/2 v ~ 
jx 

The Hamiltonian is 

H = !2 a cl- )) 2 
+ H + H sp P 

with 

n + + b+b + 
Hsp E ~ (a a + a-a- - b-b-) v v v v v v v v v 

n + + b +b::) 
n 

H = -g ~ (a a- + ~ (a-a + b-b ) p v v v v v v v v v v 

(1) 

(2) ' 

(3) 

jk are the components of the angular momentum of 
the particles. 

For instance, 

n + + n 
j +ij =yl3~(ab -b-a-)+2~b+b- (4) 

X y V V V V V V V V 

As shown in Ref. 1, the Hamiltonian is composed of 
generators of the group R(8). This makes an exact 
solution of the model possible. 

We study small oscillations about a classically 
rotating solution: In lowest order 

I = I 
X ' 

i z 0 

Applying the Hartree-Fock-Bogolyubov factorization 
for the particle operators gives the cranking model 



Hamiltonian Hw with the selfconsistency relations 

w = a(I - < j > ) 
X W 

rl 
g k (<a-a > + < b-b > ) 

v vvw vvw 

(5.a) 

(5.b) 

The diagonalisation of Hw corresponds to the solu
tion of the HFB-equations. It can be carried out 
analytically. Since the levels are half filled, 
the chemical potential A is always 0. The four 
quasiparticle energies are 

.? 

E + ~ + E i - 2 ± (6) 

with 

Obviously one of them can go to 0 for certain 
values of I:J. and w, which corresponds to a gap less 
superconductivity. This happens also in realistic 
calculations (Ref. 2). To get selfconsistency one 
has to solve the !:)'!:":':'~ (5), which can be written 
as two transcendental equations for the variables 
w and I:J.. Within some w-regions there can be two 
solutions for I:J.. Within the cranking model the 
classical expression I is usually replaced by 

.) I (I + 1) 

On the basis of the cranking model we studied 
two methods to improve the results: The first 
method is a particle number projection before the 
variation. We used the method of contour integrals 
proposed in Ref. 3. Since time reversal symmetry 
is violated by the cranking operator wjx one has 
first to determine the conjugate states of the BCS
theory. This is done by diagonalizing the density 
matrix which gives the canonical basis. Within 
this basis the formulas of Ref. 3 are applied. 
For each pair of (w,!:J.) the projected energy 

E .= <H~> prOJ W w,I:J. 
(7) 

is calculated and according to the cranking model 
the stationary points 

(8) 

are calculated. w is determined by 

w = a ( V I (I + 1) - < j xpN ) ) (9) 

Figure 1 shows the surface of the projected energy. 
For w = 0 there is a minimum at I:J. = 0.335 (MeV) 
and a maximum at t:. = 0. With increasing w this 
minimum moves to smaller values of I:J. (Coriolis 
antipairing effect). The solid line connects the 
stationary points (8). It approaches I:J. = 0 for 
high w-values. The dots on that line correspond 
to the integer even !-values. The dashed line 
represents t:.(w) in the unprojected calculation, 
which has sharp transition to zero. 

The second method is a generalized Holstein 
Primakoff boson expansion in powers of n-1 (Refs. 4 
and 5)and r-1. Since one has two kinds of degrees 
of freedom, namely particle degrees of freedom and 
rotor degrees of freedom, one has two kinds of 
bosons: The particle bosons B+ are super-positions 
of two quasi-particle operators. The rotor boson 
b defines a wobbling motion of the nucleus around 
the steady rotation around the x-axis. The rotor 
wave function is written as 

IIK> (10) 

where ¢ is an azimuth around the x-axis, K is the 
projection of the angular momentum onto that axis 
and the boson is defined by 

(11) 

The expansion of the Hamiltonian yields in 
zeroth order the selfconsistent cranking model. 
In the next order one has a bilinear form of bosons. 
The diagonalization corresponds to the RPA. It 
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0.05 

00~--~~~~~--~~~~~~~~ 
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Fig. 1. Surface of the particle number projected 
energy (7). The contour lines have an energy dif
ference of 0.03 MeV. (XBL 757-3500) 



gives us vibrations for each point on the yrast 
curve. The zero point correction of these vibra
tions is calculated. On the other hand, this kind 
of boson expansion has the nice feature that it 
conserves the particle number approximately. That 
means as long as 6. =F 0 one has a zero frequency 
mode which corresponds to a pairing rotation. The 
corresponding moment of inertia and its contribu
tion to the energy can be calculated. For 6. = 0 
this mode is a pairing vibration and the frequency 
no longer vanishes. 

In Fig. 2 the three methods are compared with 
the exact solution for n = 4, a= 0.0197 (MeV), 

fi=4 

A=O.OI97 
G=0.075 

E·oo~ 

• Exact solution 

c Cranking 

• RPA 

o Particle number 
project ion 

0.04 0.08 0.12 
w2 ( MeV 2 ) 

0.16 

Fig. 2. Moment of inertia~ against the square of 
the angular velocity w. The full points are the 
exact values, the full line corresponds to the RPA, 
the dashed line is the particle number projection 
and the dashed-dot line is the selfconsistent 
cranking model. (XBL 757-3505) 
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g = 0.075 (MeV), E = 0.1 (MeV). Outside the back
bending region all three methods agree quite well 
with the exact result. One has a transition from 
the paired ground state to the normal-fluid, high
spin states. Within the backbending region there 
are differences. Selfconsistent cranking gives 
a too strong backbending. This can be understood 
easily. Since the cranking wave functions are 
product wave functions, they do not contain enough 
correlations to describe the mixing of the two 
bands in the right way. Particle munber projec
tion gives an improvement. However, for the upper 
branch (6. ~ 0) it corresponds nearly to the cranking 
solution. Obviously the particle number projected 
wave functions do not have the right type of cor
relations, which is important there. The best 
agreement with experiment is shown by the RPA 
curve. One has, however, to mention that there 
are points along that curve where the RPA gets 
unstable. 
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ATTENUATION OF THE CORIOLIS INTERACTION WITHIN THE 
CRANKING MODEL* 

P. Ringt and H. J. Mang 

The description of strongly distorted rota
tional bands within the cranking model allows an 
interpretation of the attenuation factors used in 
the particle plus rotor model. It turns out that 
they are not very much influenced by the residual 
interaction, but strongly dependent on the angular 
momentum. A simple model is proposed to calculate 
distorted spectra which are in rather good agree
ment with the experimental data and with the fully 
self-consistent calculation. 

* * * 

The description of very distorted rotational 
bands of odd mass deformed nuclei is possible 
within the particle plus rotor modell (PRM) by the 

coupling of particles to the collective rotation 
using a Coriolis interaction. Practical calcula
tions, however, allow a reproduction of the experi
mental data only by reproducing the strength of 
this interaction. The attenuation factors R used 
for this purpose lie between 0.4 and 0.9.2 There 
exist attempts to give an interpretation of these 
factors by taking into account the coupling of the 
outside particle to collective vibrations of the 
core.3 A purely microscopic derivation of the 
Coriolis interaction is possible by using the 
method of angular momentum projection after the 
variation.4 Recently5 it has been shown that the 
application of the cranking model within the frame
work of the Hartree-Fock-Bogolyubov-Theory (HFB), 

· which can be derived from a projection of the 
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angular momentum before the variation,6 allows a 
quantitative description of these bands without 
any fit parameter. In particular, no extra at
tenuation of the Coriolis term has to be introduced. 

Within the cranking model the internal wave 
function ¢a of the odd nucleus is calculated by 
the variational equation 

(1) 

If one restricts ¢a to the HFB - functions, it cor
responds to the blocked HFB - Equations 7 in the 
rotating_ frame. One has to look for solutions of . 
this system which have odd particle number parity8 
and which are eignfunctions of a rotation about 
180° around the x-axis 

i(-)I-1/2 ¢ 
a (2) 

I is the total angular momentum and the cranking 
frequency w is determined by the subsidiary con
dition 

I • (I + 1) . (3) 

Equation 1 is solved directly in Ref. 5 for 159ny. 
For comparison with the particle plus rotor model, 
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however, it is useful to decompose ¢a 

(4) 

where ¢0 is the underlying HFB - wave function of 
the even core and SK are the quasiparticle operators 
corresponding to this core, which diagonalizes the 
Hamiltonian (H 11 diagonal). For w = 0, K is a good 
quantum number (it corresponds to the eigenvalue 
of Jz) ·because of the axial symmetry of the core. 
For higher w this is not exactly true. In the 
numerical calculation of 159ny (see Fig. 1) how
ever, it turns out that for a large region of spin 
values (I < 21/2) the core stays nearly axially 
symmetric and K is a rather good quantum number. 
The variation (1) is therefore decomposed into a 
variation of the core function ¢0 and a variation 
of the mixing coefficients CI( 

0 
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KK' 
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Fig. 1. The dependence of (a) the quasiparticle energies EK, and (b) the 
matrix elements jkk+l of Eq. (6) on the angular momentum I; K ~ -1/2 cor
responds to the decoupling parameter. Full lines correspond to the favored 
solutions, dashed lines to the unfavored solutions (see Ref. 9). 

(XBL 745-3201) 



ji1 is the one quasiparticle part of Jx corres
ponding to the operators BK· Equation 5 corres
ponds to blocked HFB - equations for the deter
mination of the core wave function ~0 with even 
number parity. It is coupled by the blocking of 
Yrj to Eq. (6) which detennines the mixing ampli
tudes Cl(. 

The PRM replaces the calculation of ~0 by 
assuming a rotor with a fixed moment of inertia. 
Equation (6) corresponds to the diagonalization of 
the PRM for the calculation of the mixing ampli
tudes. 

Besides the fact that the cranking model 
gives energies in the rotating frame, there is a 
close analogy between Eq. (6) and the PRM concer
ning the amplitudes Cl(. 

a) Neglecting constants the diagonal elements 
are in both cases essentially the quasiparticle 
energies EK. In the cranking model they depend on 
w, but only very weakly, as shown in Fig. l(a). 

b) The non-diagonal elements vanish exactly 
for K * K' ± 1 in the PRM and approximately in 
the cranking model. In the latter model the fre
quency is w = <~aiJxl~a> ~c· ~c is the self
consistently determined moment of inertia. Re
garding Eq. (3) the elements K' = K + 1 are 

in the cranking model 

j I (I + 1) - < J 2 > z 

in the PRM1 

_ y (I + 1) - K(K + 1) 

J rotor 

• j 1 1 
X 

K K+l 
(w) 

j~ 1 (w = O) 

K K+l 

(7) 

(8) 

Both expressions are very similar. If one neglects 
the small w-dependence of the matrix elements ji1 

in the cranking model (see Fig. l(b)) and the 

fact that .j I (I + 1) - K(K + 1) is replaced by 

v I (I + 1) - < J 2 2 > in the cranking model, there 
remains only one big difference between bo.th 
Coriolis interactions explaining why one needs 
attenuation factors in the PRM but not in the 
cranking model: the cranking model uses a self
consistently determined moment of inertia ~c. 
which includes the effect of the decoupling par
ticle and which is strongly I-dependent (see 
Fig. 2). For small !-values, where the particle 
is coupled to the core, it is very easy to gain 
angular momentum in x-direction by decoupling the 
particle. Therefore, the value of~c is large 
and the Coriolis interaction is strongly attenuated. 
This effect can also be seen in the simple Inglis 
formula for the odd nucleus in the state a 
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Fig. 2. Moments of inertia dependent on the 
angular momentum. 1_ = < ~ IJ I~ > /w and sc a x a 

Ycore = < ~ 
0 

I J xI~ 
0 

> correspond to the many body 
wave function (KOc in Fig. 3) . ~ and ~ + { 
correspond to the particle plus cranking model 
(see Eq. (10)). (XBL 747-3680) 

(9) 

The first part comes from the core. The second 
part describes the particle. Because of the small 
energy denominator it can become much larger than 
the first part. In the case of 1S9ny, we found 
~c = 123.35 = 26.82 + 96.53 (Mev-1). 

However, for higher spin values a perturba
tion theoretic treatment is no longer possible. 
The exact solution (see Fig. 2) shows that the 
particle is more and more aligned and its contri
bution to the moment of inertia becomes smaller 
and smaller. Therefore the self-consistent 
moment of inertia~c diminishes with increasing 
spin. Only for very high spin values should it 
increase again because of the antipairing and the 
stretching effect of the core. 

Figure 3 shows the experimental spectrum of 
the positive parity band in 159ny and different 
calculations. Klsc is the fully self-consistent 
solution of Eq. (1) as described in Ref. 5. It 
uses a pairing plus quadrupole force including the 
exchange tenn of the QQ-force, its contribution • 
to the pairing potential and the contributions 
of the pairing force to the self-consistent field. 
K2sc uses a similar force, which does not include 
the latter three terms and which is adjusted to 
reproduce the same energy gap and the same de
fonnation. 
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Experiment (see Ref. 10) and different calculations 
as described in the text. (XBL 745-3198) 

Kl K2 

Qp = Qn -0.034 -0.034 

Qpn -0.089 -0.089 

Gp -0.190 -0.195 

G -0.139 -0.148 n 

t.E +(MeV) -0.25 -0.30 
n 

Units and details are given· in Ref. 5. 

In the column KOc the influence of the 
·residual interaction is neglected, i.e., the cal
culation is done within constant fields r and 11 
taken from K2sc at w = 0. This procedure changes 
the behavior of the spectrum at very high spin 

- "~alues. However, the attenuation of the Coriolis 
interaction is only very little influenced by the 
residual interaction. 

We studied it in the following simple model 
(Column: crank. +part) suggested by Eq. (6). 
One outside particle is coupled to a rotor with 
moment of inertia Yo= 

9 2 .... 4 
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f d ·11 Neglecting the w-dependence o EK an JKK• , one 
has to diagonalize 

Ya2 
- --2 w + EK- wj11 

XKK' 
(10) 

The subsidiary condition for w is 

~ + < J. > = Jw + Jw = )I (I + 1) - < j 2 
> ~u X o P z 

(11) 

Therefore the Coriolis interaction can be written 
as 

H = -wj 11 
cor x 

/ICI + 1) - < jz2
> 

--------=------- j ~ 1 • R 

~ 
(12) 

Compared to the PRM it is attenuated by a factor 

« ( . ) 
~o Jx 

R=y;o +Ynp = 1 -/ICI 
+ 1) - ( j /) 

(13) 

~ = < h> /w i~ the contril:>Uti~n of the outside 
particle (see F1g. 2). Takmg mt& account that 
there was no fit parameter used (v5 is taken from 
KOc), the agreement of this simple mode~ with the 
experiment and with the fully self-cons1stent cal
culation is surprisingly good. The last two 
columns in Fig. 3 are calculations within the PRM, 
without attenuation (column 7) and with a fit over 
4 parameters (see Ref. 5). 
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MICROSCOPIC DESCRIPTION OF "BACKBENDING" IN Yb-NUCLEI* 

H. R. Dalafi,t H. J. Mangt and P. Ring 

Hartree-Fock-Bogoliubov theory with approxi
mate projection of particle number is used to 
calculate the nuclear moment of inertia within 
the framework of the cranking model. In this 
paper the nuclei 166Yb, 168Yb and 170Yb are studied. 
The calculation reproduces the experimental data in 
so far that 166Yb and 170Yb show the "backbending" 
effect in their ground state bands whereas 168Yb 
does not. Moreover, we find that "backbending" 
occurs at higher angular momenta for 170Yb than 
for 166Yb. 

The ground state rotational bands of 166Yb, 
168Yb and 170Yb show a rather strange discontinuous 
behavior as a function of the neutron number_l,2 
While 16~ and 170Yb show the so called "back
bending" effect, 168Yb does not. 

In this paper we attempt to reproduce such 
behavior within the framework of the self-con
sistent cranking model with inclusion of approxi
mate projection of particle number.3,4 

The equations of the self-consistent cranking 
model are most easi~y obtained from a variation of 
the energy given by 

with subsidiary conditions 

<<t>IJ l<t>> =v'J(J + 1) 
X 

(2.a) 

A 

( <t>INI<t>) = N (2.b) 

A 

where N is the number operator and ~N is defined 
as 

A 

~ = N - ( <t>INI<t>> (3) 

The condition ( 2. a) on < <P I Jx I <P > is equivalent to 
an approximate angular momentum projection.S Pro
jection of particle number is treated in a better 
approximatio~ by not only having the condition 
( 2. b) on < <PIN I <P > but also including the term 
~N in Eq. (1). From now on we shall use the 
short-hand notation ~N for _< """(H_-_<_H_>_)"-~-2-> 

The moment of inertia e is directly cal
culated from 

e = -v' J(J + 1) 
WJ 

(4) 

where WJ is obtained from Eq. (2.b). This implies· 
that we can calculate e as a continuous function 
of w • " 

A completely self-consistent solution of the 
HFB-equations which arise from a variation of 
E~ (Eq. (1)) is however, very cumbersome. We 
therefore used the same approximation as in Ref. 3. 

We define a single particle Hamiltonian, 
Hsp as 

+ + + 
Hsp = ~ E C C - x • ~ C C-

a a a a a > 0 a a 

(5) 

where the second term is a single-particle pairing 
potential and the third term is the usual quad
rupole potential of Nilsson.6 The diagonalization 
of Hsp provides wave functions which depend on . 
three parameters Kp, Kn and q. A variation of 
E~ with respect to these parameters yields appro
nmate solutions of the HFB-equations for every w.3 



0 0 ' ! u cJ J u • 

. Th~ Hamiltonian and the single particle con
f1gurat1on space were the same as used in Ref. 4 
with the exception of the strength of the pairing 
force. The reason for this is that the inclusion 
~f the t~rm 6EN effectively increases the pairing 
1nteract1on.7 The term ~EN depends however in 
a different way on the angular mome~turn. We' 
therefore used 

~ = 0.125 Gp 0.165 

Moreover one more approximation was introduced 
in order to keep the computing time within reason
able lim~ ts . 3 The actual variation was only per- ' 
formed w1th respect to Kn. This approximation 
was checked for some selected values of the 
~ranking frequency wand found to be satisfactory, 
1n the sense that all qualitative features were 
insensitive to this approximation. 

Results are presented in Figs. 1 to 3. 
Figure ~ gives the comparison of experimental and 
theoret1cal moments of inertia plotted versus the 
squar~ of th~ an~lar frequency (w2). The agree
ment 1s qual1tat1ve and certainly as good as one 
can expect from a model like the one we have used. 
The principal features of the experimental data 
are well reproduced in particular the differences 
between the "backbending" nuclei 166Yb and 17DYb. 
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Fig. 1. Moment of i_nertia as a function of w2
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.<' 
0 

209 
9 2 -"' 5 

Figure 2 shows the neutron energy gaps ~N 
for different angular momenta. ~N is defined as: 

where the sum runs over all neutron states K. 
This_definition of_~N amounts to setting ~N pro
port1onal to the d1ffuseness of the Fermi surface 
DN = ~ UKVK.8 The energy gap ~N defined in such 

a way does not necessarily coincide with the energy 
gap ~KK which occurs in the formula for the oc
cupation probabilities.9 It is however a good 
m~asure for the overall strength of pair correla
tlons. The reason for the difference is that 
the energy gap ~KK may be strongly state depen
dent.4 Note that up to angular momenta J = 16 
~e ene~gy gap ~N decreases rather slowly with 
1ncreas1ng angular momentum. 

Figure 3 finally shows the contribution of 
neutrons of positive parity to the angular 
mom~nt~ (<<PIJ~!<P>) as a function of <<P,Jx!<P>. 
It 1s mterestmg to note that from< <P!Jx ¢> = 8 
on all curves are straight lines but with slightly 
different slopes. The slopes are 
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Fig. 2. Neutron energy gap ~N as a function of 
angular momentum < Jx > • (XBL 757 -3511) 
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0.98 for 16~ 
0.85 for 16~ 
0.92 for 170Yb 

There is clearly a correlation between these 
slopes and the appearance of the "backbending" 
effect. The larger the slope the stronger the 
"backbending". This means that the speed with 

• which the alignment of the neutrons of positive 
parity occurs, determine whether there is "back
bending" or not. 
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APPROXIMATE PROJECTION OF ANGULAR MOMENTUM AND 
PARTICLE NUMBER IN HEAVY NUCLEI* 

H. R. Dalafi,t H. J. Mangt and P. Ring 

The problem of symmetry violations in Hartree
Fock-Bogoliubov wave functions is handled by 
projection techniques. For the cases of strong 
and weak ?ymmetry violations, approximate for
mulas of the projected energy are given. They 
allow an approximate projection before the varia
tion for heavy nuclei. The methods are applied 
numerically to some model calculations for strong 
and weak deformations. 

Microscopic descriptions of nuclear struc
ture are based on a single particle model. The 
most general single particle model includes also 
pairing correlations and is given by the Hartree
Fock-Bogoliubov (HFB) theory.l This theory pro
vides a simple tool for the description of many 
ground state properties in nuclei. Furthermore, 
it can be used as a basis ~f a microscopic treat
ment of collective states. ,3 The reason for 
which the theory is working so well in many 
regions of the periodic table is, that often a 
very important part of the correlations within 
such nuclei; can be taken into account by con
sidering symmetry violating single particle wave 
functions. The symmetries usually violated by 
the HFB theory are conservation of angular momen
tum and particle number. The most general HFB 
wave functions are no eige~states of the angular 

'momentum operators }2 and Jz, since they are 
based on the deformed single particle wave func
tions, and are a mixture of different particle 
number components. 

The projection before variation, turns out 

to be the most general extension of the HFB
theory, which handles the symmeteries in the 
right way. Calculations within this projected 
HFB-theory have been carried out in the region 
of light nuclei for small basis spaces.4 The 
extension of these methods to deformed heavy 
nuclei and large configuration spaces, requires 
further restriction. One of the most commonly 
used restrictions is that one takes into account 
only axial symmetric shapes of nuclei.5 This 
assumption is rather well justified for the ground 
state, and many excited states in the well de
formed heavy nuclei. In the transitional region, 
however, the nuclei are usually soft against 
triaxial deformations, and one should take into 
account this degree of freedom. For a descrip
tion of high-spin states, decoupling processes 
of one and two particles play a very i~ortant 
role and require a mixing of K-values.6-8 

The aim of this work is to formulate and 
test approximate methods for handling particle 
number and angular momentum projection, which 
are simple enough to be applied for the most 
general HFB-functions of heavy nuclei. Further
more, these methods are applied to some inter
esting nuclear problems. 

The HFB solution I~> is, in general, not an 
eigenfunction of the angular momentum J2, though 
the Hamiltonian H of the system is rotationally 
invariant. Wave functions, which are eigenstates 
of J2 and Jz, can be obtained_by projecting I~> 
onto the eigenstate of angular momentum 
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v ~ 
''"i') 

~ 0 

(1) 

According to the method of projection, before 
variation, one has to look for the HFB-wave func
tion .I <P > which minimizes the expectation value of 
the projected energy 

(2) 

An approximate expression (Ref. 4) that is valid 
for large deformation is 

< J2 > < J > { E~roj = < H> - + + r J J(J + 1) - < Jx> 1 
y sc 

with 

and 

< J2 >< J > 
6 - y X 
sc - < (H - <H >)J ) 

X 

(3) 

(4.a) 

(4.b) 

Varying the projected energy4 with respect to 
the HFB-wave functions, rather complicated equa
tions are obtained. In the case, however, that 
the lowering term - < Jf > /6y varies only slowly 
with J, it can be neglected in the variation. 
Then the cranking model, which minimizes 

o< H - uJ > = o 
X 

with the subsidary condition 

<J>=-/J(J+l) 
X 

(5) 

(6) 

provides an approximate solution of the projected 
HFB equations. This is true as long as one has 
no big changes of the deformation. 

If the lowering term - <J~>/6 has to be 
taken into account in the variation(. it is no 
longer possible to carry out the variation fully 
self-consistently. One can, however, use a set 
of trial wave functions, which depend only on a 
few deformation and pairing parameters. A mini
mization of the projected energy with respect to 
these parameters, corresponds to an approximate 
projection in three dimensions. 

0 
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In the case of small deformations, we restrict 
ourselves to I = 0. In this case, it has been 
shown in Ref. 9 that the overlap n(n) can be 
approximated by 

n(n) • exp 1- i < J;> sin
2 

S l (7) 

An expansion of the energy overlap, analogous 
to Eq. (3) gives 

J=O E .=<H>proJ 

< (H - < H > )J
2 

> 

<i> + 3 
(8) 

y 

Since the HFB wave functions are a super
position of different particle numbers, one has 
to carry out a particle number projection 

r" " 2~ fi(N -nJ' dO (9) 

N is the particle number operator and n is the 
actual particle number. The corresponding energy 
is 

(10) 

Since pairing correlations in nuclei are 
usually very weak, one can use again the limit 
of weak symmetry violation.9 Within this limit 
one can show 

n(<P) = < ei(N - n)~ exp l- 4 < Mh sin2ol 
(11) 

and 

EN . < H - < H >) llN2 > = < H > - - (12) 
prO] 2 ( llN2 > + 4 

The numerical calculations were carried 
out with a pairing plus quadrupole force.23,24 
With a set of trial wave functions <P(g,x) (g is 
a quadrupole deformation, x is a gapparameter) 
the expectation value of the unprojected and the 
projected energy is calculated.and a minimum of 
these energy surfaces are determined. 

Figure 1 shows the unprojected energy Eunpro 
and the particle number projected energyENpro 
deprg2ent on the pairing parameter x in the case 
of Er. Particle number projection favors 
stronger pairing correlations. The third curve 
in Fig. 1 shows a projection of angular momentum · 
and particle number 

EJ ,N = < H> 
pro 

< (H - < H > ) J: > 

( J2> 
y 

< (H - <H>) llN2> 

2 < liN2 > + 4 (13) 
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Fig. 1. Unprojected, particle number projected 
and angular momentum plus particle mnnber pro
jected energy as a function of the pairing para
meter x for the nucleus 168Er. 

(XBL 757-3509) 

In this approximation, the assumption is made 
that both projections can be carried out indepen
dently. The result is that the angular momentum 
projection gives a rather constant lowering, and 
that the projected minimum is not changed very 
much. The reason for this behavior is, that, the 
lowering term caused by angular momentum projec
tion, is influenced only very little by changes of 
the pairing correlations. On the other hand, in 
the case of the variation of the deformation q 
(which is not shown in Fig. 1) it turns out, that 
the lowering due to projection of particle number 
is a rather slow varying function of q, as com
pared to the lowering caused by angular momentum 
projection. 

We have carried out calculations on high-spin 
states in the model nucleus 168Er as described 
above. Trial wave functions t(q,x,w) were ob
tained by diagonalizing the single particle· 
Hamiltonian in the rotating frame: Ho - wJx . 
Using these wave functions the particle number 

'N N projected energy Epro = Epro - w< Jx> in the 
rotating frame was calculated. The stationary 

points of the energy surface E~~0 (q,x) are approxi
mate solutions of the particle number projected 
HFB-equations before variation. At the end w is 
determined by the subsidary condition (6). 

Since changes of the deformation and of the 
proton pairing correlations are less important 
in this nuclei, we varied for each w only the 
pairing parameter of the neutrons Xn and kept q 
and Xp at the optical values of the ground state. 

There is, however, a certain w region (0.27 
~w ~ 0.33 MeV) where three stationary points 
exist (two minima and one maximum) . Therefore, 
one obtains for each w value within this region; 
three solutions with different J values. One of 
these seems to be unstable. However, if one takes 
into account the other degrees of freedom, it 
turns out to be a saddle point, and the conserva
tion of angular momentum guarantees the stability 
of this solution. 
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Usually, one plots in the back-bending region 
the moment of inertia 

e 
( J > 

X 

w 

against the square of the angular velocity. This 
is done in Fig. 2 with and without particle 
number projection. Without projection one has a 
very steep increase of the moment of inertia; 
but not back-bending. It corresponds to a break
down of the neutron gap, which vanishes for 
w > 0.24 MeV (Ref. 2), and to a simultaneous 
de-coupling of one neutron pair in the il3/2 
shell. With particle number projection, one 
finds for the ground state a smaller moment of 
inertia, which corresponds to the stronger pairing 
correlations. In a certain region, one gets back
bending. An analysis of the internal wave func
tion shows, that it corresponds to a sudden de
coupling of one neutron pair. Because of the 
blocking effect, the neutron pairing correlations 
are lowered by a certain amount, but they do not 
vanish up tow= 0.4. This behavior agrees 
qualitatively with the result found in a more 
realistic ~alculation of the nucleus 162Er (Ref. 7), 
without particle number projection. However, 
particle number projection introduces quantitative 
changes of the back-bending curve. In particular, 
the region of back-bending is increased. 

For a study of the angular momentum projec
tion at small deformations~ we carried out cal
culations in the nucleus L:Osn. 

For the angular momentum projection, the 
approximation of small deformations is used 
(Eq. (8)). The results are shown in Fig. 3. The 
unprojected and the angular momentum projected 
energy surface, are given depending on the quad
rupole deformation Q. The unprojected energy 
has a minimum at zero deformation. The projected 
energy shows a qualitatively different behavior. 
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~ 

12~------------

0 2 10 12 

Fig. 2. Moments of inertia depending on the 
square of the cranking frequency w2 with (proj.) 
and without (unproj.) particle number projection. 
The nucleus is 168Er. (XBL 757-3508) 
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It has two minima. The prolate one is slightly 
deeper. However, they are not deep enough to 
guarantee a stable deformation, therefore, this 
effect probably will be of very little importance. 
The situation may be quite different for J * 0 
and for nuclei with open proton and neutron shells, 
cases which are now under investigation. 
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CORIOLIS EFFECTS AND ROTATION ALIGNMENT IN NUCLEI 

F. S. Stephens 

Coriolis effects in nuclei vary from small 
perturbations in good rotational spectra, to a 
point where they apparently dominate the low
energy spectrtun. The situation for a particular 
case depends on the relationship of the rota
tional energy to the energy coupling the particle 
to the non-spherical part of the potential. If 
the latter energy is much larger, good rotational 
spectra exist, whereas if it vanishes, the ~ystem 
is spherically symmetric leading to a spectrtun 
with no energy splitting of the rnultiplets formed 
by coupling a particle to a core state. With 
the assumptions and simplifications outlined in 
the full report of this work,l it is easy to 
make calculations anywhere between these limits. 
Adjacent to each limit, one finds regions where a 
perturbation treatment could apply. This would 
be a particle-core weak-coupling model near the 
spherical limit, and a Coriolis perturbation 
approach near the good rotational region. If 
the Fermi surface is near high-n levels, these two 
perturbation regions merge into each other, and 
one changes rather suddenly from a spherical 
region into one of reasonably good rotors. But 
if the Fermi surface is near low-n states, then 
there is a broad region where neither of these 
schemes is very good. Due to a cancellation of 

terms in this region, the solutions are approxi
mately eigenfunctions of the Coriolis operator 
and these correspond to a third coupling scheme 
where the particle angular momenttun has sharp 
values, a, along the rotation axis. Such a 
rotation-aligned coupling scheme seems to describe 
rather well the yrast states in many odd-mass 
nuclei. This coupling scheme probably also ap
plies to non-yrast states, and it is at present a 
challenge to see how far the model can be extended 
in this direction. 

In the even-even nuclei, the rotation-aligned 
scheme may also play an important role. It has 
been suggestedl that backbending in the light 
rare-earth region may be just the intersection 
of the ground band with such a rotation-aligned 
two-quasiparticle state composed of il3/2 neutrons. 
The observed backbending in odd-mass nuclei sug
gests that this eXplanation is correct in the 
light Er region. Whether this will prove to be 
the case in other regions is not yet clear. 
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ALPHA-DECAY THEORY 

T. Fliessbach 

Wave Function of Relative Motion and Optical 
Potential 

In the a-decay theoryl the total wave func
tion is approximated by 

I• > = •I•A+4 > + f dE' b(E ') I•E ,> (1) 

with the open channel state 

(2) 

Here ¢A+4 describes the parent nucleus which de

cays into the daughter nucleus ¢A and an a-par~ 
ticle. ¢a is the internal a wave function. 
¢A+4 and ¢A are localised shell model states. Ra 
means the center-of-mass coordinate of the a-par
ticle. All states ¢A+4, ¢A and ¢a are antisym-
metrized and normalized. The antisymmetrization 

operator A= [(~)]-l/ 2 ~(-)p P contains the triv

ial normalization constants. This sum includes 
all permutations which exchange nucleons between 
the a-particle and the A-particle core. 

The function of relative motion UE is deter
mined by the contitions 

8 (E - E') (3) 

and 

(4) 

Physically, this means that ¢E and UE, respectively, 
describe the elastic scattering (without the pres
ence of other open channels). Therefore, in actual 
applications the difficult Eqs. (3) and (4) are 
replaced by the assumption that DE may be approxi
mated by the solution of a Schrodinger equation 
with a real optical potential. This a-nucleus 
potential is extracted from experimental data. 
Similar assumptions are made in the Distorted Wave 
Born Approximation (DWBA). 

In the a-decay theory this approximation for 
UE is wrong by orders of magnitude. The reason 
for this is the normalization of the basis states 

IAo(R - R )¢ ¢A> in (2): · a a 

(5) 

This equation defines the operator K(R,R'). The 

properties of K(R,R') are discussed by Feshbach2 

for the nucleon-nucleus case: K is Hermitian and 
has eigenvalues between 0 and 1. If we use 
realistic wave functions for the a-decay in the 
lead region it turns out that K has relevant eigen
values which differ from 1 only by lo-2 or lo-3. 
K has no eigenvalues equal to 1 and therefore we 
may introduce normalized basis states 

lA 1 
0 (R - R )¢ ¢A > 

~ a a 
v' 1 - i< 

<A 1 
oCR - R: )¢ ¢AlA 1 oCR' - R H ¢. > 

~ a a ~ a a1:1. 
y' 1 - K y' 1 - K · 

(6) 

Then the open channel wave function can be written 
in various ways : 

with 

I•E> = ~~(R) IA6(R- R0 )•o•A> 

=fd3~(R) lA h o(R- Ra)¢a¢A> 
1 - K 

(7) 

2 

A 

We introduce the Hermitian operator H by 

H(R,R') = <RIHIR'> = <Ao(R- R: )¢ ¢AIHIAo(R- R )¢¢A> · a a a a 
where H is the total Hamiltonian. Then the exact 
equations (3) and (4) for DE and~ , respectively, 
read: 

(8) 

(9) 

The approximation of DE by a real local a
nucleus potential is inconsistent since it means 
the approximation of a non-Hermitian Hamiltonian 

A -1 A 

(1 - K) H by a Hermitian one. The inconsistency 
is easily seen in the normalization: 



0 0 't} 0 4 ;:s u 0 

<UEIUE 1 > = o(E- E1
) is contradictory to <~E~~E> = 

0 (E - E I). 

Only the approximation of the new wave func
tion ~ by an optical potential leads to a con
sistent theory: The effective Hamiltonian 

A -1/2 A A -1/2 
(1 - K) H(l - K) is Hermitian, and the 
conditions < ~I~> = o (E - E 1 ) and < ~E I~ 1 > = 
o(E - E1

) are equivalent. 

The Reduced Width Anq?litude (RWA) 

The usual a.-decay theoryl leads to a RWA 

which may be interpreted as the amglitude for 
finding the a.-particle in ~A+4 at R with respect 
to a residual nucleus ~A· The a.-decay width is 
proportional to IGI2 .. 

Constructing a consistent theory3 which ap
proximates ~ but not UE by an optical potential, 
one has to replace G by 

G._(R) = <A _1_ o(R- R )~ ~AI~A 4> -N ~ a. a. + 
. y'l-K 

_1_ G 

/1-K 
(11)• 

The RWA means something like the projection of 
~A+4 into the space of an a.-particle plus ~A. An 
immediate way to derive the new formula (llJ is 
provided by the easy verification (see (6)) that 

is a projection operator, which is not true for 

We calculated ~ for 210Po ~ 206Pb + a.. We 
used pure shell model configurations and oscil
lator states (oscillator constants 0.17 fm-2 for 
Po and Pb, and 0.47 fm-2 for a.). The results 
are shown in Fig. 1. The shell model state ~A+4 
cannot describe the a.-particle when it is outside 
the nucleus. Therefore a quantitatively reliable 
result can only be expected for radii ~ 7 fm. Here 
I~ 12 is about 100 times larger than I Gl2. This 
leads to a quantitative agreement with the experi
ment for the considered decay. 

We feel that Eq. (11) is the key to the long
standing problem of the quantitative description 
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Fig. 1. The RWA 1 s for 210 Po ~ 206Pb + a. versus 
the radius R. The solid line is R·~, the broken 
line is 10 • R • G. The shell model configura
tion of the four nucleons is (lh 9/2)~(3p 1/2)~. 

(XBL 757-3498) 

(12) 

of the a.-decay. At large radii, where the a.
particle and the A-particle core are well separated, 
there is of course no difference between UE and 
~. Here it is in principle possible to describe 
the tail of the a.-particle wave function by in
cluding sufficient configuration mixing. A shell 
model basis is, however, not well suited for the 
description of an a.-particle separated from the 
core. 

Other Reactions 

One of the most widely used approaches for 
direct reactions is the DWBA. The antisymmetri
zation is usually not included in these calcula
tions, that means the states 

I u (R ) ~ ~ ) = fd3R u (R) I 0 (R - R )¢ ~ ) 
Y Y Y1 Y2 Y Y Y1 Yz 



are used for the open channels a., ~, y, . . . Here 
the <f>y. ,cp are internal wave fllllctions. Simi-

1 Y2 
larly as in the a.-decay theory, the DWBA approxi
mates the wave fllllctions of relative motion Uv by 
the optical potential solutions Xy· This leads to 
the transition amplitude 

with a suitable interaction V. 
In the light of the above discussion it is clear 
that the introduction of the antisymmetrization 
cannot be done by simply inserting the operator A 
in the bra and ket of (13). The proper expres
sion with antisymmetrization would be 

For shell model states cp rather than internal sm,y 
states cJ>y, and for slow velocities (energy per 
nucleon much smaller than the Fermi energy) the 
last expression is approximately 

with the normalization constants 

N (R) = (A cp <P I A cp cp ) y sm,yl sm,y2 sm,y1 sm,yz 

For product wave fllllctions the form factor in (15) 
is easy to calculate. 
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(13) 

oCR'- RaHa cl>a !VIA 1 oCR - It H cp > 
..., ~->1 ~->2 j " a. ct1 ctz 

1 - K a. 
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GRAPHICAL REPRESENTATION IN ALPHA DECAY RATE THEORY OF 
SPHERICAL ODD-ODD NUCLEI -- APPLICATION TO 21 0 At AND 21 2 At* 

A. A. Shihab-Eidin, L. J. Jardinet and J. 0. Rasmussen 

Theoretical calculations of relative alpha 
decay rates for even-even and even-odd nuclei in 
the lead region have successfully been carried 
outl-3 using the one-level R-rnatrix alpha decay 
rate theory4 with shell-model wave functions. 
Using a simple delta-function approximation for 
the alpha particle internal wave function3 gave 
greatly simplified formulas and essential agree
ment with sophisticated theories, though it over
estimates rate contributions from higher-j 
orbitals. The application of these formulas to 
the alpha decay of odd-odd nuclei requires, in 
general, carrying out the rather more involved 
angular momenta recoupling and fractional parentage 
expansion. However, by making use of the simple 
and elegant graphical representation techniques 
of Macfarlane et al.,s one can reduce the com
plexity of the-calculation procedure. In addi
tion, this technique helps one to gain more in
sight into the particular alpha decay case under 
study. 

In the one-level R-matrix alpha decay theory, 
the Lth partial decay constant, AL , is usually 
written as: 

(1) 

where P1 is the alpha particle penetration factor 
through the Coulomb barrier (calculated from the 
nuclear surface, Ro , to infinity) and Y1 is the 
partial reduced alpha width, which gives the proba
bility of finding an alpha particle-at the nuclear 
surface. y1 is given by:6 

Pm+l' Pm+2' Pk . It will be sufficient here 
to limit the neutron and proton active orbitals 

-to two each, i.e., p1, p2 (for neutrons), p3 and p4 
(for protons). In the general case there will be 

nl neutrons in orbital pl (denoted p~ 1 ), n2 in 
orbital p2, and similarly n3 and n4 protons in 

orbital p3 and p4 respectively. s1, s2, etc. will 

designate a certain coupling scheme with all needed 
quantum numbers implicitly contained for simplicity. 
The s1 and s2 state vectors are coupled to a vector 

with J~ (angular momentum)' and s3 and s4 coupled 

to J~ ; and finally J~ and J~ are coupled to give 
the parent-nucleus state vector, referred to as 

I~ >: The neutron and proton state vectors, J~ 
and J~ are antisyrnmetric under exchange among all 
the_ n~utrons and protons, respectively. In the 
graphical representation this antisyrnmetry is 
denoted by a semicircle surrounding the state 
vector for the nucleons involved. Thus IJM >is 
represented by Fig. 1. The daughter state vector 
will be assumed to consist of an identical inert 
core plus N-2 neutrons and Z-2 protons distributed 
in some manner among the active neutron and proton 
orbitals. We will consider first the case of 
favored a-decay involving removal of two neutrons 
from one orbital, say P2, and two protons from 
orbital P4· The daughter-nucleus state vector 
I~J > can then be represented by Fig. 2. where 

d 
d d JN and Jp are the neutron and proton intermediate 

YL Jd~ dn dl1rel ( ·~ X,(')) ~~' (!/R) .'j~M' (n)}: x [ (~) w r 
where <PJM , ~J and x are the antisyrnmetrized 

i d a 
wave functions of the parent, daughter and a-par
ticle, respectively. The overlap integral in 
Eq. (2) can be evaluated by expanding the parent-· 
nucleus state vector (wave function) in terms of 
those for the daughter nucleus and the four nu
cleons that form the alpha particle. 

In the'shell model, the parent-nucleus state 
vector can be thought of as consisting of an inert 
core of nucleons that is common with daughter
nucleus state vector plus N neutrons and Z protons 
distributed among the active neutron orbitals 
P1, P2, ... pm and the active proton orbitals 

(2) 

Fig. 1. (XBL 7410-4467) 
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Fig. 2. (XBL 7 410- 4466) 

Fig. 3. 

Fig. 4. 

Fig. 5. 

state vectors, respectively. We can now project 
the parent-nucleus state vector onto a product 
subspace of the daughter-nucleus state vector and 
the shell-model state vectors of the four nucleons 
that form the a-particle. A typical basis vector 
of such a subspace appears as shown in Fig. 3. 
Thus the projection amplitude of the parent-nucleus 
state vector onto such a basis state vector can be 
represented by Fig. 4. According.to Towner and 
Hardy, 7 such a term (Fig. 5) is equal to: 

(XBL 7410-4469) 

(XBL 7410-4471) 

(XBL 7410-44 72) 
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Fig. 6. 

We now ~xpand IP~2 (S 2) > and IP~4 (S 4) > in the 
parent-nucleus state vector in terms of 

IP~2 - 2 (Sz)) ~ IP~(a2)). and IP~4 - 2 Cs,p) ~ IP~(a4)) 
using two-particle cfp's (coefficient of frac
tional parentage). The projection amplitude will 
become equal to (Fig. 6): 

n. 
where b 1 represents the two-particle 

SiS'i ai 
cfp:8 

= p. 1 (S.) IP- 1 (S!),p.(a.) < n. l n.-2 2 > 
1 1 1 1 1 1 

The overlap bracket in Fig. 6 represents a 
{15 - j}-symbol recoupling coefficient involving 
six basic angular momentum vectors, s1, Sz, a2, 

s3, S4. and a4. 

(3) 

This expansion can now be made back in Eq. (2). 
If integration is then carried out, first over the 

y = 
L 

c {21 -

(XBL 7410-4468) 

relative coordinates of the four nucleons of the 
alpha particle, using the delta-function approxi
mation for the spatial part of the a-particle wave 
function, followed by integration over the internal 
coordinates of the daughter nucleus and the alpha 
particle and over the angular coordinates of the 
relative motion (see Ref. 3 for details, defini
tions and notations), we get the following expres
sion: 

)
1/2 )1/2 _ . n2 n4 n2 n4 

YL""' C{l5 - J} (2 (4 bS S' a bS S' a X 
Ql Ql 2 2 2 4 4 4 
"2'"4 

where we have used j i ,j 2 ,j 3 and j 4 to indicate 

the angular momentum of the two neutrons and two 
protons involved in a decay (in the previous 
notation j 1 = j 2 = j(p2) and j 3 = j 4 = j(p4) ), 

(4) 

and expressions for C, F and G are given in Ref. 3. 

For the most general unfavored alpha decay, 
we would have to extract one neutron each from 
the p

1 
and p

2 
orbitals and one proton each from the 

p
3 

and p4 orbitals. The derivation is basically 

the same and the results are similar to that of 
Eq. (4). However, we would end up with four one
particle cfp's, a {21 - j}-symbol recoupling 
coefficient, and different binomial coefficients, 
i.e.' 

(5) 



where 
n. 

b 1 S! a. represents the one-particle cfp:8 
si 1 1 

n. 
b 1 

S
1
- S! a. 

1 1 
(Si_)' P· (a.)) 

1 1 

(6) 

Application to the Alpha Decay of 210At and 212At 

Using the above formulation, we have cal
culated the relative alpha decay rates from 210At 

.5+ ground state to the lowest 4i, 3i, 5i, 7i, and 
2i states in 206Bi (unfavored decay). These 

states were assumed to consist of a pure 
-1 -2 . . [n(h9; 2)v(f512) v(p112) 0 ] conf1gurat1on (here-

after denoted configuration {1} ). 210At ground 
state was assumed to consist of a pure 

[n(h9; 2)~; 2 Cv = l)v(p112)- 1] 5+ configuration. 
We have also calculated the relative alpha decay 
rates to the second 52 and 42 states in 206Bi 

(favored decay), assuming they consist of a pure 
-2 -1 . . [n(h9; 2)v(f512) 0 v(p112) ] conf1gurat1on (here-

after denoted configuration {2} ). The {15- j}
and {21- j}-symbol recoupling coefficients that 
appear in Eqs. (4) and (5) reduce in this case to 
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predicts small relative alpha group intensities 
to the 3i, 2i, and 42 states that are below the 
intensity limits set from experiment for such pos
sible alpha groups. However, with the present 
pure configuration assumption, the theory fails 
to reproduce the experimental relative alpha group 
intensities leading to the 4i and 5i states and 
slightly overestimates the intensity to the second 
52 state. This suggests that the pure configura-

+ + + + 
tion assumption for the 41 , 51, and 52 and 42 
states in 206Bi is not valid. No detailed shell
model wave functions , with configuration mixing, 
are yet available for states of 206Bi. However, 
we have attempted to use some simple trial wave 
functions for the 4r, 5i, 52, and 4z, stateswith 
configuration mixing first limited to the two con
figurations, {1} and {2}, mentioned earlier. 

By solving for the mixing parameters that 
reproduce the experimental results, we were able 
to arrive at two sets of wave functions for the 
5i and 5; states that gave improved agreement 

between calculated alpha decay rates and those 
experimentally measured for these two states (see 
Table 1). However, using this limited configura
tion space, it was not possible to generate a wave 
function for the 4i state that yield agreement 
with experiment. This is due to the relatively 
small value for y2({2}4+) which is illustrated in 

Table 2. In it we show the relative partial 

Table 1. Comparison of theoretical and experimental relative alpha intensities using mixed-configuration 

f 
. + + wave unct1ons for the 51 and 52 states. 

State Wave Function 

Set I 

.J():78 { 1} + vo:zz { 2} 

vo.zz {1} - y!Q.78{ 2} 

Set II 

v'Q.67{1} - /D.TI{2} 

VQ.33u} + .jQ.67 { 2} 

Relative a ]ntensity(a) 

Calc. 
Expt. 

Set I Set II 

83 83 95 ± 6 

74 76 83 ± 6 

(a)Calculated and experimental alpha-group intensities are relative to that of the 
ground state C6i) group. 

a {6 - j}-symbol recoupling coefficient (favored 
decay) and a product of {6 - j}- and {9- j}-symbol 
recoupling coefficients (unfavored decay), res
pectively. The calculated relative alpha decay 
rates were compared to the experimental relative 
intensities of the alpha groups measured by 
Golovkov et al.,9 and were found to be in fair 
agreement-with them. The agreement is exception
ally good for the relative alpha group intensities 
t6 the 6i, and 7i states, supporting the assump-

tion of a pure configuration for the wave func
tions of these two states and of the 210At ground 
state. Also impressive is the fact that the theory 

Table 2. 

JTI 

4+ 

5+ 

The relative reduced a-widths, y1. 

State Configuration 

L {1} {2} {3} 

2 +0.65 +0.154 -0.88 

! ~ +0.24 -2.39 -0.145 

-0.64 +0.64 -0.73 
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~educed widths to the 4+ and s+ components for 
c·onfigurations {1}, {2} and the 

-1 -2 [n(h9; 2)v(p3; 2) v(p112) ] configuration (the 
latter will be denoted configuration {3} hereafter). 
The large value of y2({3}4+) immediately suggests 
the possibility of improving the agreement with 
experiment for the 41 state by including some ad
mixture of configuration {3} in the 4i wave func
tion. Indeed we can achieve exact agreement with 
experiment if we choose the following mixture for 
the 4i wave functions: 

(7) 

Of course such a simple description for the 4i is 
not realistic, as some mixture from the 1{2}4+> 

has to be included, but this will not alter things 
by much as y 2({2}4+) is small compared to 

Y2({1}4+) and y 2({3}4+). Relative intensities 

for the st and Sz states can also be brought into 
a better agreement with experimental values if 
admixtures from 1{3} 5+> are included in the des-

cription for 5i and 5z state vectors. Thus we 
conclude that matching of the relative alpha decay 
rates to the 4i, Si, and Sz in 206Bi must require 
wave functions with appreciable admixture from . 
configuration {3}, which has a center of gravity' 
of about 400 keV above the configuration {1}, in 
addition to admixtures from configurations {1} 
and {2}. 

212 Both the At ground state (t112 = 0.305 s) 
d 212m . an the ~t 1somer (t112 = 0.1205 s) have a 

100% alT,?ha decay mode, and both have large ~ 
valueslU (7.827 and 8.952 MeV, respectively). 
Alpha groups from decay of both states populate 
many states in 208Bi up to 1.096 Mev.ll These 
states can be assumed to belong mainly to the 

and 

configurations, thereafter denoted as configuration 
{1}, {2} and {3}, respectively. The st ground 
state and the 41 first excited state can be assumed 
to consist, in zeroth order, of a pure configura-
tion {1} . The higher 61, 4; ' 5;, 3~, 7~ and 2~ 
states can also b;t1~ssumed to consist of a pure configu-
ation {2} .The At ground state and the 2l2ffiAt 

I 

isomer are presumably members of the 
3 [n(h9; 2) 912 cv = l)v(g912)] configuration multiplet. 

From comparison with 208Bi level structure, which 
has two I'lrotons less, 1- and 9- spin and parity 
assignments are most probable for 212At ground 
state and 212m At isomer, respectively. 

With these assumptions, we have calculated 
the relative alpha decay rates from these two states 
to the low-lying Si, 4i, 6i, 42, 5z, 3i, 7i, and 2i. 
states in 208Bi. The results are shown in Table 3 
which also shows the experimentally measured 
valuesll for comparison. One notes that there is 
generally good agreement between calculations and 
experiment for the 9- isomer decay, particularly 
for the 6i to 7i alpha decay rate ratio and to a 
lesser extent for the 4~ to 5~ ratio. In contrast 

to this, the calculation for the 1- g.s. decay 
shows very poor agreement with experiment. These 
results imply that the pure configuration assump
tl.on made for the I?arent and daughter states is 
valid for the 9- 212mAt and the 6+ and 7+ 208Bi 1 1 . 
states and to a lesser extent for the Si and 4i 

states in 208Bi. All other states, however, must 
have appreciable configuration admixtures. 

Conventional shell-model calculations for 208Bi 
level strusture have been carried out by numerous 
authors.l2 No such calculations exist for 212At. 
However, its low-lying level structure is expected 
to be similar to that of 210Bi, except for two 
extra protons coupled to zero. Thus the available 
shell-model calculations for 210Bi can be used to 
generate 212At wave functions by extrapolation. 
The last column of .Table 3 shows the percentage 
of the dominant configuration present in the wave 
functions of 208Bi and 212At (i.e., 210Bi) states· 
as calculated by Ma and True.l2 Their results 
are strikingly in full agreement with the conclu
sions of the comparison between the calculated 
relative alph~12ecay rates and experiment. Here 
again the 9- At isomeric state is shown to 
have high configuration purity, similarly the 6i 
and 7i 208Bi states are shown to be relatively 
pure, and so are the 4~ and 5i 208Bi states, though 
to a lesser degree. Other 212At and 208Bi states 
are shown to have appreciable configuration ad
mixtures [.> 10%). In particular the 1- 212At 
ground state is shown to have about 40% admixtures 
from other configurations. This is probably the 
main reason for the above disagreement between 
calculation and experiment for its relative alpha 
decay rates. Calculations of relative alpha decay 
rates for the 1- and 9- 212At states, using Ma 
and Truel2 configuration-mixed shell-model function 
are currently in progress. 

Thus, alpha decay rate theory provides a sensi
tive probe of the sparsely known question of con
figuration mixing in odd-oddnuclei. We would hope 
that this work can serve to stimulate further 
shell-model theoretical work and expanded knowledge 
of the effective shell model n-p force. 
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Table 3. Relative alpha decay rates for 1 and 9 212At. 

3 Percentage of 

Dominant Configuration 
[TI(h9/2)9/2v(g9/2)J Shell-Model 

Configuration(dJ 212At States -
60% for 1 

208Bi Levels 1 - - 99% for 9 -9 

f(a) Energy{a) Theory(b} Exp. (a) Theory{b) E (a) 
-- xp. 

[•(h9/2)v(pl/2)-l) { 

+ 
100 100 58 44 ± 1 95 % 51 0.0 

+ 
0.0635 286 21 ± 6 100 100 92 % 41 

+ 
0.5103 31 41 ± 10 100 100 96 % 61 

+ 
41 0.6028 100 100 5.3 17 ± 5 85 % 
+ 

0.629 10.5 < 63 37 82 ± 10 89 % -1 51 
[TI(h912)v(f512) J~ 

3+ 0.6344 2.2 79 ± 15 8.4 < 62 88 9, 
1 0 

7+ 
1 0.6501 2.2 < 16 119 94 ± 19 99 % 
+ 

21 0.9256 23 6 ± 5 0.21 <3 28 % 

{a)Level energies and spin and parity assignments are taken from Ref. 11. 

(b) Calculated relative alpha decay rates assuming pure configuration for parent and daughter states, 
normalized as in (c). 

(a)Relative alpha group intensities of Ref.ll , normalized to 100 for strongest transition in each 
multiplet. 

(d)Taken from Ma and True12 shell-model calculations. 
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KINETIC ENERGY DENSITY OF A DEGENERATE FERMI GAS 

H. Griif* 

The simple statistical relation stating the 
proportionality between the density and the 3/2 
power of the maximum kinetic energy for a com
pletely degenerate gas obeying the Pauli principle 
has been of great value in atomic and nuclear prob
lems. Unfortunately this approach fails completely 
at the surface region of any system and also the 
Weizsacker correction term associated with the 
presence of density gradients turns out to be no , 
improvement in that region. We found that this 
correction term and later modifications of it by 
Wiletsl and KirznitsZ have the wrong sign in some 
common applications. 

Swiatecki3 has given a new generalization 
of the Thomas-Fermi method, particularly suitable 
in the surface region. It can be stated in this 
way: Using the T.F. model in a problem where the 
potential is given, we approximate to the true 
density it would have, if the potential were every
where constant and equal to the actual potential 
at the point in question, except for a final rise 
at infinity, necessary to keep the particles from 
dispersing. We generalize this now by replacing 
the actual potential at the point in question by 
a polynomial of the order n such that the actual 
value and the n first derivatives coincide. For 
n = 1 and n = 2 the solutions of the Schroedinger 
equation are well known and therefore we restrict 
ourselves to these'two'cases. 

Linear Approximation 

The calculations for the density were already 
done by Swiatecki. For a potential V(x)= -IV' lx, 
the Fermi energy equal to zero and counting only 
the spin degeneracy we get for the density p and 
for the kinetic energy density T 

p(O (:tr 18-Til/3 [~~2(-;\~) 

+ ~~i2 (-;\~) - _!_2 Qiic-A~~i(-;\~)J X 2;\ 

where t3 = 9h 2/8miV' I , ~ = x/t, A = Ct) 213 and 

~ is the Airy function in the normalisation of 
Abrarnowi tz. 4 

For a better understanding of these equations 
it is helpful to make expansions for I~ I» 1. So 
in the limit ~ >> 1 we have 

~ ( 3 )3 ~3/2! ~-3 . 3/2 ~ 
p(~) Zt ~ 1 - ~ (1 + 6 s1n 2~ )J , 

,m ~ ~ ( 2~)' -::,'{, - s;;' (I + z ,in ,,,;zf 
Neglecting the curled brackets, one has the old 
Thomas-Fermi model. However in this region we 
have additional tiny rapidly oscillating wiggles. 
If the actual potential is not a constant slope 
potential and the point of consideration is far 
from the turning point there may be no improve
ment at all, compared with the Thomas-Fermi results. 

To make a connection to the Weizsacker term 
we rewrite T in this region by 

T ""'hz~~ (3/)2/3 p5/3 - _! • _! p'zl 
2m 5 g 4 p 

where p' = dp 
dx 

Beyond the turning point, where the Thomas
Fermi solution is identical to zero, one expects 
·to get better results from this form of approxi
mation. Expanding for ~ >> -1 we find 

Again we rewrite T, 

h2 !3 2 Z/3 5/3 
T ""'- -(37! ) p 2m 5 -.!~l 4 p 

Wilets,l KirznitsZ and others have shown, that 
one should multiply the Weizsacker correction 

h2 I 2 
term - _P- by a constant factor 1/9. This 

ym P 
is in disagreement with our results. At least 
for the simple constant slope potential this 
factor must be negative and it should vary between 
-1/9 and -1. 

Quadratic Approximation 

Replacing a potential in a certain point by a 
parabola, we have to distinguish between two cases: 



1) The parabola has a ffiln1ma, that is the 
potential would be a harmonic oscillator 
potential. For semi-infinite distributions, 
we simply replace one branch of the parabola 
by a constant line. 

2) The parabola has a maxima. Again we replace 
one branch by a constant line, since we are 
interested in the tail region, where we assume 
a constant potential. 

Let us assume a potential of the form V(x) = 
~·xZ for x ~ 0 and V(x) = 0 otherwise and a Fermi 

p 2 
energy ~ . In case 1) we find then the solu-

·tions for x ~ 0 
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is the other parabolic cylinder function. k is 

determined by 1/k = vf1 + e211a + e11a 

w = bW(a, Ax) + W(a, -Ax). 

( 1 1. ) r 4 + zla 

(3 1. ) r 4 + zla 
and 

p(x) 
3lp 

·~ (P - a) 
21! 0 zr 2 c1 - ~) + ar 2cl - ~) 

4 2 4 2 

yf2:a z~2 (a, Ax)da 

l
p 

h2 A5 1 
T(x) =-- (P- a)[-(P- a)-2m 2 3 2 

11 0 

where A = .:Y 8miV'' I I h2 , and U(a, x) 

is a paraboli~ cylinder-function in the normalisa
tion of Abramowitz. 4 In the second case we find 

p(x) 31"" = ~ (a 
21! p 

k 2 
- P) kz~z + 

1 
w (a, Ax)da , 

T(X) 2 2 ] 
- P) +++a 

y'za 2~2 (a, Ax)da 
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PARABOLIC CYLINDER FUNCTIONS W(A > O,±X): 
EXPANSIONS FOR ALL ARGUMENTS* 

H. Graft 

The two parabolic cylinder functions W(a,x), 
W(a,-x), with x ~ 0 are the two symmetric solu
tions of the differential equation 

In Fig. 1 the areas are shown in which all these 
expansions approximate the parabolic cylinder 
functions better than a relative lo-6 deviation. 
To cover the whole (x,a 0)-plane one has to in
clude the asymptotic expansions in terms of Airy 
functions.2 Unfortunately its first correction 
term includes the derivative of Airy functions, 
which are elaborate to calculate.. But, making a • 
Taylor expansion, one is able to drop these 
derivatives co~letely. The results up to the 
order of a-10/3 are 

dxxy + (1/4 x2 - a)y = 0 

Expansions of W(a,±x) which might be used for 
numerical calculations are e.g. given in Ref. 1. 

W(a,x) ~rn c4a)-l/4 e-l/2na(1 _ 1 
4608 • 

and 

) ( 

t )11 4 - ( A1 ) 
2 - 2-- Bi( -T) 1 - - 2 a ~ - 1 4a 

-
W(a,-x) ~ 2v'TI (4a)-l/4 el/2na(1 _ 1 

4608 • ) ( 
t )1/ 4 - ( A1 ) 

2 - 2-- Ai(-T) 1 - - 2 a ~ - 1 4a 

where 

and 

~=-X-' 
2va 

t = (2a) 213, 

T = 213 {-[arccos ~ - ~ Jl7 ]2
/

3 

(3/4) ~ j 2 
[~v'~- - 1 - tn(~ + ~ -

for ~ .;;; 1} 

1)] 2/ 3 for~> 1 

T = t - (2af 413 ~ B
0 

+ ~ t 4a 

B = 
0 

- B2 
0 [-B • + B (A + T - ) 

1 0 1 6 
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X 10 

16 
-a 

Fig. 1. The region where various expansions of 
the parabolic cylinder functions have at least a 
relative accuracy of 10-6 (as computed on a 
coc 6600). 

P: Power series solution. 

D1: Darwin's expansion for x2 << 4a. 

D2: Darwin's expansion for x2 >> 4a. 

x: Expansion for x >> 1 in Ref. 3, the 
lo-6 area is actually much larger than 
x >>a, as assumed by Ref. 3. 

64 

A: Uniform asY.JilPtotic expansion to the 
order a-10/3. (XBL 748-3894) 

B = -
1 

1<1-1/2(-4042~9 + 18189~7 
- 28287~ 5 

-

414720 j 1~ 2 

For ~ + 1 these expressions become unde
fined, since both T and ~2 - 1 tend to zero. But 
the coefficients can be analytically approximated 
when (~ - 1) is in the interval -0.003 to 0.004, 
by 

and 

B ~ -0.0404974 (1.484193 - 0.484193·~) -o 

A1 ~ -0.008646 

while t is to second order 

t ~ 0.2a2/ 3 c~- 1)(9 + ~) 

and t/(~2 - 1) may be written as 

Furthermore B1 can be replaced for all 
arguments by the much simpler expression 

B ~ -B 0.43 + 0.2992·~ 
1 0 0.44 + 1.23·~ 

without any significant loss of accuracy. 

151995~3 - 259290~ 

119 

+ 85o85 I 1-9/2 ) 
663552 T 

~ > ll_ TB~ 
~ < 1 j 2 

Footnotes and References 

* Condensed from LBL-2969. 

ton· leave from Inst. f. Kernphysik, TH Darmstadt, 
F. R. Germany. 

1. Handbook of Mathematical Functions, Ed. M. 
Abramowitz and I.A. Stegun, NBS Appl. Math. Series 
~ (1969), 692, chapter 19.16. 

2. F.W.J. Olver, Uniform asymptotic expansions 
for Weber parabolic cylinder functions of large 
order, J. Research NBS 63B, 2, 131-169 (1959). 

3. Ref. 1, p. 693, chapter 19.19. 



0 0 '.} n v ·4 3 0 () 9 ''l 
~ 4 

227 

THE DYNAMIC r-PROCESS NUCLEOSYNTHESIS OF HEAVY 
AND SUPERHEAVY ELEMENTS* 

0. Johnst 

The r-process of nucleosynthesis produces 
neutron-rich nuclides of constantly increasing 
nuclear charge until it is cut-off at some maximum 
proton number by neutron-induced fission. Discus
sion of this cut-off, and in particular the 
question of the formation or non-formation of 
superheavy elements by the r-process, less largely 
been based on the assumptions that the proton 
number at cut-off is the same for all r-process 
events, and that it is independent of time during 
any single event. Since Seeger, Fowler, and 
Claytonl showed that there is a single r-process 
path in the N-Z plane which best reproduces the 
peaks of element abundance at nucleon numbers 130 
and 195, later workers have taken the proton 
number at which this "best" path first intersects 
a region of rapid neutron-induced fission to be 
the cut-off value_2-5 For example in Fig. 1, which 
shows several possible r-process paths, the ''best" 
path would have y ~ 2.5 MeV. 

Recently, however, some attempts have been 
made6-8 to place the r-process in a more realistic 
setting by including a time dependence of mass 
density, neutron density, temperature, etc., 
during the r-process phase of a stellar explosion. 
In particular, Sato9 has extended the analysis , 
to include the effect of beta decay energy and 
fission energy dep?sitions on the entropy. 

The purpose of this paper is to examine 
critically the cut-off of the r-process in the 
light of these dynamic calculations. We use the 
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Fig. 1. The r-process paths in the N-Z plane are 
shown for different y values. (The paths are con
tours y = 1/2 S2nCZ,N); see ref.lO. The Myers and 
Swiatecki 1967 mass law is used.l5 A path with 
y > 5 MeV (top contour) would have unreasonably 
long beta decay lifetimes, but paths withy < 0.5 
MeV are possible. (XBL 7410-1855) 

formalism developed in Johns and Reeves.lO Two 
main conclusions result from this examination: 

(1) It is found that the maximum atomic 
number reached before neutron induced fission 
cuts-off the r-process varies with the instan
taneous values of neutron density and temperature, 
as shown in Fig. 2~. It thus varies with the time 
in dynamic r-process calculations, Fig.3. This 

80=Zm I 
5 I 

I 
::::-4 
Q) I 
~ I 

' 
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::lo I 
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18 22 26 30 
log ( n I 1 cm-3) 

Fig. 2. The solid lines are contours of constant 
cut-off proton number Zmax. The y is the para
meter labeling the r-process paths, and n is the 
neutron density. The dotted line is the dynamic 
r-process trajectory of Sato9 for 1/a - 30 times 
the free-fall expansion rate, and initial neutron
proton ratio of 20. The crosses are freeze-out 
points of Sato's calculation for n/p = 20 and 
1/a = 10, 30, and 100. (XBL 7410-1856) 
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Fig. 3. The cut-off procon number Zmax is plotted 
as a function of time for the Sato9 dynamic r-pro
cess trajectory n/p = 20, 1/a = 30. The dotted 
line is the constant Zmax = 93 cut-off assumed 
by Sato. (XBL 7410-1860) 



time variation of Zmax may have significant ef
fects on the rate of deposition of fission energy 
in calculations such as Sato9 which treat ex
plicitly the thermodynamics of the r-process 
environment. 

(2) Any discussion of the r-process forma
tion of superheavy elements must consider the 
possibility of their production by any of a range 
of different supernova events. The eventual 
maximum nuclear charge produced in an r-process 

"event depends on the neutron density and tempera-
ture at freeze-out (i.e., termination of the r
process). These freeze-out parameters in turn 
depend on the expansion time scale and on the 
'initial mass density. 9 Three different possible 
freeze-out points are marked by crosses in Fig. 2 . 
The same points are marked in Fig. 4<, which shows 
that superheavy element production is predicted 
for this mass law for those events with 1/a > 10. 

Taking the circum-core regions of gravita
tional collapse sypernovae as a possible site 
of the r-process;6 it is unlikely that all col
lapsing cores reach the same maximum density or 
that all of them explode with the same velocity. 
This diversity of r-process events is important 
because the detection threshold of current experi
mental searches for natural superheavy elements 
is very low on the order of lo-15 grams per gram 
of sample.li,12 At this level, superheavy elements 
of cosmological lifetime (if any) should be de
tectable if only a small fraction of r-process 
events actually have produced elements in the 
superheavy mass range. 

Recently, Howard and Nix,5 using a new mass 
• and fission barrier determination which combines 

the Myers and Swiateckil3 droplet model with the 
Strutinskyl4 shell-correction method, concluded 
that the static r-process cannot produce super
heavy elements. Fig. 5, taken from Howard and 
Nix,5 shows the contours of neutron induced fis
sion threshold Et calculated by these authors. 
The superimposed dotted contours are contours of 
constant neutron separation energy Sn also cal
culated by Howard and Nix but labeled by us with 
their equivalent y values. (Over this restricted 
region of the N-Z plane, the contours of constant 
Sn are not much different from the r-process 
paths.) We note that all r-process paths with 
y < 1.4 MeV fall outside of the region treated by 
Howard and Nix. However, our analysis suggests 
that a supernova event could very easily freeze
out near y = 1.0 or even 0.5 MeV. The £hance 
that an extremely neutron rich r-process path 
will reach the superheavy mass range thus cannot 
be ruled out. To investigate this possibility, 
it would be necessary to survey the Z = 80 to 120 
region of the N-Z plane from N = 184 all the way 
out to the neutron drip line (in fact, to the 
line S2n = 0), which may be beyond theN= 228 
magic number. On the basis of the surveys so far 
published, it seems that the r-process production 
of superheavy elements remains a possibility. It 
seems possible for nuclei with A = 300 to be pro
duced, at least temporarily. Their subsequent sur
vival depends on the details of the final, ejec
fion phase of the r-process which is not con
sidered here. 

228 

6 

18 22 26 30 34 
log (n/1cm~3l 

Fig. 4. The same as Fig. 2 except that the solid 
lines are contours of Amax at cut-off. These 
values are taken as Amax = Zmax + Nz and so do 

I 
I 

not include the effects of spread of the r-process 
path about its maximum Nz which could increase the 
Ar,.,x by a few units. The solid curves here and iJjl 
Fig. 2 were calculated using an earlier mass la~5 

and hence overestimate the Zmax and ~ compared 
to more recent mass and fiss1on barrie~determina
tions. (XBL 7410-1858) 

Neutron Number 

Fig. 5. This figure is a composite of two figures 
from Howard and Nix5. The solid lines are con
tours of neutron-induced fission threshold Et. 
The dotted lines are contours of one-neutron 
separation energy Sn labeled by y. 

(XBL 7 410-1861) 
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THE LONG-LIVED RADIOISOTOPES AS MONITORS OF 
STELLAR, GALACTIC AND COSMOLOGICAL PHENOMENA* 

H. Reeves t and 0. Johns+ 

The possibility of time variation of the 
characteristic parameters of stellar evolution 
has been much discussed recently. In particular, 
in order to account for the paucity of low metal 
stars, important variations in the Initial Mass 
Function, the fractional amount of mass going 
into new stars of mass M,l has been suggested 
by Schrnidt,2 Truran and Cameron.3 (See the dis
cussions by Pagel,4 Searle,S Tinsley,6 etc.) 

In this paper, we want to illustrate in a 
simple way, how the study of long-lived radio
isotopes can shed some light on this question. 

In the present approach we neglect the pos
sibility of infall of extra-galactic matter into 
the galaxy after the birth of the first stars. 
We define S*(t) to be the total mass of stars at 
time t , and U(t) the total mass of gas and du5t. 
Then U(t) + S*(t) = MG , the galactic mass and 
dU/dt = -dS*/dt . 

The lifetime <* for depletion of the inter
stellar gas is given by 

dS* _ U(t) _ dU 
(tt- T*(t)-- dt (1) 

Next, we define Mi(t) as the mass of nuclide 
i in gas and dust, hence Zi(t) = Mi(t)/U(t) is 
the mass fraction of i and Z(t) = L z. is the 

i l 

mass of "metals" (A> 4) in gas and dust. 

The elementary act of astration consists in 

the following: an interstellar cloud, of metal 
abundance Zi, collapses and forms stars. These 
stars live for a time t(M) during which they pro
duce some new metals by nuclear cooking. Part 
of this matter is then rejected back into inter
stellar space. The "instant recycling approxima
tion" can be made, which states that, as far as 
nucleosynthesis is concerned, we may consider 
that all the big stars (M > 2 - 3 Ms ) live 
instantaneously and immediately reject most of 
their matter in space while all the small stars 
live eternally. In other words, a fraction f 
of the cloud is immediately returned to space 
while a fraction (1 ~ f) remains locked in stars. 
The fraction f is in turn composed of fractions 
fP and fu in which new metals are produced or not 

produced respectively. Thus f = fP + fu . The 
m~s fraction of isotope i in the fraction fp 
w1ll be denoted zi. 

The isotopes to be considered here are 
129I(2.3 x lOTyr),244Pu(l.2 x 108yr),23SU(l09yr), 
238U(6.5 x 109yr),232Th(2 x 1olOyr). They are all 
generated by the r-process. The time variation 
of the total mass [UZi] of isotope i with 
radfoactive life_time <i is given by: 

..!..cuz.) 
T· l 

l 

z.fP 
where y i = 1

1_ f is the "yield"5 of isotope i 

per unit increase of the total stellar mass S*. 
The solution to this equation at time T , the time 
of formation of the solar system, can be written 



z. 
l 

Y· 2.) 
T* T· 

l 

-T/T. 
T. (1 - e 1

) 
l 

where the brackets indicate an average of Yi/T* 
over a period Ti before the formation of the 
solar system (i.e., from T- 'ito T). 

Information is best obtained by defining the 
following ratios pertaining to two isotopes i and 
j , to be called the astration probe parameter. 

nji - 1 Y. 
-( 2.) 
z. T* T. 

l l 

-T/T. 
z.,.z.(l- e 1) 
J l l 

-T/T. 
z.,.z.(l- e J) 

l J J 

where T is the period of galactic nucleosynthesis 
of the solar system material, presumably extending 
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from the birth of the galaxy till the birth of th9 
sun. From data pertaining to the oldest clusters 
we estimate T to be 6 ± 2 x 109y. Clearly from 
the definition of nji• if the IMF (and hence the 
f's) and also the l1te time T* were constant 
throughout the life of the galaxy, we should get 
nji = 1 for all pairs. Conversely, any strong 
departure from one (outside of the uncertainties 
-- which are of the order of two on each side -
should indicate the time variation of at least 
one of these parameters. Hence the name of astra
tion probe parameter. 

Previous studies of the same data8-10 have 
tacitely assumed that constancy of these astra
tion parameters and have obtained an age of the 
galaxy (from the so-called cosmochronology) which 
turns out to coincide moderately well with the 
age of the oldest clusters. Here we have taken a 
different point of view; we use the cluster age 
to evaluate nji and test the time constancy of 
the astration parameters. It is quite remarkable 
that in Table 1 the only strong departure from 
nji 1 is found for the shortest time scale of 
_ 2 x 107 related to 129I. The decrease of nji 

Table 1. Parameters for the interpretation of the data on the long-lived radioisotopes. raJ 

-T/T. 
T./T. z. z. (1 - e J2 
J l J; J; -T/T. 

j/i (years) z. z. (1 - e l) n-. l l Jl 

224Pu/2350 
1.2x 108 

0.048 0.48 ± 0.14 1 0 831. 17 

1.0 X 109 0.99 . 0.64 

2350 12380 1.0 X 109 
0.32 1.94 0.56 0.99 0 650.91 

109 ± 0.60 . 0.50 
6.5 X 

2380 1232Th 6.5 X 109 
0.44 0.53 0.11 0.6(} 1 111.40 

1010 
± 0.26 . 0.92 

2.0 X 

244Pu/232Th 1.2x 108 1 0. 71 
1010 

0.007 0.49 ± 0.06 0 .. 26 o.62o.55 
2.0 X 

129I ;127I 2,3 X 107 
10- 4 1 4+1. 4 1 0.038 

00 . -0.7 0 o.ol9o.olo 

(a) Zj/Zi is the relative abundance of isotope i and j at the birth of the 
meteorites (4. 7 x 109yr ago) assuming that, in spite of chemical fractionation, 
one may reconstitute the true cosmic abundance through meteoritic studies. For 
Pu, U and Th this assumption may be hazardous. The ratios Zj/Zi are the ratios 
of formation in r-process synthesis. These ratios and their uncertainties are 
reviewed in a companion.paper.l2 The next to last column is a correction term 
for the finite duration of solar system nucleosynthesis (T ~ 6 x l09yr). The last 
column gives nji the astration probe parameter discussed in the text. 

The shorter-lived radioisotope is always placed in the numerator. Thus if 
T is smaller at earlier galactic times (decreasing rate of star formation), the 
nji would be less than unity. The same effect would be produced if fpr (and hence 
all yir) were larger at earlier times. 

The n .. values are calculated for T = 6 x 109 yr. If T = 10 x 109yr is used 13 

n·· = 1 isJthen within the calculated error range for all pairs except 129Ij12~I. Jl 
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to ~ 0.01 is most likely due not to a variation 
of the I~W during this short period, but to an 
increase in T* implying a decrease of the nucleo
synthesis activity some 2 x 107 y before the 
formation of the meteorites. The reason why the 
T}j i value for Iodine is low could be due to the 
±act that, in the last - 108 y before the birth 
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of sun, the protosolar cloud (or clouds) was 
cruising between two arms of the galaxy where very 
little astration takes place. The last contribu
tion to solar system 129I was incorporated to the 
protosolar cloud when it crossed the last are before 
its arrival in the arm where the sun was born.lO 

Analysis of the data on long-lived radio
isotopes, together with the data on the metal 
abundances in stars, brings us to the following 
tentative conclusions. 

(A) The data is consistent with no great 
variations (less than a factor of two) of the 
values of the partial rate.of yields of r-process 
elements averaged over perlods·of 108y, l09y 
and 6 x 109y before the birth of the sun. This · 
result is consistent with a constant initial mass 
function and a constant for stellar formation 
throughout the life of the galaxy. 

(B) The uncertainty in the data is large 
enough not to preclude the hypothesis of a large 
-- but brief -- increase of the rates of yields 
during the early days of the galactic life. Such 
an increase, lasting until the interstellar metal 
abundance reached ~ 20% of the solar value, could 
account for the paucity of low-metal stars. 

(C) The low iodine isotopic ratio suggest 
that, when considering periods of less than 108 
years before the birth of the sun, we should con
sider the effect of galactic rotation on the rate 
of yield of nucleosynthesis, as expected for 
instance in the density wave theory. 

(D) The fraction of unastrated gas consistent 
with these data and analysis is about fifty per
cent. Herice, accepting the view that Deuterium 
originates in the Big Bang, we obtain from the 
calculation of Wagonerll that the present universal 
density is ~ 5 x lo-31 g cm-3 

9 '"".§ 
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ATOMIC PROCESSES IN HEAVY ION COLLISIONS 

W. E. Meyerhot,*t T. K. Saylor,t S.M. Lazarus,t W. A. Little,t 
B. B. Triplett, t L. F. Chase, Jr. :j:, R. An holt,§ an'd P. D. Bond II 

WOrk has been done at the Stanford University 
tandem accelerator, the Brookhaven National Labo
ratory tandem accelerator, and the Berkeley 
fuperffiLAC. Kr, Br, I , and Pb beams were used 
with a variety of targets and separated atom (SA) 
K x rays of the target and projectile were 
measured. continuum radiation due to molecular 
orbital (M)) x rays was observed in many cases. 
The focus of our work is to explain the- observed 
cross sections for SA K x ray production and the 
thick target yields of MD x rays. Through 
theories exist for proton and alpha particle ex
citation of SAx rays,noneexist that quantitative
ly explains the cross sections for asymmetric col
lisions where the atomic number of the projectile 
is comparable to that of the target atom. Univer
sal curves have been developed that semi-ernprical
ly fit the observed data with a fair reliability. 
In addition, theories of the one and two collision 
yield have been applied successfully to cases 
where Br and I were used as projectiles. 

This work has been described in the Annual 
Report of the Tandem Laboratory at Stanford under 
the following headings. 

A. K Vacancy Production in Symmetric Heavy Ion 
Collisions. 

B. Electron Promotion Contribution to Symmetric 
K X-ray Production for Z > 10 by Two Collision 
Processes in a Solid. 

C. Measurement of K X-ray Yield in 100 MeV Pb + Pb 
Collisions and Approximate Scaling Law for K 
Vacancy Production in Heavy Ion Collisions 
with Z > 10. 

D. Theory of Molecular Orbital X-ray Formation in 
Heavy Ion Collisions. 

E. Approximate InterpolatiOn Procedure for the 
lscr Molecular Orbital Level in Asymmetric 

· Heavy Ion Collisions. 
F. Impact Parameter Dependence of K-Vacancy Pro

duction in Heavy Ion Collisions. 
G. Observation of Molecular Orbital K X-ray in 

Heavy Ion Collisions. 

Of these topics, C and G above are reproduced in 
the following articles of this annual report. 

Footnotes and References 

*On partial leave at Lawrence Berkeley Laboratory. 

t Department of Physics, Stanford University, Stan
ford, Ca 94305. 

* Lockheed Palo Alto Research Laboratory, Palo Alto, 
Ca. 

§Department of Chemistry, University of California 
and Lawrence Berkeley Laboratory. 
11 Ph . D' • • B kha N t' 1 Lab t ys1cs 1v1s1on, roo ven a 1ona ora ory, 
Upton, New York. 

1. Abstracts from Stanford Annual Report of the 
Tandem Laboratory 3/1/73-2/28/74, ·~clear Struc
ture Investigations with an FN Tandem Accelerator
Atomic Processes in Heavy Ion Collisions" 
August, 1974. 

MEASUREMENT OF K X-RAY YIELD IN 100 MeV Pb + Pb COLLISIONS 
AND AN APPROXIMATE SCALING LAW FOR K VACANCY 
PRODUCTION IN HEAVY-ION COLLISIONS WITH Z > 10 

W. E. Meyerhof, R. Anholt,* T. K. Saylor and P. D. Bondt 

In order to examine the scaling law proposed in 
Section IX.A of ref. 2 for higher Z collisions, we 
have measured the Pb K x ray yield from 88- and 
107-MeV Pb + Pb collisions using the Brookhaven 
Tandem Van de Graaff accelerator. We have also 
determined an upper limit for Pb K x ray production 
in 107 -MeV Pb + Ta collisions. Table 1 gives our 
results. Cross sections were determined from thick 
target yields by assuming that the yield YK varies 
exponentially with the bombarding energy E1 (YK ~ 
E S) and then using a well known formulal to extract 
t~e cross section. This gives, for a target of 45° 
to the beam direction and a detector placed at 90°, 
viewing the front of the target 

. cr = 
dEl ]..! 
--+
dpx P 

(1) 

where A2 = target atomic number, N0 =Avogadro's 
number, p = target density, 1-l = K x-ray absorption 
coefficient. Table 1 gives the experimental yields 
and derived cross sections (s = 6.5). 

Since, in accordance with the ideas presented 
in Section IX.A Pb K vacancies in Pb + Pb colli
sions should be produced by 2pcr excitation and 
ionization [process (b)], we scaled the experimen
tal cross sections according to Eq. (1) of Ref. 2. 
we found that the scaled cross sections are ap
proximately two orders of magnitude below the 
points associated with 2pcr excitation. 

It turns out that for Pb + Pb thefelativistic 
2pcr MO binding energy is much larger than one 
would expect from non-relativistic scaling of the 
MO energy levels, Furthermore, with the available 



TABLE 1. 

E1 {a) 

(MeV) 
Yx 

107.2 5.6 X 10- 9 

87.7 1.5 10- 9 
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Ed AU 

1.9 X 10-27 3.22 X 10- 3 

5.5 X 10- 28 2.64 X 10- 3 

4.8 X 10- 7 

1.4 X 10-? 

Ed\G 

1.47 X 10- 3 

1.25 X 10- 3 

(a)Thick target K x-ray yield per projectile. Error~ ±20%. 
(b)Corrected for neutral atom fluorescence yield (0.96). 

(1 a.u. = 2.80 x. 10- 17 cm2 ) 

bombarding energy the distance of closest approach 
D of the nuclei is much larger than that required 
to bring the MD levels to their united-atom values. 
Hence it occurred to us to replace the atomic 
binding energy U in Eq. (1) of Ref. 2 by the MJ 
binding energy G at the distance of closest 
approach. This changes the scaling law to read 

Z2 crK = F(E1m/GM1) 

where G = G(D) with D = Z2 e2 /(l/2)El. 

'2 
ZGK 

(a.u.l 

10 I 
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~ 

(2) 

Fig. 1. K vacancy yield for symmetric collisions 
scaled according to Eq. (2). Open symbols - 2pcr 

'excitation cross sections, closed symbols - lscr 
excitation cross sections. (XBL 756-1554) 

Values of G were looked up or interpolated 
from relativistic and non-relativistic MD level 
calculations3,4 for all cases where the bombard
ing energy was insufficient to bring G to ~ts 
united atom limit. The Ph + Pb cross sect1ons, as 
well as all cross sections assigned to 2pcr.[pro
cess (b)] and lscr excitation [process (c)] wer~ 
scaled according to Eq. (2). The resulting points 
are shown in Fig. 1. Two facts can be noted. 
(1) The Pb + Ph cross sections fall nicely into 
the band of points representing 2pcr excitation. 
(2) Within an order of magnitude the cross sec
tions assigned to 2pcr and to lscr excitation fall 
on a universal curve, extending from H to Pb. 

The theoretical basis of Eq. (3) has yet to be 
examined. It appears, though, that the energy gap 
G between the MD and the continuum is the impor
tant physical quantity which determines K vacancy 
production in heavy-ion collisions with Z > 10. 
The type of coupling (radial or rotaSional) ap
pears to play a less important role. 

We thank Dr. Thieberger for producing the Ph 
beam at the Brookhaven Tandem. 
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OBSERVATION OF MOLECULAR ORBITAL K X-RAYS IN HEAVY ION COLLISIONS 

W. E. Meyerhof, T. K. Saylor, S. M. Lazarus, W. A. Little, 
B. B. Triplett, L F. Chase, Jr.,* and R. Anholtt-

Following up our earlier workl we have made ex
tensive measurements, partially published,2 of 
continuum x ray spectra from heavy-ion collisions 
using 30- and 60-MeV Br beams and a 82-MeV I beam. 
We compared our results with the theory of molecu
lar-orbital QMO) K x ray formation as outlined in 
the preceding three sections. We showed that the ; 
most significant backgrounds in the region of the 
MD K x-ray continuum in our me~surements are 
nucleus-nucleus bremsstrahlung and, at bombarding 
energies above 30 MeV, Coulomb-excited nuclear 
garrana rays. Also, close to the atomic K x ray 
lines radiative eleciron capture produces an 
important continuum. The continuum in excess of 
these backgrounds is in quantitative agreement 
with the predictions of Eqs. (2) and (4) of 
Ref. 5. 

For very asymmetric collisions at low bombard
ing energies the two-collision spectrum should be 
very small,the one-collision spectrum is important 
only at low xray energies, and nuclear Coulomb ex
citation is very small so that here the continuum 
spectrum well above the atomic K x-ray lines 
should consist only of nucleus-nucleus bremsstrah-. 
lung. 7~gure 1 shows the continuum spectrum from 
30 MeV Br + Al. Only room background has been 
subtracted from the experimental spectrum. The 
spectrum has been corrected for absorption and 
detection efficiency effects and has been unfolded 
using experimental line shapes6 (a 17 -cc GeLi 
detector was used in this work). Curves T and 0 
are the computed two- and one-collision spectral 
yields, B is the computed nucleus-nucleus 
bremsstrahlung spectrum. Since the latter depends 
on the square of the difference between the target 
and projectile charge to mass ratio? it turns out 
that the computed bremsstrahlung spectrum for 
7§Br + A1 is 1.65 times more intense than for 
81Br + Al. It is pleasing to note that the ex
perimental spectrum agrees with the appropriate 
computer spectrum. This is a good check on our 
current integration and absorber and efficiency 
corrections. The excess counts at the upper end 
of the spectrum could be caused by weak nuclear 
Coulomb-excited garrana rays. 

Figure 2 gives an example of appreciable 
nuclear Coulomb excitation typical of a higher 
bombarding energy. Fortunately the spectrum as
sociated with MO K x ray production rises sharply 
at lower x-ray energies (note the log scale), so 
that the "flat" Compton background can be sub
tracted with reasonable certainty. The major 
uncertainty occurs at the upper end of the MD 
spectrum. A detailed comparison of the 60-MeV Br 
+ Ti spectrum with the theory is shown in Fig. 1 
of the preceding section. In agreement with 
Table 1 of Ref. 5 the one-collision process 
dominates here since the collision is sufficiently 
asymmetric. The absolute fit is about as good as 
can be expected. 
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§ 10-11 
0 
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30 MeV Br+AI 

0 

20 40 Ex (keV) 

Fig. 1. Continuum x ray spectrum fran 30-MeV 
79Br + A1 (room background subtracted). T, 0 and 
B are the computed two-collision, one-collision 
and bremsstrahlung spectra, res~ctively. The 
dark line is the sum T + 0 + B (79Br).(XBL 756-1545) 
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Fig. 2. Detected pulse height spectrum from 
60-MeV 79Br + Ti (room background subtracted). 
Coulomb excited garrana rays from 47Ti and 79Br are 
seen. The region of the molecular orbital spec
trum (MO) is indicated, as well as the unresolved 
K x-ray peak of Br. A 17 cc GeLi detector was 
used. For the interpretation of the MD spectrum 
see Fig. IX.F.l. of Ref. 5., Section IX.F. 

(XBL 756-1546) 



Figure 3 shows that for a symmetric collision 
with relatively low Z the two-collision mechanism 
is dominant, in agreement with the Table 1 of 
Ref. 5. The dominance of the two-collision process 
in this case can be tested directly by varying the 
target-atom density n. The test can be made with 
solid targets,8 provided the other target atoms do 
not contribute to the MO yield. We have found 
that if K or Cl are bombarded with 30 MeV Br, the 
projectile K vacancy yield, which is due to direct 
lso MO excitation in that case,9 is only lo-3 of 
the 30-MeV Br + Br K vacancy yield. Hence we 
bombarded targets of solid Br (on a refrigerated 
Al backing) and of KBr + KCl mixtures (evaporated 

• onto A1 backings) with 30-MeV Br. After correction 
for absorber and efficiency effects the spectra 
shown in Fig. 4a are obtained. SUbtracting the 
expected nucleus-nucleus bremsstrahlung background 
[curves B, computed from Eq. (II.E.l3) of Ref. 7] 
one can deduce the net integrated MO K x-ray yields 
YM)· Figure 4b shows that the ratio ThJ)CEv = 27 
to 50 KeV)/yK is approximately proport1ona! to n 
(normalized relative to pure solid Br). A better 
proportionality is obtained if the one-collision 
yield (0) is also subtracted. Figure 4b indicates 
a dominant two-collision mechanism for 30-MeV Br + 
Br collisions confirming the direct spectral fits 
shown in Fig. 4a. These fits used a MO level cal
culation of MUller et a1.10 for the Br + Br s1stem. 
To estimate 'x we used the empirical relation 1 
between the radiative K vacancy lifetime for atoms 
and the Ka x-ray energy. This yields the correct 
Tx at the separate and united atom limits, but is 
only approximate between. The calculated curves 
T in Fig. 4a show that in situations in which the 
two collision process should dominate this pre
scription is reasonably successful in fitting the 
experimental results. 

~ 
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~ig. 3. Continuum x ray spectrum from 30-MeV 
9Br + Br. Notation as for Fig. 1. RC indicates 

the continuum spectrum from radiative electron 
capture. (XBL 756-1547) 

Table 1 of Ref. 5 indicates that at higher Z 
the one-collision process should dominate ~V K x-

1.00 

3-- (_9)_ --

0.4 0.8 nrel 

Fig. 4. (a) Corrected x-ray spectra from 30-MeV Br bombardment of various Br targets. 
Room background subtracted. Typical systematic errors are ±30%. The relative Br 
density corresponds to the following targets: 1.00: pure Br, 0.44: pure KBr, 0.18: 
50% KBr + 50% KCl, 0.03: 10% KBr + 90% KCl. In each case, B, 0, and T are the computed 
bremsstrahlung, one-two-collision MO spectra, respectively. The darker curves give 
B + 0 + T. (b) Ratio of integrated MO K x-ray yield (Fx = 27 to 50 keV) to beam K 
vacancy yield versus relative Br density. Lines (0) and (T) give the relationships ex
pected for one- and two-collisionmechanisms; respectively. Open symbols- total MO 
yield minus estimated one-collision contribution. (XBL 756-1548) 
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ray formation even in symmetric collisions. To 
check this, we bombarded thick, evaporated Nai 
targets with 82-MeV I (Fi~. Sa). Unfortunately 
nuclear gamma rays from 1 7I (58, 145, 230 keV) 
are strongly Coulomb excited. After convincing 
ourselves that the continuum between the 58- and 
145-keV gamma rays is not due to pileup, we have 
extracted an x-ray band which we believe to be due 
to the I + I MD K x-rays (Fig. Sb). Theoretical 
curves were computed using an R, Ex relation from 
Ref. 10. The fit to experiment is reasonable and 
suggests the dominance of one-collision lscr exci
tation in MO K x-ray production in higher Z 
(Z ~SO) collisions. 

N (a) ~ 
1000 :~x 1/13000 

!' K( I) Z=l06 

500 

dy/dEx (b) 

80 100 Ex (keV) 

Fig. 5. X-ray spectra from Nai bombarded by 
82-MeV I. (a) Room-background subtracted data, 
17-cc Ge(Li) detector, 0.3-mm stainless steel ab
sorber. Iodine K lines and Coulomb excited gamma 
rays are indicated. Dashed line is assumed back
ground under continuum; P is a backscattering peak. 
Arrows give UA K x-ray limits. (b) Corrected 
x-ray spectrum. Above 100 keV the spectral shape 
is unreliable. Notation as for Fig. IX.G.1. The 
dark curve gives B + 0 + T. (XBL 756-1549) 
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Although, overall, the fit of the theory out
lined in Section IX.D to the experimental spectra 
is satisfactory, further theoretical and experi
mental studies are needed. In the former one must 
investigate the dynamic effects due to the nuclear 
motion,I2 in the latter better investigations of 
the various continuum backgrounds are important. 

Footnotes and References 
* Lockheed Palo Alto Research Laboratory, Palo Alto, 
California. 
t " 
Nuclear Chemistry Department, Lawrence Berkeley 

Laboratory, University of California, Berkeley, 
California 94720. 
rDepartment of Physics, Stanford University, 
Stanford, California 94305. 

1. W. E. Meyerhof, T. K. Saylor, S.M. Lazarus, 
W. A. Little, B. B. Triplet and L. F. Chase, Jr., 
Phys. Rev. Lett. 30, 1279 (1973); 32, 502 (1974). 

2. W. E. Meyerhof, T. K. Saylor, S. M. Lazarus, 
W. A. Little, B. B. Triplett, L. F. Chase, Jr. 
and R. Anholt, Phys. Rev. Lett. 32, 1279 (1974). 

3. T. K. Saylor, unpublished (June 1973); W. E. 
Meyerhof, Third Int. Sem. on Ion-Atom Collisions, 
Gif-sur-Yvette, France (July 1973), unpublished; 
C. K. Davis et al., Bull. Am. Phys. Soc. 18, 1406 
(1973). -

4. P. Kienle et al., Phys. Rev. Lett. 31, 1099 
(1973). 

5. Stanford Annual Report of the Tandem Labora
tory, March 1, 1973 to February 28, 1974 (August 
1974), Section IX.D. 

6. T. K. Saylor, unpublished. See also Section 
IX.B of Ref. 5. 

7. K. Alder et al., .Rev. Mod. Phys. 28, 432 
(1956). 

8. Jacob A. Aten, F.O.M. Institute, Amsterdam, 
private communication. 

9. W. E. Meyerhof, Phys. Rev. Lett. 31, 1314 
(1973). 

10. B. MUller, J. Rafelski and W. Greiner, Phys. 
Lett. 47B, 5 (1973). . 

11. W. Bambynek et a1., Rev. Mod. Phys. 44, 716 
(1972). 

12. W. Lichten, Phys. Rev. A9, 1458 (1974); 
K. Snith, B. MUller and W. Greiner, to be pub
blished; J. S. Briggs and J. Macek, J. Phys. B, to 
be published. 



240 

DESCRIPTION OF THE ONE AND TWO COLLISION MOLECULAR ORBITAL X-RAY YIELD 

The purpose of this note is to present semi
empirical calculations of the one and two collision 
molecular orbital (MJ) K X-ray yield. As opposed 
to discrete Ka or KS transitions in separated atoms 
(SA), MO K X-rays are observed in collisions as a 

-continuum stretching from the K X-ray peaks of the 
SA down to the KS transition energy in the united 
atom (UA). The theory of the two collision MO 
X-rG>y yield was_given by Briggs and Macek and 

·Meyerhof et al.z-and the one collision yield by 
Meyerhof et al.2 Although the Meyerhof group has 
presented calculations which fit the experimental 
observations v~ry well, their calculation only in
cludes the 2pn-lscr transition rate adjusted to the 
inverse of the.total lifetime of a vacancy in the 
lscr o:rbital, and the transition energy was the 

2p1f. ..... lScr energy interpolated from one-electron, 
·. non:"-relativistic3 and relativistic calculations. 4 
Other transitions from the 2pcr, 3pcr, 3pn, 4pn, etc. 
molecular orbitals are also important, and since 
the yields from these orbitals are expected to have 
a different shape from the 2pn-+- lscr, it is not 
clear if Meyerhof's procedure is entirely valid. 

To check this, we have calculated transition 
rates as a function of the internuclear distance, 
R, using exact, one-electron Hz+ and HeW2 type 
wave functions.3 Though one-electron calculations 
give fairly accurate values for transition rates 
and transition energies for intermediate atomic 
numbers 20 < Z < 100, there is nevertheless a tend
ency for the transition energies to be lower (for 
Z < 50) and higher for Z > 50) than experiment and 
the transition rates to be higher than experiment. 
To correct for these deficiencies, we have adopted 
a semi-empirical procedure which is described below. 
In the following section we present theoretical 
expressions for the MD K X-ray yield and calcula
tions using these expressions. Following this we 
describe our semi-empirical procedure and use it to 
calculate thick target yields for 30 MeV Br + Brz 
and 60 MeV Br + Ti. These are compared with 
Meyerhof's method and with experiment. 

The theoretical expressions for the one and two 
collision MD K X-ray thick target yields are given 
in Table 1. This is for two states 1 and 2 only; 
for many states orbital 2 is replaced by j and the 
yield is summed X-ray energy-wise over many other 
transitions. The form of P(b, E) which we used is: 

P(b, E) 

where a= Za0 [Z1 + Z2l -l with ao equal to the Bohr 
radius and als(E) is the cross section for making 
yacancies in the lsa orbital. The transition ener
gies Ex(R) and rates Al2(R) are calculated using 
one-electron wave functions and experimental values 
for the cross sections (or thick target yields) are 
used. The Demkov theory allows us to calculate 
W(Zp - ls) etc. 

R. Ahholt 

Yields for 30 MeV Br + B:rz and 60 MeV Br + Ti 
are shown in Figs,l and 2. It should be noted 
that for the 3pa and 4pd orbitals the radiative 
dipole matrix element changes sign at ~.03A which 
is where the transition energy is approximately 
25 keV (for Br + Br), which explains the behavior 
of the X-ray yield as a function of Ex(R) in those 
cases. Note that the quite different behavior of 
the orbital transitions makes a sort of bulge in 
the total two-collision yield which is not seen in 
the 2pn yield. 

To correct these intensities for relativistic 
and many-electron effects, we have adopted the 
following procedure: At each internuclear dis
tance the 2pn transition energy and rate is calcu
lated using one-electron wave functions. The 
energy is compared to 2p -+- ls energies in hydro
genic atoms which is then compared to experimental 
2P3/2 + ls energies in atoms. A simple interpola
tion is performed to find a semi-empirical value 
for the 2pn or 2p3; 2 molecular orbital energy. 
For 2pa transitions, 2p1; 2 energies for atoms are 
used, for 3scr, 3pa, 3pn, ~sa, etc. 3slll• 3Pllz• 
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Fig. 1. Thick target yields for 30 MeV Br + Br2 • 

Component two collision yields from n transition 
(dash lines) and a transition (solid lines) are 
shown. Total one and two collision Yields are 
shown as dash-dot-dash line. (XBL 757-3572) 



TABLE 1. 

S(E): 

o(E)f(w) 

0 0 H u ~:1J J 0 0 '1 .l'f I ' 
~-. "i 
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One Collision Yield 

S(E)-'",' 1' 2wbdb P(b,E) 

Two Collision Yield 

Yield per projectile per unit energy. 

X ray transition energy between lso = 1 and molecular orbital 2 at internuclear 
distance R. 

Stopping power of the ion in the target with projectile energy E. 

Target atom density. 

a2 (E) x w(2po- ls) x w(lso- ls) + o1s(E) x w(lso- ls) x w(ls- lso) pa. 

a2pa' also= Is the cross section for making vacancies in the 2po and lso orbital, 

w(2po- ls), w(lso- ls) is the probability of transferring the vacancy from the 2po, 
lso MD to the projectile ls orbital. ' 

b: 

d: 
0 

A. (R): 
12 

dR/dEX: 

P(b,E): 

~: 

The impact parameter. 

The distance of closest approach at b = 0. 

The radiative transition rate from orbital 1 to 2. 

The total radiative transition rate into the ls orbital of the projectile. 

The change in nuclear distance with respect to the transition energy. 

The probability of creating a lso vacancy at impact parameter b and projectile 
energy E. 

The initial energy of the projectile. 

The neutral atom fluorescent yield for projectile K vacancies. 
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Fig. 4. Thick target yields for 60 MeV Br + Ti. 
Since the one collision yield is dominant here, 
only the component one collision yields from the 
a (solid line) and rr (dashed) transitions are 
shown. Total one and two collision yields dash-
dot-dash line. (XBL 757-3574) 

3P3/2• 4s1f2• values are used. Since the ratio of 
the transition rates calculated using one-electron 
and many electron wave functions6 doesn't vary much 
over 20 < Z < 100, we do not correct for this many
electron effect for the two-collision yield (since 
only the ratio of A(R)/A is used anyway). In the 
one-collision formula, we multiply by 
AOM.E.,UA)/A(O.E.,UA) which is the ratio of the 
total ls transition rate in the united atom calcu
lated using many-electron wave functions to that 
using one-electron wave functions. 

Using these semi-empirical values, we calculate 
the thick target yield for Br + Br2 and Br + Ti 
and compare these with experiment and with Meyer
hof's approximate calculations in Fig. 3. Both 
methods fit the experimental data faily well, 
though there is a tendency for our calculations to 
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Fig. 3. Semi-empirically calculated (dash line) 
thick target yields for 30 MeV Br + Br2 and 60 MeV 
Br + Ti. Meyerhof's calculations are shown by a 
solid line. 0 = one collision, T = two collision, 
B = nucleus-nucleus bremsstrahlung, S = T + 0 +B. 
T or 0 not shown when T ~ S or 0 ~ S. 

(XBL 757-3573) 

overestimate the yield. This overestimation is not 
serious, however, and within the accuracy of the 
experimental data and the theory, it is probably 
impossible to say whether our calculations or 
Meyerhof's much simpler ones are better. 
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SECONDARY ELECTRON BREMSSTRAHLUNG YIELD IN 
SYMMETRIC HEAVY ION COLLISIONS 

R. Anholt and J. 0. Rasmussen 

X-ray continua in 30-200 MeV Br, Nb, Ni, and I 
bombardments of thick targets of the same atomic 
number have recently been observed by several 
groups.l,2,3 These continua are thought to be due 
to molecular orbital ~) x-rays. The major back
ground in these experiments is electron-nucleus 
and nucleus -nucleus bremsstrahlung. A1 though 
nucleus-nucleus bremsstrahlung can be calculated 
quite simply,4 the calculation of electron-nucleus 
bremsstrahlung yields is more difficult because the 
yield of secondary electrons in the region above · 
10 keV must first be calculated. 

Recently a calculation by Folkmann et. al.5 has 
been used to estimate the yield of secondary el~c
trons and the bremsstrahlung yield in symmetric 
and nearly symmetric6 collisions. Folkmann's code 
uses the binary encounter approximation (BEA) to 
calculate the yield of secondary electrons and 
while this approximation gives good results for 
very asymmetric encounters where alpha particles 
and protons are the projectiles, there is less 
evidence of its applicability in the present cases.? 

In the collisions of interest, the ratio of the 
projectile velocity to the velocity of the K elec
tron of the lower-Z collision partner is much less 
than unity, hence the electrons may readjust them-' 
selves to the presence of the added charge of the 
projectile, thereby forming molecular orbitals. 
The velocity distribution used in the BEA calcula
tions is no longer atomic, but is a molecular dis
tribution; hence, this theory should not be appli
cable in these cases. Clearly there is more funda
mental justification to use the method of Perturbed 
Stationary States (PSS) rather than the BEA theory 
to calculate secondary electron yields. 

The most extensive PSS calculation has been made 
for 100-500 eV proton + hydrogen collisions by 
Thorson and co-workers.8,9 The electron production 
cross sections obtained in their calculations for 
the dominant 2pcr + continuum process are shown in 
Fig. 1 along with BEA calculations for the same 
system. Except for the results at lower bombarding 
energy, these is remarkable agreement in absolute, 
magnitude between the BEA and PSS results, which 
suggests that despite doubts about the validity of 
the BEA theory, the theory nevertheless provides a 
fairly good estimate of electron production cross 
sections at least for the proton + hydrogen system 
at these energies. 

To extend this comparison to the systems of 
interest, we first discuss the way in which these 
cross sections scale with bombarding energy, elec
tron energy, and atomic number. The BEA theory 
scales in the following manner: 

Zz dcr 
1 e --- (1) 
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Fig. 1. Differential cross section for the pro
duction of secondary electrons in 100, 200, 350, 
and 500 eV proton +hydrogen collisions. Perturbed 
Stationary State calculation (dashed line) com
pared to binary encounter theory (solid line). 

(XBL 757-3575) 

where Ee and E1 are the electron and projectile 
energies in the proton + hydrogen calculation, A1 
and z1 are the mass (in a.m.u.) and atomic number 
of the projectile, and Z~ 2 = UK2/0.0136 where UK2 
is the binding energy of the target K electron in 
keV. 

The ~o9k of Briggs and Macek,10 Meyerhof,ll and 
Thorson • suggests that the PSS calculations may 
be scaled according to: 

1 

z~~ 
(2) 

which differs from the BEA scaling by an amount 
(Z 1 /Z~)2. For symmetric encounters this ratio is 
of the order of unity (1.23 for Br, 1.15 for I). 
The greatest deviations occur for very low atomic 
numbers (Z < 20) and very high atomic numbers 
(Z > 100). 

Using Eq. (1) and (2), the electron cross sec
tions in Fig. 1 may be scaled up to Br + Br en
counters. Then, given the yield of electrons of 



energy Ee, standard bremsstrahlung formulas12 may 
be used 1n order to calculate the secondary elec
tron bremsstrahlung yields. We shall not descr~be 
this herein but will refer to Folkmann's paper, 
which we have closely followed. 

Bremsstrahlung cross sections for 39,6 MeV 
Br + Br (Scaled from 500 eV p + H) are shown in 
Fig. 2. The calculation was made considering only 
one K electron as in p + H. The agreement, like 
that for the electron cross section is very good 
cmd shows that the BEA theory can be used with a 
fair reliability for calculationg secondary elec
tron bremsstrahlung cross sections over the range 
20 < Z < 100 and for bombarding energies 
100 < E/A1Z~ 2 < 500 eV. 

For the many electron systems involved in the 
cases of interest we have still not shown that the 
BEA theory is reliable for predicting cross sec~ 
tions for excitation of electrons out of the L, M, 
and N orbitals. Calculations using the BEA theory 
however, show that the addition of the bremsstrah
lung yield caused by electrons excited out of the 
L, M, and N orbitals increases the total cross 
section by a factor of 2 to 4 as is shown in 
Fig. 2. Because of the very good agreement with 
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Fig. 2. Differential cross section for the produc
tion of secondary electron bremsstrahlung in 39.6 
MeV Br + Br collisions. One-electron BEA calcula
tions (solid line) compared to PSS calculations 
(points). Dashed line is for many-electron Br + Br. 
Dash-dot-dash line is for 4 K electron Br + Br. 

(XBL 757-3571) 

244 

the K electron cross sections, it is unlikely that 
the L,M, and N cross sections differ from What is 
predicted by the BEA theory by more than a factor 
of two. 

In conclusion, the BEA theory provides a fairly 
reliable way of estimating the secondary electron 
bremsstrahlung yeild in symmetric heavy-ion colli
sions. We have calculated many electron thick 
target yields in a number of cases and find that it 
makes a negligible contribution to the total con
tinuum yield for 30-200 MeV Br, I, Nb, and Ni col
lisions. For 30-MeV Br + Br2, the bremsstrahlung 
yield lies two and a half to three orders of magni
tude lower than the experimental yield. For 
60-MeV Nb + Nb, Gippner et. al.2 report a yield of 
6.2 x lo-S photons/projectile integrated between 
l6 and 30 keV x-ray energy. We disagree with their 
suggestion that this yield could be due to second
ary electron bremsstrahlung for we calculate that 
this contributes only 9.4 x lo-9 photons/projectile 
to the total yield in that region. 
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X-RAY CONTINUA IN 60 MeV BrAND 202 MeV Kr 
BOMBARDMENTS OF Au, Pb, AND U 

R. An holt, J. 0. Rasmussen, H. Bakhru, * N. Cue,* 
T. K. Saylor,t S.M. Lazarus,t and A. Littlet 

The discovery of molecular orbital (MO) x rays 
by Saris et al.,l Armbruster et al.,2 and MacDonald 
et al,3 suggested the possibility that binding 
energies and x-ray transition energies in as yet 
undiscovered superheavy elements could be measured 
by finding the endpoints in the MO x-ray spectra. 
To this end, we examined 10-80 keV x-ray continua 
in Kr and Br ion bombardments of Au, Pb, and U 
targets. In this region, MOL x-rays correspond
ing to transitions to the 2sa, 2pa, and 2pn molecU
lar orbitals are expected (see Fig. 1 for notation). 
In previous work the yield of MO x-rays was ob
served to be greatly enhanced around the matching 
of the K-K and L-M binding energies. We would ex
pect a similar enhancement in the present cases 
since the target L shell binding energy approxi
mately matches that of the projectile K shell. 

A 60-MeV 79Br beam from the Stanford tandem 
accelerator and a 202-MeV 84Kr beam·from the Berke
ley SuperHILAC were used to bombard thick targets 
of gold, lead, and uranium. The target faced 45° 
to the beam and 17 cc Ge(Li) (at Stanford) and a 
1 cc intrinsic Ge (at Berkeley and Stanford) viewed 
the front of the target through a 0.0025 em beryl
lium window. Various absorbers were used to at
tenuate the separated atom (SA) x-rays. The beam 
current was measured by integrating the charge 
from the entire target chamber which was electri
cally insulated from the beam line. An electron 
suppressor located between the collimator and the 
target was used to prevent electrons from streaming 
into or out of the chamber, 

In Fig. 2 we show the absolute yield of these 
continuum x-rays for 60-MeV Br +Au, Pb, and U. 
The 202-MeV Kr data are similar to the Br data and 
are not shown here. These spectra appear to be due 
to MO L x-rays. The x-ray energy is .about right, 
stretching from the L x-ray transitions in the SA 
down to approximately the L transition energy in 
the united atom (UA). The endpoints are not quite 
right as will be discussed below. To establish 
that these are MO x-rays we have shown in a number 
of additional experiments and calculations that 
this yield can not be due to other processes also 
giving x-ray continua: 1) electron-nucleus or 
nucleus-nucleus bremsstrahlung, 2) Compton tails 
from strongly excited K x-rays and y-rays of the 
target, and 3) electronic pileup. 

1) Bremsstrahlung yields are shown in the 
figure; they have been calculated using the nucleus
nucleus dipole bremsstrahlung formula of Adler 
et al.4 and the secondarY electron bremsstrahlung 
code of Folkmann et.al.5 The applicability of the 
Folkmann code was recently examined by Anholt and 
Rasmussen.6 In both cases, bremsstrahlung make a 
negligible contribution to the continuum yield. 

2) By semi-empirically estimating the response 
function of the detector to high energy x-rays and 
y-rays, we have shown that Compton tails from the 
K x-rays and Coulomb excited y-rays of the target 
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Fig. 1. Molecular Orbital correlation d1agram 
calculated using one-electron non-relativistic 
wavefunctions. For these high atomic numbers, 
j-j coupling is more appropriate and we would de
note lsa by ls112, 2pn by 2P3/2 etc. 
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Fig. 2. Absolute yields for 60 MeV Br +Au, Pb, 
and U. Jagged solid line is experimental yield. 
Nucleus-nucleus and secondary electron bremsstrah
lung yield shown as dash-dot and dashed lines 
respectively. La, LS, and Ly arrows show transi
tion energies in the united atom. (L2) arrow ex
plained in text. TI1e target L x ray transitions 
are too intense to show on these plots and lie 
between 10 and 20 keV. (XBL 7410-4562) 

could not account for this yield either. 

3) Lastly, in one run, we used 62-, 82-, and 
125-mil aluminum absorbers to attenuate the SA 
x-rays. When the observed counts were corrected 
for these differing absorbers, the same absolute 



yield was obtained to with~ 20%. Since the addi
tion of more attenuation decreased the counting 
rate and thus the pileup of the intense L x-rays 
of the target by more than a factor of 1000 here, 
this experiment shows that pileup could not account 
for this continuum yield. 

Lastly, we discuss the endpoints in the MO x-ray 
spectra. In the cases of MJ K x-rays the largest 

_possible- transition energy occurs at the UA limit 
(R ~ 0) on the MO correlation diagram. In the 
early experiments,? the MJ x-ray yield was observed 
to approach zero around the Ka and KB x-ray ener-

,gies of the UA and this not only confirmed the as
signment of this continuum being due to MO x-rays, 
but suggested that at least the KB transition 
energy in the UA could be found even in cases where 
the UA atomic number exceeds 110. Later experimeR
tal work and theoretical work by Briggs and Macek 
showed that due to dynamical line broadening con
siderations, the endpoint is not expected to be 
very sharp and in fact may not b3 distinct at all 
in some cases. MacDonald et.al. saw that the MO 
yield in carbon + carbon collisions overshoots 
the UA transition energy with no visible break 
around the expected endpoint. Greenberg

9
and Davis 

observed the same in Ni - Ni collisions. 

For these reasons, it is not surprising that the 
L MO yield in Fig. 2 overshoots the maximum UA 
transition energy (Ly4 arrows in the figure). 
However, for these L MO x rays, there is the added 
complication that the transition energy at the UA 
is not the highest possible transition energy; 
there is a minimum on the 2pcr curve in Fig. 1 oc
curing at R ~ 0.03A and hence the endpoint should 
be at approximately the binding energy of the 2pcr 
orbital at that distance. In Fig. 2 that energy 
is shown as dotted L2 arrows and for probably the 
reasons we discussed earlier, the yield overshoots 
these points also. 

Despite these anomalies, we conclude that the 
spectra observed in our experiments are due to 
MOL x-rays. We have ruled out the possibility 
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that bremsstrahlung, Compton tails, or electronic 
pileup could account for the yield of continuum 
x rays. The endpoints in these spectra are not 
well explained. Evidently, the effects that cause 
the continuum endpoints to lie beyond the united 
atom L binding energies preclude any precise 
measurements of electron binding energies of super
heavy elements by this technique. 
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RADIATIVE DECAY OF THE 23 S1 AND 23 P2 STATES OF 
HELIUM-LIKE VANADIUM (Z = 23) AND IRON (Z = 26)* 

H. Gould, R. Marrus, and P. J. Mohr 

The study of radiative decay from the 23 Sl 
and 23P2 levels of the two-electron system offers 
an opportunity to test the theory of forbidden 
decay in a system where precise, unambiguous cal
culations of decay rates can be made. In this 
report, we describe some measurements designed to 
extend existing experimental information on the 
rates of these decays to the two-electron atoms 

"V+21 and Fe+24 . We develop a theory for the 23P2 
rates which take into account leading order rela
tivistic corrections and hyperfine effects. Our 
results on vanadium show the first evidence for 

'the influence of the hyperfine interaction on the 
radiative decay of an energy level belonging to 
the two-electron !:¥Stem. 

Experimental work on the 2
3
S1 levels of the 

two-electron system has established the single
photon nature of the decay in Ar+ 16 (Ref. 1) and 
ordinary helium.2 The theory of this decay has 
been examined by several authors3 and detailed 
calculations of the rates have been made by Drake4 
and by Johnson and Lin5 using somewhat different 
starting points. Measurements of this decay rate 
have been made on Ar+ 16 , Ti+20 (Ref. 6) and c1+ 15 
(Ref. 7). The measured rates in Cl and Ar differ 
from theory by several times the quoted error, 
whereas the result in Ti is in agreement. In order 
to establish the Z dependence of this discrepancy 
we report here measurements on v+ 21 and Fe+24 . 
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Interest in the 23P2 levels centers mainly on 
the M2 decay mode to the 11S0 ground level which 
has a rate comparable with the El rate to 23S1 for 
ions with Z"" 20. The M2 decay was first observed 
in Ar+ 16 (Ref. 8) and rates have now been measured 
in s+ 14 (Ref. 9), Cl+lS (Ref. 10) and Ar+lG (Ref. 
11). In ti1is report we present evidence indicating 
that the decay of this level is strongly influenced 
by the hyperfine interaction in v+ 21 and give 
results for Fe+24 . 

The lifetimes were measured by the beam-foil 
time-of-flight method. Our apparatus has been 
described previously6 ·and the details are not 
repeated here. The vanadium (Z = 23) and iron 
(Z = 26) ions were obtained from the SuperHILAC at ·· 
an energy of 7.2 MeV/AMU. Excitation of the beams 
into the metastable states was done with a so ~gm/ 
cm2 carbon foil. Decay curves are taken by vary
ing the foil-detector separation. The total number 
of counts under the peak is integrated and normal
ized to the integrated beam current collected in 
a Faraday cup. This quantity is plotted vs. foil
detector separation. A sample decay curve is 
shown in Fig. 1. 

Since the 23P2 and 23S1 energy separations 
are small compared with the detector resolution, 
the decay curves are composites, exhibiting fast 
components and slow components. The slow compo
nents are ascribed to the 23S1 decay and the fast 
components to decay from 23P2. As discussed below, 
the slow and fast components are probably compo
sites of two or more e~onentials as the result of, 
hyperfine effects in v+ 1 and cascading effects in 
Fe+24 

The isotope 51V has a nutlear spin I = 7/2 and 
magnetic moment ~ = 5.15 nm.l2 The resulting 
hyperfine structure (HFS) influences our decay 
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curves by admixing 23P2 with 23Pl and 21Pl. The 
23P2 level is split into five COmponentS Wlth total 
angular momentum between F = 3/2 and F = ll/2 (Fig. 
1). Because the hyperfine interaction is diagonal 
in F, the rates from both F = 3/2 and F = ll/2 are 
unaffected by hyperfine structure. However, the 
rates from F=S/2, 7/2 and 9/2 will all be altered. 
Hence, the observed decay curve will be a composite 
of four exponentials weighted according to the 
initial populations of each of the hyperfine levels.~ 

The most abundant stable iron isotope has 
zero spin and hyperfine effects are not present. 
Hence the decay of 23P2 is exclusively by El decay 
to 23S1 and M2 to 11S0 • ~ 

A problem arises in the interpretation of 
the 23Sl decai due to cascading from 23Po. The 
lifetime of 2 P 0 is calculated to be T = 2. 7 nsec 
which is close to that of 23S1 • Hence cascading 
effects from this level may be important. The 
shape of the resultant curve will depend upon the 
relative population 

R -

3 
N

0
(2 P

0
) 

No(23Sl) 

of the two states and decay rates. It was found 
that the data could be fit to two exponentials for 
0 ~ R ~ 0.8. Varying the lifetimes of the two 
exponentials, we find that the "best fit" values 
for T(2 3S1 ) varied between 4.2 ns and 5.3 ns,where 
5. 3 ns results from a single exponential fit (R = 0) 
and, hence, is an upper limit to the 23Sl lifetime. 
Similarly, the values for T(2 3P0 ) varied between 
1.3 ns and 3,3 ns. We note that the theoretic~l 
value of T(2 3P0 ) = 2.7 nsec corresponds to T(2 S1 ) 

= 4.8 nsec. We have chosen to take the mean value 

V+21
( I= 7/2 l 

100 150 
FOIL- DETECTOR SEPARATION em -

Fig. 1. Sample decay curve obtained with V+ beam. The points beyond 2 
22 em are fit to a single exponential and ascribed to decay of the 23S1 
level. TI1e near points are fit to a composite of four ~xponentials as 
described in the text and are ascribed to decay of the 23P2 level. 

(XBL 746-1022) 



as the experimental value and to take cascading 
into account by using an increased error. · 

In Fig. 1, an experimental decay curve is 
shown for the v+21 beam. The decay curve is fit 
by identifying the data points beyond 22 em with 
the 23 S1 decay. These yield a lifetime T(2 3 S ) = 
16.9(7) nsec. When this decay is subtracted from 
the experimental curve it yields the points shown. 

p These are fit to a composite decay curve construct
ed by asswning that each of the F states associ
ated with 23P2 has the theoretical lifetime shown 
in Table I. These lifetimes include effects due 
to hyperfine quenching. Moreover, the initial 
~populations of the F states are taken as propor
tional to (2F + 1). The resultant fit to the 
experimental points is as shown and is seen to be 
quite good. 

To calculate accurate theoretical rates for 
the 23P2 level, the transition matrix elements are 
evaluated to zeroth and first order in the quanti
ties z- 1 and (Za) 2. The zeroth order term is the 
non-relativistic hydrogenic approximation. The 
term of order z- 1 is the first correction in the 
nonrelativistic Z-expansion of the matrix element. 
The leading relativistic correction, of order (Za) 2, 
is obtained by evaluating the relativistic transi
tion operator between states formed from properly 
symmetrized products by hydrogenic Dirac wave 
functions·. 

For the M2 transition, fhe coefficient of z- 1 
has been determined by Drake 3 from the Z-expansion 
of Dalgarno and Parkinson.l4 Taking his result 
together with the leading relativistic and finite 
wavelength (retardation) correction yields 

(in units where IDe= c = h = 1) where k is the trans
ition energy. 

Because the nonrelativistic velocity form of 
the matrix element for n + n El transitions vanish
es to lowest order in z- 1, the evaluation of the 
El transition rate 23P2 + 23 S1 is simplified by 
making the dipole approximation and converting the 
matrix element to the length form. The error in 
making this approximation is negligible due to the 
smallness of the transition energy: < k • r> = O(a). 
The conversion to length for.m is valid relativis
tically and so relativistic corrections may be 
obtained as described above. For this transition 
matrix element, the co~fficient of z- 1 h~s been 
obtained by Cohf?n anc;l. Palgarno. We thus have 

AEl(2 3P?) "'ak3 :I.2(Za)-g[l+.759Z~ 1 - .167(ZaYJ 2 

(2) 

The tr~sition probability for the El deGay 2 P 
• 2 S , ootaineQ. as for the 2 P decay, is given by 

~1 (2
3P 0 ) = ak 3 12(Za)= 2[1+.759Z- 1

- .417(Za)~] 2 

(3) 

We note that the theoretical uncertainty in 
the expression~ for the transiti.on rates listed 
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above is expected to be of the order of 1% or less 
for Z in the range 10- 40. 

In the case of vanadiwn which has a non-zero 
nuclear spin, the 23P2 and 2~P 0 states undergo an 
El transition to the 1 1 S~ state due to hyperfine 
mixing.l6 An estimate ot the transition rate is 
obtained in the following way. Nonrelativistic 
intermediate coupling wave functions are taken as 
the unperturbed basis. The hyperfine interaction 
which is diagonal in F = J + I, is treated in first
order perturbation theory. Only the effect of 
mixing of the 23P2 and 23P0 states with the nearby 
23P1 and 21P1 states is included. The dipole 
transition operator has then a non-vanishing matrix 
element between the perturbed 23P2 and 23Po states 
and the 11S0 state which is proportional to the 
dipole matrix element between the LS coupled 21P1 
state and the 11S0 state. The latter is evaluated 
with the aid of the Z-expansion of Dalgarno and 
Parkinson.l4 The hyperfine matrix elements are 
approximated by evaluating the contact interaction 
term between hydrogenic product wave functions. 
Energy differences are evaluated by means of the Z 
expansion of the nonrelativistic energies,l7 
together with the Z expansion of the order a 4 

corrections.l8 The transition rates thus obtained 
are added to the rates discussed above and the 
resulting values for the lifetime of the 23P2 
state are listed in Table I. 

TABLE I. Theoretical transition rates and life-
time of the 23 P2 state in helium-like ions. 

z AEl \12 F AHFS 
El T 

(nsec- 1) (nsec- 1) (nsec- 1) (nsec) 

16 .259 .117 2.66 

17 .301 .194 All <.007 :::2.01 

18 .352 .312 1.51 

22 .687 1.64 .429 

3/2 0 .313 

5/2 .99 .239 

23 .820 2.37 7/2 1. 75 .202 

9/2 1.69 .205 

11/2 0 .313 

26 1.43 6.50 .126 

In Fi~. 2 we compare all of the measured decay 
rates of 2 P2 with the corresponding theoretical 
rates. Agreement is seen to be very good over a 
wide range of z. For vanadiwn, the theoretical 
rate includes the contribution from hyperfine 
quenching. It is seen that the experimental and 
theoretical rates would be in serious disagreement 
without contributions from this mechanism. We 
take this as very strong evidence that hyperfine 
quenching is indeed present. 
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Fig. 2. Comparison between measured and calculated 
decay rates for the 23S1 level. (XBL 742-295) 

In Fig. 3 we compare the measured 23S1 decay 
rates with the calculated rates. Agreement 
between theory and experiment is satisfactory for 
Z = 22, 23, 26, but puzzling discrepancies exist 
at Z=l7 and 18. 

We are indebted to Al Ghiorso and the staff 
of the SuperHILAC for their enthusiastic support 
of this work. The development of the vanadium and 
iron beams was a vital product of this support. 
Doug MacDonald gave valuable engineering support. 
One of us (P.J.M.) gratefully acknowledges helpful 
conversations with Professors Charles Schwartz and 
Eyvind H. Wichmann. . 
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single exponential. (XBL 746-1021) 
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COHERENT ORIENTATION AND ALIGNMENT OF ION LEVELS 
BY A BEAM-TILTED-FOIL COLLISION 

D. A. Church, W. Kolbe, and M. C. Michel 

Based on symmetry considerations, noyel 
coherence effects were recently predicted and 
observed2 when ions are charge-changed and excited 
by passage through a thin, tilted foil. To inves
tigate these predictions, we used a "quanttun-beat" 
technique, which preserves such coherence, to study 
the light emitted from the levels of fast, excited 
He atoms and ions.3 

A beam of He ions, accelerated to tens of keV 
energy and e/m analyzed by means of the Cascade 
Isoto~e Separator, was passed through thin (~ 6 
~g/cm ) carbon foils tilted at an angle S with 
respect to the beam direction (see Fig. 1). The 
ions were neutralized by the collision, which left 
many atoms in excited levels. Light emitted down
stream was collected from a narrow spatial region 
parallel to the foil surface. A uniform magnetic 
field was applied either parallel or perpendicular 
to the beam direction. Any moments present in the 
excited states precess in the field, producing 
intensity variations in the emitted light at 
multiples of the Larmor frequency w. Intensity 
variations at 2w are observed in linearly polarized 
light when the foil surface is perpendicular to the 
beam direction, arising from partial excited state 
alignment. With a tilted foil, we observed quanttun 
beats at w in both circularly and linearly polar
ized light, indicative of the predicted excited 
level orientation, and of new alignment components .3 
These effects appear in ion and atom levels with 
L > 0. The observations in linearly polarized light· 
were not initially in agreement with the theoreti
cal predictions,l but after publishing our results 
we have learned that the published equations were 
in error.4 The corrected equations are in agree
ment with our measurements (see Fig. 2), and with 
them we can analyze our data to obtain a complete 
description of the moments of the excited level.5 

To understand the interaction responsible for 
the orientation, we have investigated the depen
dence of the magnitude of the new coherence effects 
on the foil tilt angle, the incident ion velocity, 
and the foil surface material. We find that the 
ori~ntation is reduced by 30% when a thin layer of 
gol~ is applied to the final carbon foil surface, 
but little change is produced by alumintun.3 A 
definite energy dependence of tne orientation is 
observed in the energy range 15 - 80 keV. 6 The 
orientation magnitude is proportional to sin2 S, 
where S is the foil tilt angle, while specific 
alignment components vary as sinS or sin2 S. 

The interaction is almost certainly electro
static in nature. We have proposed3 either a 
moment precession due to electric field gradients? 

"or to static electric fields, as a source of the 
orientation. The latter effect has been propose~ 
in~ependently,8 but recent measurement results are 
not in agreement with the predictions. When better 

'understood, the experimental observations may serve 
as a novel and useful probe of certain surface 
effects in amorphous or crystalline materials. 

X 

:) 
l 

Magnetic field 

\_Foil rotation axis 

Carbon foil 

Fig. 1. Apparatus configuration used in tilted
foil quantum-beat measurements. A circular polar
izer and a linear polarizer with axis at various 
angles ~ with respect to the beam direction are 
used to analyze the light emitted by the beam 
particles. (XBL 746-3488) 
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Fig. 2. Theoretical curves and experimental points 
measured from quanttun beats at various frequencies. 
~ is measured relative to the beam direction. The 
angle-independent circular polarization data are 
shown by broken horizontal lines. (XBL 751-2020) 

Another use of these coherence effects is in 
the study of fine- and hyperfine-structure of atom 
and ion levels by level-crossing and rf resonance 
methods. We have studied the hyperfine interaction 
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in the 4d 1D2 (F = 3/2, 5/2) state of 3 He by applying 
magnetic fields sufficiently large to partially 
decouple the nuclear and electronic moments. We 
observe a change in the magnitude of the hyperfine 
g-values as a function of relative time after 
excitation, when quantum beats are observed as a 
function of magnetic field strength.9 Level
crossing measurements in more complex states should 
be generally applicable, and should provide more 
precise results than those of other techniques. 
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THE INFRARED EMISSION SPECTRA OF CURIUM, BERKELIUM 
AND CALIFORNIUM 

J. G. Conway 

The emission spectra of curium, berkelium and 
californium have been run on the high resolution 
Fourier transformance spectrometer at Laboratoire 
Arnie Cotton in Orsay France. The elements were 
run as the iodide sealed in a quartz tube to form 
an electrodeless lamp. The lamps were 2S rnm long 
and 6 rnm inside diameter and operated in a cavity 
at 24SO M ttt with approximately 80 watts of input 
power. 

For curium the isotope was 244 with about 3% 
246. The spectrum was recorded between 3700-11800 
em- 1 and the run took 12 hours and 800,000 data 
points were recorded. Figure 1 is a tracing of 
the curium line at 9482,390 cm- 1 showing reversal 
.of the strong line on the left and isotope shift, 
the weak line on the right. A total of 1743 lines 
have been ascribed to curium and 87% of the lines 
have been assigned to transitions between known 
energy levels. At one point in the analysis a 
check was made between observed and calculated 
energies. TI1e root-mean square deviation was 
1.8xlo- 3 cm- 1 • 1-bwever, from a check of impuri
ties common to several runs we found a difference 
of over S x 10- 3 em- 1 

• A complete report will 
appear as LBL-3401. 

The berkelium and californium were run with 
extra coverage in the higher wave number range. 
TI1ere are a great number of lines exhibiting hyper
fine structure and many are fully resolved. Only 
two californium lines were fully resolved into 10 
components. These two spectra, Bk and Cf, must be 
worked on together since the Bk decays into Cf and 
there are a number of Cf lines observed in the Bk 
spectrum. Also, the Cf was not sufficiently pure 
so we see Bk lines in the Cf spectrum. 

An interesting feature of both the Cm and Cf 
spectra is that each contains a forbidden line 

---ll-0.048 cm-1 

>--'iii 
c: 
Q) -c: 

0.121 cm1 

I I 
9482.0 9483.0 

Fig. 1. Curium line at 9482.390 cm- 1 

which is a transition within the same multiplet o~ 
the same configuration. In Cm the line at 3922.316 
cm- 1 is a transition between the level at 1214.200 
a 7Fe and Sl36.S22 a 7F5 both belonging to Sf8 7s 2 

configuration. In Cf a similar transition occurs· 
between 5 Is and 5 I7 of the Sf10 7s 2 configuration 
at 9078.149 cm- 1 • 
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HIGH IONIZATION SPECTRA EXPERIMENTS 

G. V. Shalimoff and S. P. Davis* 

We have investigated source conditions neces
sary to produce hi!hly ionized spectra of some 
metallic elements. ,2 A sliding-spark source 
capable of producing V V, Mn VI, and Th IV yields 

• rich spectra in
9
the vacuum ultraviolet region, that 

is, below 2000 A, HOwever, the normal incidence 
vacuum spectrograph at LBL is only able to photo
graph spectra down to around 500 A, thereby cutting 

• off much of the wavelength region of interest. 
Although lines of lower wavelength can be observed 
in higher orders with this instrument, they are 
frequently intermingled with other lines and are 
difficult to isolate and identify. Ideally a 
grazing incidence vacuum spectrograph capable of 
photographing the wavelength region below 500 A is 
required. 

The National Bureau of Standards kindly per
mitted us to use their 10-meter grazing incidence 
spectrograph to take spectrograms in the region of 
200 to 600 A. We also used their 10-meter normal 
incidence vacuum spectrograph for the 540 to 2100 
A region which corresponds to the useful region of 
the LBL instrument but with a three times gain in 
dispersion. With the vacuum sliding-spark source 
we photographed the spectra of V, Mn, Th, and U. 
Reference ~pectrum of Y IV and V also from a slid
ing-spar}. source was used in the grazing incidence 
region and Cu II from a copper hollow cathode was 
used for the normal incidence region. 

The spectrum of V V obtained at 1225 A peak 
current allows better measurement of the low wave
length lines reported by Van Deurzenl and subse
quent better energx level assignment. 

The sliding-spark source at the NBS produced 
a greater peak current (2500 A) in the excitation 
of Mn than we have been able to produce at LBL. 
Consequently we were able to obtain Mn VI readily 
although isolation is still difficult. Even some 
predicted lines of Mn VIII were observed. 

The Th and U plates of the grazing incidence 
region continue to show many lines which complicates 
the identification of the ionization states. 

We are grateful for the hospitality and 
assistance given us by the members of the Spectros
copy Eection of NBS, especially V. Kaufmann and 
J. Reader. 
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SPECTRUM OF QUINTUPL Y IONIZED MANGANESE (Mn VI)* 

W. H. King,t S. P. Davis,+ and G. V. Shalimoff 

The spectrum of Mn VI from 800 to 1600 A has 
been observed in a vacuum sliding-spark source. 
Although this work started out as an attempt to 
obtain the spectrum of Mn VII, in the isoelectronic 
sequence with Sc III and V V as reported by Van 
Deurzen, 1, 2 and Cr VI as reported by Ekberg,~. it 
was not possible to excite and isolate Mn VII with 
our source conditions. Only Mn III, IV, V and VI 
were easily isolated by observing their common 
intensity behavior with variations in current and 
source parameters. 

Some 50 lines ascribed to Mn VI were observed 
on spectra photographed with the LBL 3-meter normal 
incidence vacuum spectrograph having a plate factor 
of 2. 78 A;mm. Ey taking many exposures with vari
ations in the inductance and capacitance of the 
spark ci~cuit and by studying the variations of 
line intensities of known lower states of ioniza
tion and unknown lines, it was possible to isolate 
~d designate lines belonging to Mn VI. 

Supplementary lines were obtained on spectro
grams taken at the National Bureau of Standards 

with the 10-meter normal incidence V%CUum spectro
graph having a plate factor of 0.78 A/mm. The 
sliding-spark source at the NBS was operated at 
higher current than was possible at LBL. Though 
many of the spectrograms show broad lines, the 
waveiengths from plates made at the two sites 
agree well. 

The sliding-spark circuit used was described 
by Van Deurzen and Conway. 4 For the Mn VI spectrum, 
a peak current of 1800 A was obtained at LEL using 
34 ~F capacitance and no added inductance in the 
circuit. At the NBS a peak current of 2500 A was 
achieved using 64 ~F capacitance and no added 
inductance. The circuit is critically damped. 
The manganese electrodes were 1/4-inch diameter 
rods of hot pressed powder and withstood the spark 
discharge quite well. 

In the sliding-spark source the electrodes 
are separated with spacers made of silica and boron 
nitride. The elements of the spacer material are 
also excited during the spark discharge and provide 
useful internal wavelength standards for wavelength 
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measurements.· The B, N, 0, Si, and C lines were 
particularly useful below 1000 A. 

The spectra were photographed on Kodak short
wave radiation (SWR) plates. In addition to the 
internal wavelength standards, reference spectra 
of Cu II from a copper hollow cathode source were 
photographed with the manganese spectra. The 
spectral lines were measured on a Grant comparator 
and computed with a sixth degree polynomial. For 
most lines the error limits in the manganese wave
lengths are estimated to be 0.007 A with a fraction 
of them having twice this error. 

Intensities were estimated visually from the 
plates on a scale of' 1- 1000. 

The level analysis of Mn VI was begun by CadyS 
in 1933 who established the ground configuration of 
3d2 and some levels of 3d4p. The level values that 
we developed are given in Table 1. 

TABLE 1. 

--Even Levels-- --Odd Levels--
Symbol Ener~ Symbol Ener~ 

(an- ) (an- ) 

3d4s3D1 250097.5 1 3d4p D2 319819 
3D2 250527.8 
3D 3 251402.8 3D 

l 321694.7 
3D2 322409.9 

1D 2 255238.8 3D3 323282.5 

3d4d3G3 432093 3p2 323798.0 
3G 4 432654 3p3 324850.1 
3Gs 433464 3p 

4 326372.6 
3po 329730.7 
3p 

1 329635.6 
3p2 329992.0 
1p 

3 333052 
lp 

1 336129 

Table 2 lists the 26 classified lines of Mn VI 
which we were able to assign from our line list at 
present. Additional lines fit into the level 
scheme but they have not yet been checked in detail 
to verify their assignment. 

The main difficulty in the work thus far has 
been the positive identification of the Mn VI lines 
in the midst of lines of other states. Only after 
intensive examination of line intensity behavior 
can lines be added to the list and attempts made 
to fit them into a level scheme. 
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TABLE 2. 

Level Combination 
Odd Even 

3s4p3F2 - 3d4d3G3 
3p3 - 3G4 

sp3 3G3 

3p4 - 3Gs 

3p4 3G4 

3p4 - 3G3 
1P1 - 3d4s1D2 
3p 0 -

3p1 -

3p2 -

3p1 -

3p2 -

1p3 -

3p4 -

3p3 -
3p2 -

3p2 -

sD2 -
sD2 

sDs -
3D1 -

3D1 -
sD2 -
3p2 -

sn2 -
1D -

2 

wavenumber Wavelength 
(an- 1 ) (A) 

108295.4 

107803.5 
107241.4 

107091.0 

106278.5 

923.400 

927.614 
932.476 

933.785 

940.924 

105721.8 ' 945.879 

80891.1 1236.230 

79632.7 1255.766 

79537.6 1257.267 
79465.2 1258.413 

79107.6 1264.101 

78588.9 1272.444 

77814.8 1285.102 
74969.6 1333.874 

74322.1 1345.494 

73700.0 1356.852 
73269.2 1364.829 
72312.6 1382.885 

71881.8 1391.173 

71879.5 1391.218 
71596.9 1396.708 

71166.5 1405.156 
71007.0 1408.312 

68556.1 1458.660 

67170.2 1488.755 

64581.5 1548.430 
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SOME PROPERTIES OF H2 CN+: A POTENTIALLY IMPORTANT 
INTERSTELLAR SPECIES* 

P. K. Pearsont and H. F. Schaefer Ill 

Ab initio quantum-mechanical electronic-struc
ture calculations have been performed on the molec
ular ion ~ CW. Geometries have been predicted for 
both the acetylene-like (~) and formaldehyde-like 
(C2 ) isomers. The linear structure H-C-N-H'" is 
pr~icted to lie lower by 3.0 eV. Thus the proper-
ties of the ~CN+ ion are expected to be rather 
similar to those of acetylene. For the vibrational 
frequencies, this similarity is demonstrated theo
retically as is seen in Table 1. 

The implications of these results for interstellar 
chemistry are discussed, including the intriguing 

TABLE 1. Theoretical vibrational frequencies (in 
cm-1) of HC::CH, DC::QI, H2Gt, and HDCN+. 

Parameter H::CH DCCH 

\) 1 •••••• 3675(3374) 3641 (3336) 4300 4232 

\)2 •••••• 2139(1974) 1996 (1854) 2354 2082 

\)3 •••••• 3600 (3289) 2806(2584) 3507 2902 

\) ~ ...... 847 (612) 865 (683) 1023 962 

\) 5 •••••• 889 (730) 683 (519) 922 774 

Zero-point 
energy •.• 6443 (5661) 5769 (50892 7025 6344 

Difference •••••••••••• 673 (572) 681 

possibil1ty that ~C~ may be the precursor of the 
tentatively identified (90.665 GHz) HNC model. 
The surprisingly high observed DCN/H::N ratio is 
also discussed in terms of the interstellar D/H 
ratio {see Table 2). The J = 0 + J = 1 rotational 
transition is predicted to occur at 74.8 GHz, with 
an expected reliability of 1.1 GHz. 

TABLE 2. Dependence of predicted interstellar D/H 
ratio on temperature and 6E for the reaction 
H2CN+ + HD + HDCN+ + H2 

T(K) 

6E(cm- 1) 40 60 80 100 

263 4.7xlo- 7 l.lxlo-5 5. 3xlo- 5 1. 4xl0- 4 

283 2.3xlo- 7 6.8xlo-6 3. 7xlO- 5 1. Oxl0- 4 

303 l.lxl0-7 4. 2xl0-6 2. 6xlo- 5 7.7xl0- 5 

Footnotes 

*Published in The Astrophysical Journal 192, 33 
(1974). 

tPresent address: Centre European de Calcul Atom
ique et Moleculaire, Batiment 506, Faculte de 
Sciences, 91-0rsay, France. 

POTENTIAL ENERGY SURFACE FOR THE MODEL 
UNIMOLECULAR REACTION HNC-+ HCN* 

P. K. Pearsont and H. F. Schaefer Ill 

Ab initio electronic structure theory has been 
used to determine the more important features of 
the potential energy surface for the simple isomer
ization reaction I-NC+ H::N. A qualitative view of 
the surface is seen in Fig. 1. Extended basis sets 
were used in conjunction with both self-consistent
field (SCF) and configuration interaction (CI) wave 
functions. For nonlinear or Cs geometrical 
arrangements of the three atoms, the CI included 
11,735 configurations, i.e., all single and double 

·~xcitations. This large scale CI reproduces the 
HCN ground state geometry quite accurately and has 
been used to tentatively identify rNC in the inter
stellar medium. The SCF calculations predict HNC 
'to lie 9.5 kcal/mole above H::N, while CI yields 
14.6 kcal/mole. Similarly, barrier heights of 40.2 
and 34.9 kcal/mole are predicted by SCF and CI. 

Fig. 1. 

\ 
----N 

(XBL 7310-4158} 
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Thus the SCF approximation is qualitatively reason
able for HNC+ H:N. If I-NC is designated by a 
reaction angle of 180° and HCN by 0°, then the 
saddle point or transition state is predicted to 
lie at 73.7°, significantly closer to HCN. A 
reaction path is determined from the SCF potential 
surface. The surface will be used in RRKM and 
classical trajectory studies of the dynamics of 
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this reaction. 

Footnotes 

*Published in J. Chern. Phys. 62, 350 (1975). 

tPresent address: Centre Europeen de Calcul 
Atomique et Moleculaire, Batiment 506, Faculte 
des Sciences, 91-0rsay, France. 

POTENTIAL ENERGY SURFACES FOR H + Li 2 -+ LiH + Li 
GROUND STATE SURFACE FROM LARGE SCALE CONFIGURATION 

INTERACTION* 

P. Siegbahn and ·H. F. Schaefer Ill 

Lee, Gordon and Herschbachl have reported 
crossed molecular beam studies of the reactions of 
H and D atoms with K~, Rb 2 , and Cs2 • From their 
results a number of ~ortant qualitative conclu
sions were drawn. For example, only a small frac
tion of the available energy appeared in product 
translation. Thus it seems likely that either the 
alkali hydride product MH is vibrationally and/or 
rotationally excited or the alkali atom M must be 
electronically excited. In addition, Lee, Gordon, 
and Herschbachl concluded that there is an aniso
tropic reaction probability for H + M , with M H M 
configurations more likely to lead to ---
reaction. 

The hydrogen atom plus alkali dimer reactions 
are of interest to theoreticians first because of 
the opportunity for fruitful interaction with 
experiment and second because these systems are 
among the simplest for which the dynamics frequent
ly must be described in terms of more than a single 
potential energy surface.2,3 For the simplest such 
reaction at thermal energies only a single channel 
is energetically open:4 · 

(1) 

liH = -30 kcal/mole 

However, under the conditions utilized by Lee et 
al, namely 10 kcal/mole of H or D atom trans
lational energy and 6 3 kcal/mole of alkali dimer 
vibration~! excitation, a second pathway is 
possible: 

(2) 

liH = +12 kcal/mole 

From either an experimental or theoretical view
point then, it will be of great interest to deter
mine the relative importance of these two competing 
reaction pathways. llerschbach' s work, though not 

definitive, suggested the former path (1) to be 
the dominant one. 

The potential beauty of a theoretical treat
ment of this reaction lies in the opportunity to 
study the product energy distribution as a function 
of initial conditions. While the molecular beam 
experimentalist will do splendidly to study this 
reaction under one particular set of circumstances, 
we are free to study it under whichever circum
stances appear most interesting. For example, the 
ratio of LiH+ Li to LiH+ Li* can be studied as a 
function of H atom translational energy or as a 
function of Li 2 vibrational energy. Even if the 
LiH+ Li* patgway is shown to be unimportant, the 
partitioning of the available energy into transla
tion, vibration, and rotation of LiH + Li should be 
interesting. 

Ab initio electronic structure calculations 
have been performed to determine the HLi 2 potential 
energy surface. A contracted Gaussian basis set 
was employed; H(5s lp/3s lp), Li(Ss 3p/4s 3p). In 
addition to self-consistent-field (SCF) wave func
tions, full configuration interaction (CI) was 
carried out for the three valence electrons. For 
general geometry (point group Cs) the CI included 
5,175 configurations. For the diatomic molecules 
Li 2 and LiH, these methods yield dissociation 
energies within 5 kcal/mole of experiment, and 
accurate spectroscopic constants are also predicted. 
The minimum on the HLi 2 CI potential surface occurs 
for an isosceles triangle structure with r 0-1-Li) = 
1.72 A and an LiHLi bond angle of 95°. This mini
mum lies 22.4 kcal/mole below the separated 
products LiH + Li. The linear HLiLi minimum is 
much shallower, lying only 4.2 kcal/mole below the 
products. The much simpler single configuration 
SCF calculations yield qualitatively similar 
results (see Figs. 1 and 2). Furthermore, these 
features of the surface are quite analogous to 
those predicted for F + Li 2 by Pearson and co
workers. The angular dependence of the surface 
between the C2y and ~v extremes is discussed. 
The "electron Jump" from covalent I·Li 2 to ionic 
WLi 2 + is seen to be much more gradual than ..,·as 
the case for FLi2 • The electronic structure is 
described using a natural orbital analysis of 
the most important configurations in the wave 
flillction. 



Li + Rigid Li H 

8 

-10 8 10 

Fig. 1. Contour map of one part [r(Li-Li) fixed at 
·s.27 bohrs] of the SCF potential surface for HLiz. 
Distances from the Liz bond midpoint are given in 
bohrs. The contours are labeled in kcal/mole 
relative to separated H +Liz. (XBL 7410-4436) 

H + Rigid Li 2 

5 

-10 -8 -6 -4 Li 10 

Fig. 2. Contour map for the part of HLiz potential 
surface with r(LiH) held fixed at 3.04 bohrs. 
Distantes relative to the midpoint of the Lifl bond 
are given in bohrs, Contours are labeled in kcal/ 
mole relative to separated LiH+ Li. (XBL 7410-4437) 
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SADDLE POINT GEOMETRY AND BARRIER HEIGHT FOR H + ~2 -+ HF + F* 

C. F. Bender,t C. W. Bauschlicher, Jr., and H. F. Schaefer Ill 

This communication concludes a series of theo
retical papersl-4 concerning the potential surfaces 
for the laser-related family of reactions 

F +I\ + FH+ H 
H+F2 +HF+F 

F+HF+FH+F 

For each of these three reactions, ab initio calcu
lations have now been completed at four levels: 

a) Single configuration self-consistent-field 
(SCF)S employing a double zeta (DZ) basis set. 
The basis set used is designated6,7 F(9s Sp)/ 
(4s 2p), H(4s/2s). 

~ b) SCF employing a double zeta plus polariza
tion (DZ + P) basis set. Here a set of d 
functions on the F atoms and a set of p 
functions on the H atoms are added. 

c) First-order configuration interaction (CI) 
wave functions8 employing a DZ basis set. 

d) First-order CI wave functions employing a 
DZ + P basis set. 

The purpose of this research has been twofold: 
1) to ascertain features of the surfaces not ob
tainable from experiment (e.g., saddle point geo
metriesl-4 and the barrier height4 for F + HF + 
FH + F and, 2) to begin to gain an understanding 
of the effects of basis set and electron correla
tion in the theoretical description of reactive 
potential energy surfaces. 

In a previous paper3 the results of methods a) 
and c) were reported for the H + F ~ reaction. Those 
calculations indicated that the m~nimurn energy path 
occurs for a linear H-F-F arrangement. Here we 
present the results of methods b) and d} for the 
linear H + Fz surface. Since the present calcula~ 
tions, which employ the larter DZ + P basis set, are 
completely analogous to those reported recently4 
for F + HF, very little need be said about the 
methods used. Let it suffice to note that the 
orbitals of our 670 configuration first-order wave 
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TABLE 1. Comparison of theoretical methods for the H+ F2 + HF + F reaction. 
Bond distances are given in A and energies in kcal/mole. 

Saddle Point Geometry 

Basis set 

Double zeta 

Double zeta 

Double zeta 
plus polar
ization 

Double zeta 
plus polar
ization 

Wave function 

Self-Consistent-Field 

First-Order CI 

Self-Consistent Field 

First-Order CI 

Experiment 

r (}IF) 

1.56 

2.05 

1.61 

1.68 

Barrier 
r(FF) height 

1.49 12.2 

1.57 1.0 

1.41 13.9 

1.50 4.1 

2.4 o.2a 

Exothermicity 

132.4 

88.3 

130.1 

99.0 

b 102.5 2,8 

~erimental activation energy.. R. G. Albright, A. F. Dodonov, G. K. Lavrovskaya, 
I. I. Morosov, and V. L. Tal'rose, J. Chern. Phys. SO, 3632 (1969). 

bWe consider the exothermicity to be [De(F ) -De (HF)]. For F2 , De is 38.8 ± 2.3 
kcal/mole; see J. J. DeCorpo, R. P. Steiger, J. L, Franklin, and J. L. Margrave, 
J. Chern. Phys. 53, 936 (1970). For HF, De is 141.3 ± 0. 5 kcal; see W. A. Chupka 
and J. Berkowitz; J. Chern. Phys. 54, 5126 (1971). 

functions were optimized via the iterative natural 
orbital method,9 

Table 1 slUlllllarizes the results for H + F 
2 

and 
compares them with the earlier work3 using a double 
zeta basis set. The most discouraging aspect of 
the calculations is the barrier height, 4.1 kcal/ 
mole, which differs by nearly 2 kcal/mole from the 
experimental activation energy. In fact, the DZ 
CI calculation yielded a barrier closer to e~eri
ment. Hence we must conclude that our result for 
F + ~ (predicted barrier 1.66 kcal/mole; experimen
tal activation energy 1.7 kcal/mole) was somewhat 
fortuitous and that our most reliable method 
[method d) above] yields barrier heights which are 
subject to errors as large as 2 kcal/mole. Note,· 
however, that an error of this magnitude does not 
affect our conclusions for the F +riP system, 4 where 
the experimental situation is uncertain and an tin
certainty of 6 kcal/mole would not affect the 
essential prediction. 

TI1e exothermici ty obtained in our DZ + P C! 
calculation is in distinctly better agreement with 
experiment than the other calculations. In fact 
the value of 99.0 nearly falls in the experimental 
range 99.7- 105.3 kcal/mole. 

Another significant improvement over surface 
b) is in the predicted bond distances of F 2 and I-f. 

furface b) , the QZ CI, predicted r (F - F) = 1. 537 A, 
r(H- F) = 0.947 A, as opposed to e:JCl?eriment 
r(F- F) = 1.417 A, r(H- F) = 0.917 A.. Surface d) 
yields much more accurate bond distgnces, 
r(F-F) = 1.441 A, r(H-F) = 0,925 A. Hence we 
expect the saddle point geometry predicted by 
surface d) to be fairly reliable. Compari0on with 
the semiempiricaf LEPS surface of Wilkensl shows 
the F-F saddle point separations to agree well, 
but our HF separation is 0.43 A shorter. 

One of the most obvious features of Table 1 
is the unrealistically high barrier predicted at 
the SCF level of theory. This same characteristic 
was observedl-3 to an even greater degree for 
F + I\ and F + HF. We are led to the conclusion 
that explicit consideration of electron correla
tion is required for realistic barrier height 
predictions on repulsivell potential surfaces. 

Finally, several points on the mininn.nn energy 
path, in the vicinity of the saddle point, are 
shown in Table 2. Starting from the saddle point, 
the minimum energy path was found by following the 
gradient of the energy in the direction of most 
negative curvature. From Table 2 it is apparent •· 
that the saddle point occurs quite near thy react
ants, in keeping with rhmmond's postulate. 2 



TABLE 2. A few points on the minimum energy path 
for H + F 2 -+ HF + F. Bond distances are given in 
bohrs and energies in kcal/mole relative to 
separated H+ F2 • 

R(HF) R(FF) Energy 

100 2. 724 o.oo Reactants 
. 3. 55 2.77 2,93 

3.45 2.78 3,30 
• 3.35 2.79 3.67 
'3,175 2.842 4.11 Saddle 

point 
3.10 2.90 3.82 

3.00 2.96 2.19 

2.90 2.97 0.01 

2.75 3.00 -4.79 

1. 747 100 -99.04 Products 
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POTENTIAL ENERGY SURFACES AND METHYLENE REACTIONS* 

H. F. Schaefer Ill 

One of the goals of modern chemistry is to 
understand, on the molecular level, how chemical 
reactions occur. One can tackle this problem at 
various levels. For a complicated organic reaction 
we may be extremely successful if we are able to 
learn something about the reaction mechanism, i.e., 
obtain some information about an intermediate along 
the most favorable reaction path~~y. For the 
simplest reactions, e.g., H + H

2
, we may be much 

more dem&iding and desire a quantitative knowledge 
of the importance of quantum mechanical tunneling. 

From a theoretical viewpoint, our problem may 
be separated into two parts: 

a) the potential energy surface of surfaces, 

b) the molecular dynamics which occur given 
the surface. 

Although no theoretical study will be complete 
without consideration of both areas, the two parts 

take on different degrees of importance depending 
on the observer. The organic chemist in search of 
a mechanism probably wants to know only the gross 
features of the potential surface. On the other 
hand, the physical chemist interested in H + H2 
tunneling can use any of several available poten
tial surfaces and is really only interested in the 
dynamics. 

The thrust of the present review article is 
that potential energy surfaces may now be predicted 
ab initio from quantum mechanical electronic struc
ture calculations. The reactions of triplet and 
singlet methylene with molecular hydrogen provide 
particularly fascinating examples. 

Footnote 

*Published in Chemistry in Britain 11, 227 (1975). 
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A CRITICAL TEST OF SEMI-EMPIRICAL FH 2 POTENTIAL ENERGY 
SURFACES: THE BARRIER HEIGHT FOR H + HF-> HF + H* 

C. F. Bender, t B. J. Garrison and H. F. Schaefer Ill 

One of the fundamental goals of modern chemi
cal physics is to determine the forces which govern 
atomic and molecular interactions. The most suc
cessful approach has traditionally been to work 
back from experimental observations to the hypoth
esized potential energy surface. This approach is 
perhaps best epitomized by the recent work of Lee, 
Barker, and colleagues,! in which experimental 
differential cross sections, second virial coeffi
cients, and diffusion coefficients have been used 
to deduce interatomic potentials for noble gas 
pairs. 

For polyatomic systems the procedures for 

deducing interaction potentials from experiment are 
at a much earlier stage of development. These 
procedures often rely heavily on data gleaned from 
infrared chemiluminescence,2 chemical laser,3 and 
crossed molecular beam4 experiments. The system 
which has been studied most thoroughly to date is 
the F + H2 -+ F!-1 + H reaction. At least eleven semi
empirical potential energy surfaces have been pro
posed5-13 for FH2 • Severall2,13 of these have been 
calibrated with experiment via an iterative method, 
which begins with an assumed potential surface. 
Using this surface the dynamics are treated using 
classical trajectories and comparison made with 
experiment. Then'the surface is adjusted and the 

TABLE 1. Barrier height and saddle point geometry for H + FH -+ HF +H. 
The saddle point occurs for a linear symmetric H-F-H geometry. 

Type of potential r(H-F) Barrier 
energy surface Authors A (kcal/mole) 

Bond-energy Bond- Johnston a 1.10 6.8 
order (BEBO) 

London-Eyring- Muckerman5 I 1.04 1.0 Polanyi-Sato (LEPS) 

LEPS J.affe and 1.05 3.1 Anderson 

LEPS Muckerman7 II 1.04 1.0 

Muckerman III 1.05 1.7 

Muckerman IV 1.05 2.3 

LEPS Wilkins8 1.04 1.4 

LEPS Thompson9 1.12 28.6 

Semi-empirical Blais and 1.10 14.0 valence bond TruhlarlO 

Diatomics-in- Tully11 I 1.05 14.4 molecules 

Tully II 1.09 13.1 

LEPS Muckerman12 V 1.04 1.2 

LEPS Polanyi and 
Schreiberl3 1.05 3.5 

A Priori methods This work 

Self-consistent- 1.12 67.8 field 

Configuration 1.14 49.0 Interaction 

~. S. Johnston, Gas Phase Reaction Rate Theory (Ronald Press, 
New York, 1966). 



process repeated until satisfactory agreement with 
the experimental findings is achieved. 

Although most of the proposed FHz surfaces 
appear to reproduce the qualitative features of the 
vibrational energy distribution for F +Hz + FH + H, 
additional tests of these surfaces are needed 
before one can assume that a fundamentally correct 
description of the interaction between these .three 
atoms has,been obtained. Although all of the semi
empirical surfaces yield essentially the c·orrect 
barrier height (-v activation energy) for the F +Hz 
reaction, there is a second barrier height which 
any FHz potential should reproduce. This is the 
barrier for the exchange reaction H + FH + HF +H. 
Furthermore, this barrier is of considerable impor
tance in its own right, due to its role in the 
vibrational relaxation of HF by hydrogen atoms, a 
process which has already been the subject of two 
classical trajectory studies.9,14 

The same sort of internal consistency test has 
already been completed for a related triatomic 
system, HFz. There it has been found that two LEPS 
surfaces specifically tailored to describe H + Fz + 
HF + F also yield reasonable values for the F + HF 
exchange reaction barrier .15-1

6
8 The F + HF barriers 

of the Thompsonl5 and Wilkens1 surfaces are 27.8 
and 22.4 kcal/mole, compared to theoretical 
results, 17 21.8 and 23.9 kcal/mole. Thus there is 
ample reason to believe that semi-empirical sur
faces for F +Hz might do an adequate job of 
describing H + FH. 

In the present paper, we report the H + PH 
barrier as obtained from a priori electronic struc
ture theory. The theoretical method used was 
similar, but more exhaustive than that adopted in 
earlier studiesl7, 19,20 of F +Hz, H + Fz and F + HF. 
A contracted Gaussian basis set of size H(5s lp/ 
3s lp), F(9s 5p 2d/5s 3p ld) was employed. Thus we 
have added s and p functions on fluorine and an 
s function on hydrogen to the basis used in the 
study of the other fluorine-hydrogen systems. 
Furthermore, a more complete configuration inter
action (EI) was decided upon, including all inter
acting single and double excitations relative to 
the SCF or reference configuration. A total of 
1583 configurations were included in the CI calcu
lations. 

The barrier occurs for a linear symmetric H-F-H 
structure, and our results are compared with the 
various semi-empirical surfaces in Table 1. 
Although the a priori barrier height is likely to 
be somewhat higher than the exact (unknown) barrier, 
this difference is unlikely to be more than 5 kcal/ 
mole. In any case we conclude that the true barrier 
height for H + FH is no less than 40 kcal/mole. As 
in previous studies of this type, we find electron 
correlation to be much more important (18.8 kcal/ 
mole here) at the saddle point than for the react
ants. The large barrier also rules out the possi
bility that F atom exchange is a significant con-

' tributor to the vibrational relaxation of HF by H 
atoms. 

Most important, however, is the fact that all 
·available semi-empirical potential surfaces for 

FH fail to predict this large barrier for H + FH. 
Onfy Thompson's LEPS surface yields a qualitatively 
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reasonable value for the barrier.21 This of course 
does not necessarily mean that these surfaces are 
inappropriate for the study of the F +Hz dynamics, 
for which most of them were designed. It does, 
however, raise serious questions about the funda
mental ability of these semi-empirical forms to 
predict features of the true surface not known in 
advance. 
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21. Note, however, that Thompson's surface pre
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A PRIORI PREDICTION OF THE COHESIVE ENERGY OF 
ONE-DIMENSIONAL METALLIC HYDROGEN* 

D. H. Liskow, J. M. McKelvey, C. F. Bender, and 
H. F. Schaefer Ill 

For more than forty years, the hydrogen mole
cule has served as a prototype for theoretical 
studies of the electronic structure of molecules. 
Since the work of James and Coolidge,l who in 
essence solved the problem ab initio, most of the 
calculations carried out on H

2 
have had as their 

purpose the testing of some particular method for 
the description of electronic structure. Unfortu
nately, there has been no comparable prototype for 
studies of the electronic structure of solids. 
This problem is of course due to the fact that, 
prior to the very recent work of Harris and co
workers,2,3 there has been no truly ab initio cal
culations carried out on solids. It has been 
suggested many times4 that the most logical proto
type for the electronic structure of solids would 
be a one-dimensional array of hydrogen atoms. It 
seems clear that accurate ab initio calculations 
on one-dimensional hydrogen would fill the need 
for a benchmark, with which to compare approximate 
methods for the calculation of energy bands and · 
other electronic properties of solids. In addi
tion it should be p9inted out that in recent years 
a significant amount of interestS-? has developed 
in the properties of the thus-far hypothetical 
substance, metallic hydrogen. 

In the present research we have attempted to 
treat one-dimensional hydrogen as a large molecule. 
It is clear4 that if one takes a finite chain of 
hydrogen atoms and increases n in Hn, the behavior 
of the system will ultimately approach that of one
dimensional hydrogen to within any specified toler
ance. However, the very important question of "at 
what point" does this large molecule take on the 
properties of an infinite chain has never, to our 
knowledge, been investigated ab initio. In addi
tion to completing self-consistent-field (SCF) 
calculations on systems as large as H62 , we are 
able to report a detailed calculation taking 
account of electron correlation for H14 • 

Our first step was to carry out SCF computa
tions on successively larger rings of hydrogen 
atoms. The spacings between each adjacent pair of 
atoms were constrained to be equal. A single Is 
Slater function, (s 3 /~)~ exp (-sr), where sis the 
orbital exponent or scale factor, centered on each 
H atom. Further, each Slater function was approx
imated as a linear combination of four Gaussian 
functions.8 For the hydrogen atom in its ground 
state, this approximation yields a total energy of 
-0.49928 hartrees, while the exact result in these 
units is -0.5 hartrees. In general one does not 
expect such a "minimum basis set" to yield partic
ularly reliable ab initio results.9 However, for 
Hn systems, such a basis yields surprisingly low 

total energies, especially if the energy is mini
mized at each geometry with respect to the orbital 
exponent s· 

Table 1 summarizes these initial calculations 
on the closed shell singlet ( 1 ~i in the limit of 
linearity) systems H14 , H~ 6 , H~ 8 , H , and H62 • 

It should be emphasized that the orbital exponent 
s and the H-H bond distance were simultaneously 
optimized to yield the lowest possible variational 
energy. In addition, Fig. 1 displays the orbital 
energies as a function of the number of atoms 

"' <II 
<II ... -.... 
0 

..c:: 

"' <II 

~ -0.5 
<II 
c 
<II 

E 
..0 

0-0.6 

-0.7 

14 26 38 50 62 

Number of hydrogen atoms in ring 

Fig. 1. Ab initio orbital energies for rings of 
hydrogen atoms. (XBL 741-2173) 



compr1s1ng the ring. Table l indicates that a 
decidedly finite ring of hydrogen atoms can effec
tively simulate one-dimensional metallic hydrogen. 
"How many" atoms are required depends on the 
accuracy one demands for the predicted properties. 
The two most important properties illustrated in 
Table l are the bond distance and the cohesive 
energy. If the accuracy demanded is 0.002 bohrs 
(= 0.001 A) in the bond distance and 0.07 eV in 
the cohesive energy, then H14 seems to be an ade
quate representation of H . The difference in 
bond distance between H26

00

and H is less than 
0.0005 A and hence not observab!e by conventional 
experimental methods, even if our h;~othetical 
metal could be made. The binding energy converges 
somewhat more slowly, with a ring of 38 atoms 
required to approach within 0.01 eV/atom of the 
result expected for H

00
• 

TABLE l. Summary of self-consistent-field calcu
lations on rings of hydrogen atoms. 

Hl4 
H26 

H3 a 

Hso 
H62 

Predicted 
bond 

distance 
(bohrs) 

1.888 
1.886 

1.886 
l. 886a 

l. 886a 

Optimized 
orbital 
exponent 

1.129 

1.130 
1.130 
l.l30a 
l.l30a 

Total 
energy 

(hartrees) 

- 7.45248 

-13.79617 
-20.14432 
-26.49482 

-32.84656 

Binding 
energy 
per H 

atom (eV) 

0.879 

0.833 
0.819 
0.813 

0.810 

~ond distance and orbital exponents assumed, 
not optimized. 

Our results should not be directly com~ared 
with those of Harris, Monkhorst, and Kumar, ,3 
since the latter computations are in three dimen
sions. However, such a comparison is illustrative 
since it may enhance our understanding of the 
differences between one- and three-dimensional 
systems. The most surprising result of the Harris 
calculations is the prediction that metallic hydro
gen is unbound in the SCF approximation by~ 0.8 
eV/atom with respect to separated hydrogen atoms. 
Even with our limited basis set, the present SCF 
calculations predict the one-dimensional structure 
to be bound by 0. 81 eV per H atom. Harris's 
predicted bond distances for simple cubic, bee, 
and fcc lattices are 2.83, 2.85, and 2.99 bohrs, 
all much larger than the 1.89 bohrs we predict for 
one-dimensional metallic hydrogen. 

The goal of the present research was to make 
an a priori (i.e., without reference to experiment) 
prediction of the cohesive energy of one-dimen
sional metallic hydrogen. To do this we must 
evaluate a) the difference between the SCFenergies 
shown in Table l and the true Hartree-Fock energies, 
and b) the importance of electron correlation in 
rings of hydrogen atoms. We have carried out more 
extensive calculations on H14 to investigate both 
of these points. 
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First, a self-consistent-field calculation 
was carried out for H14 using a much larger basis 
set of three s (with optimized scale factor 1;; = 
1.156) and one set (px, Py. Pz) of p functions on 
each atom. At a nearest neighbor separation of 
1.888 bohrs (the optimum for H14 from the earlier 
calculations), the SCF energy obtained was -7.54085 
hartrees. This extended basis SCF calculation 
suggests that we should add 0.17 eV/atom to the 
SCF binding energies shown in Table l. Comparison 
of H2 SCF results with this extended basis 
(-1.13262 hartrees) to the exact Hartree-Fock 
energylO (-1.13364 hartrees) of H2 suggests that 
an additional 0.014 eV/atom should be added if we 
are to estimate the true Hartree-Fock energy. 
Thus we arrive at a prediction of 1.00 eV for the 
Hartree-Fock cohesive energy of one-dimensional 
metallic hydrogen. 

As a first step in evaluating the correlation 
energy of H14 , we carried out 8-configuration SCF 
calcualtions using the method developed by Hunt, 
Dunning, and Goddard.ll The orbitals resulting 
from these seven configyration calculations are 
automatically localizedl2 and are best discussed 
with reference to Fig. l. There it is seen that a 
localized description of the H14 Hartree-Fock wave 
function involves seven equivalent orbitals lb, 2b, 
3b, 4b, Sb, 6b, 7b, where "b" signifies a bonding 
orbital with amplitude predominantly centered on 
a pair of adjacent hydrogen atoms. A minimum 
basis set also yields six equivalent antibonding 
orbitals la, 2a, 3a, 4a, Sa, 6a, and ?a. The 
eight configurations included in the multiconfig
uration (MC) SCF calculations are 

lb 2 2b
2 

3b2 4b 2 
Sb 2 6b2 7b2 

la2 2b 2 3b2 4b2 Sb 2 6b 2 7b2 

lb 2 2a2 3b2 4b 2 Sb2 6b 2 7b 2 

lb 2 2b 2 3a2 4b 2 Sb2 6b 2 7b 2 

lb2 2b 2 3b 2 4a2 Sb 2 6b 2 7b2 

lb 2 2b 2 '3b2 4b2 Sa2 6b2 7b2 

lb 2 2b2 3b2 4b2 Sb2 6a2 7b2 

lb 2 2b 2 3b2 4b 2 Sb2 6b2 7a2 

That is, each localized pair of electrons in H12 
is treated in a manner equivalent to using the 
lo~ and lo~ configurations to describe H2. 

Given the lb- 7b and la- ?a orbitals from the 
MCSCF calculations, CI calculations were then 
carried out including all configurations differing 
by one or two orbitals (i.e., single and double 
excitations9) from the Hartree-Fock configuration. 
At R(H-H) = 1.888 bohrs, this 1275 configuration 
wave function yields a total energy of -7.61657 
hartrees, implying a correlation energy of 0.16409 
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Fig. 2. Graphical representation of the localized 
orbitals of H14 • (XBL 741-2172) 

hartrees or 0.32 eV/atom. Comparison with analo
gous calculations for H2 suggests the minimum 
basis set is deficient by 0.41 eV/atom of correla
tion energy. In this way we predict the correla
tion energy of one-dimensional metallic hydrogen 
to be 0.73 eV/atom and thus the cohesive energy to 
be 1.73 eV/atom. For compartson the binding 
energy of the hydrogen molecule is 2. 38 eV per H 
atom. Consideration of possible errors in the 
above extrapolation procedure leads to an estimate 
of 0.2 eV for the reliability of our prediction. 
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THE WEAK ATTRACTION BETWEEN WATER AND METHANE* 

S. R. Ungemach and H. F. Schaefer Ill 

The prisent research concerns the simplest 
hydrophobic interaction, the interaction between· 
a single water molecule and a single methane mole
cule. One's first inclination might be to assume 
that biological systems are so much more complex 
than the H20-CH 4 model that such a model is not 
relevant to an understanding of the hydrophobic 
effect. However, in his review, Tanfordl concludes 

·that the hydrocarbon tail of an amphiphile should 
have thermodynamic properties similar to those of 
a hydrocarbon molecule in water solution. Since 
it is clear that the water-methane interaction 
potential plays a crucial role in determining the 
latter thermodynamic properties, the relation 
between the present study and the hydrophobic 
effect is indirectly established. For physical 
chemists, of course, the H20-CH4 interaction is 
of inherent interest, and would probably be esti
mated to be intermediate between a van der Waals 
attraction (e.g., Ne-Ne, ~ 0.09 kcal/mole 2

) and a 
true hydrogen bond (e.g., H20-H20, ~ 5 kcal/mole 3

). 

A series of ao initio self-consistent-field 
calculations have been performed to discern some 
features of the H20-CH 4 potential energy surface. 
The equilibrium configuration corresponds to a 

linear 0-H-C arrangement, with r(C-0) = 3.85 A, 
and a binding energy of 0.5 kcal/mole. Potential 
curves are presented for a number of other 
approaches. Using a double zeta basis set, 
several calculations were also carried out for 
CH 4 -(H 20) 2 • With one water fixed at its equilib
rium separation with respect to methane, the 
approach of a second H20 in an analogous manner 
yields a repulsive interaction energy. This 
result is qualitatively explained by a pairwise 
additive model of the three molecule potential 
surface. Finally, a qualitative discussion is 
given in terms of Mulliken atomic populations. 
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TRIPLET ELECTRONIC GROUND STATE OF TRIMETHYLENEMETHANE* 

D. R. Yarkony and H. F. Schaefer Ill 

A nonempirical quantum mechanical study of 
the electronic structure of C(CH2 ) has been 
carried out. A double s basis set of contracted 
Gaussian functions was employed, and self-consis
tent-field wave functions were obtained for the 
triplet ground state. The planar (D3h) configura-

tion is predicted to lie 17 kcal/mole below the 
orthogonal (C2v) form. The electronic structure 
is discussed in terms of Mulliken populations 
(see Table 1) and orbital perspective plots. Some 
preliminary results for the lowest singlet states 
are reported. 

TABLE 1. Orbital energies and Mulliken populations for the 
triplet ground state of planar trimethylenemethane a 

Orbital Central c Terminal C 
hartrees s p s p Hydrogen s 

la 1 ' -11.2690 2.00 0.00 0.00 0.00 0.00 
le' -11.2447 0.00 0.00 4.00 0.00 0.00 

2a 1 ' -11.2446 0.00 0.00 2.00 0.00 0.00 

3a' -1.0956 0.84 0.00 0.96 0.13 0.08 
2e' -0.9082 0.00 0.09 3.00 0.09 0. 72 

4a 1 ' -0.7189 0.29 0.00 0.35 0.71 0.65 

3e' -0.6327 0.00 0.41 0.05 2.35 1.19 

la 2 ' -0.5437 0.00 0.00 0.00 1.03 0.97 

4e' -0.5236 0.00 0.77 -0.01 1.99 1.25 

la 2" -0.4383 0.00 0.99 0.00 1.01 0.00 

le" -0.3211 0.00 0.00 0.00 2.00 0.00 

Totals 3.12 2.26 3.45 3.13 0.81 

Atom Totals 5.38 6.58 0.81 

~e totals take into a~count the equiva.lence of the 
terminal carbon atoms and of the hy~rogens. 

Footnote 
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THREE ISOMERS OF THE ND; ION* 

P. K. Pearson,t H. F. Schaefer Ill, J. H. Richardson.+ 
L. M. Stephenson,§ and J. I. Brauman § 

Charge transfer experimentsl have resulted in 
a va.,lue of (2. 38 ± 0. 06) eV as the best estimate of 
the electron affinity of N02 • Photodeta.~hment 

·experiments using conventional light sources deter
mined a vertical detachment energy of S 2.8 ev.2 
The large difference between the electron affinity 
and vertical det13-chment energy is readily explained 
'by the significant geometry change and hence poor 
Franck-Condon factors between NO; and N02 • The 

transition NO;(O,O,O) + N02 (0,0,0) has a Franck
Condon factor of 0.00~.3 

Photodetachment experiments with both a con
ventional light source-ion cyclotron resonance 
apparatus and a tunable dye laser have detected 
an anoma+ous NO; which photodetaches at energies 
below the electron affinity of N02 .2,3 The appa
rent photodetachment threshold for this unusual 
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ion is 1.8 eV. It is unlikely that this long 
wavelength photodetachment is the result of either 
1) vibrationally excited ~ 1 A1 No;, or 2) an 
excited electronic state of No;; considerations 
of effective temperature, energy separation, 
method of formation, and long trapping times in 
the ICR discount possibilities 1) and 2). 

A third and more likely possibility would be 
an isomer of NO;. This possibility is consistent 
with an anomalous NO;, formed by the reaction of 
NO with a cluster ion of o-, co;+ NO= NO;+ C02 , 

which has been reported4 and is expected to be 
several electron volts less stable than the 
symmetric, normal No;. It is quite conceivable 
that the anomalous NO; could be a peroxy isomer. 
A peroxy form of N03, formed by a similar reaction 
of NO with a cluster ion of o;, has also been 
suggested.4 A peroxy form of NO; would also be 
isoelectronic with the recently reported NOF.s It 
has been suggested3 that the anomalous N02 is the 
result of a weak electrostatic interaction between 
NO and o·; hence the close resemblance of the long 
wavelength photodetachment cross section and thres
hold to that of o-.6 

There is at least one other plausible isomer 
of N02. We draw this conclusion from the simple 
observation that NO~ is isoelectronic with ozone, 
a molecule which has been the subject of several 
~ in~rio theoretical elect:onic stru~ture stud
:tes. 7- -- 0 The work of Peyerirnhoff and, Buenker 7 was 
the first to suggest that the equilateral triangle 
form of 0 3 lies quite close energetically to the . 
accepted geometry, 12 8 = 116.8°, · r(0-0) = 1. 278 A. 
More recently, Hay, Dtuming, ?Jld Goddardll have 
reported extensive configuration interaction cal
culations which predict this "ring state" to lie 
1.57 eV above the accepted ground state. We note 
that the ring state does represent a well-defined, 
minimum in the potential energy surface and is the 
lowest electronic state of ozone at 8 = 60°, 
r(0-0) "' 1. 45 A. 

We have carried out ab initio self-consistent
field calculations to investigate the relative 
energies of the various NO~ isomers. Atom-opti
mized primitive Gaussian ba~is sets13 of size 
(9s Sp) were centered on the N and Q nU<;).ei, 
Altl1ough we usually contract this size basis to 
(4s Zp), in the present study a wore flexible 
(Ss 3p) contraction was chosen, 1 to allow for 
some of the distortion ~1erent in molecular nega
tive ions. The electron configuration for the 
expected (bond angle ~ 116° in analogy with ozone) 
ground state isS · · 

The peroxy form o;f NO~ has on!y a plane of symmetry 
(point group Cs), with resulting electron configu~
ration 

la' 2 2a' 2 3a' 2 4a' 2 5a' 2 6a' < 7a' 2 8a'? la"?fht' 210a' 22a" 2 

(2) 

The ring state is again of C2v symmetry, with 
configuration · -

... ~~ 
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The present study, then, centered about a series 
of nonempirical self-consistent-field computations, 
with electron configurations (1), (2), and (3) 
representing the three expected isomers. A helpful 
qualitative discussion of the analogous states of 
ozone has been given by Goddard and co-workers.lS 

One important qualitative conclusion may be 
drawn prior to the calculations. This concerns 
the possible interconversion of the "normal" and 
peroxy forms of NO;. The most likely pathway for 
this conversion would be (schematically) 

In fact, such a path is highly improbable, since 
the ring state has three occupied n (or a") orbitals 
(lb1, 2b 1, and la2) while the normal and peroxy 
forms have only two occupied n orbitals. Thus, 
orbital symmetry suggests that there should be a· 
substantial barrier preventing access to the ring 
state from either direction. 

The structure of each isomer has been predict
ed by minimizing the total energy with respect to 
the various geometrical parameters. The results 
are summarized in Table 1. Note first that the 
expected ground state geometry is indeed remark
ably close to that of ozone, the difference in bond 
angles being less t~ 1°, The difference in bond 
distances is less than 0.02 A, another indication 
of the validity of isoelectronic. argtlffients.l6 
Finally, this geometry agrees quite well with the 
experimental structure of the NQ; ion in crystal
line sodium nitrite,l7 The peroky form has a 
similar bond angle, 118° and NO bond distance, 
1,25 A. However, the 0-0 bond distance is much 
longer than in ozone. In fact, the 0-0 distanrg 
is slightly greater than in hydrogen per_ oxide, 
1.475 A. Thus the lapeling of this second isomer 

TABLE 1. Geometries, energies, and Mulliken popu
lations for three isomers of No;. Bond distances 
are in A. 0 1 is the central atom in the peroxy 
isomer. 

Property Normal 

r(N-0) 1.264 

r(0-0) 

e 117.0° 

E(hartr~@s) -204.0336 

E(eV) 0.00 

Atomic 
Popu:\,gtions 

---
N 6.83 

01 8. 58. 

02 8.58 

Isqmer 
P~rgxy 

1.245 

1.493 

118.5° 

-203.9161 

3.20 

7.21 
8.22 
8.57 

R:i_ng 

1.5()2 

58.5!'? 

-203,8736 

4.35 

7,24 
8.38 

8.38 



as·the peroxy form is quite appropriate. The 
peroxy form lies 3.20 eV above the normal isomer. 
The ring isomer is indeed very nearly an equilat
eral triangle, the ONO bond angle being 58°. The 
NO bond distance is 1.50 ~. or 0.05 ~ longer than 
~he predicted bond distancell for the comparable 
lSomer of 0. However, the ring isomer is seen"to 
lie much higher (4.4 eV) for the NO- system than 
for 0 (1.6 eV). Thus our isoelectronic analogy 
is. not very accurate in this particular regard. 

Since it has been suggested3 that the anoma
~ous No;_is the result of a we~k electrostatic 
1nteract1on between NO and o-, we report in the 
Table Mulliken populations for the three isomers. 
There it is seen that the terminal oxygen is indeed 
the most negatively "charged", in a simple picture. 
However, the other two atoms account for nearly 
half of the ion's -1 charge. 

. In conclusion, the peroxy form of No; corre
sponds to a well-defined minimum in the potential 
energy surface. Consequently, its postulation by 
experimentalists is given substantive theoretical 
support. Moreover, the fact that the peroxy and 
normal forms of NO; do not appearZ-4 to inter
convert can be understood in terms of the relative
ly high energy of the ring state, the superficially 
logical intermediate for such an interconversion. 
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ELECTRONIC STRUCTURE ON NITRENES: LiN, THE SIMPLEST 
IONIC SPECIES* 

C. E. Dykstra, P. K. Pearson,t and H. F. Schaefer Ill 

From qualitative molecular orbital arguments, 
it is predicted that the 3L- - 3II separation in the 
ionic LiN molecule should be significantly less 
than the 3.69 eV found spectroscopically for the 
analogous covalent molecule NH. To test this pre
diction, an ab initio theoretical study of the 
electronic structure of LiN has been carried out. 
A Slater basis set was employed, of size Li(4s 2p), 
N(4s 3p ld). Both self-consistent-field and con
figuration interaction (CI) methods were used. 
For both 3L- (335 configurations) and 3II (546 con
figurations) states, the CI included all inter
acting single and double excitations with respect 
to the two-configuration wave functions required 
to insure dissociation to Hartree-Fock atomic wave 
functions. Consistent with the ionic model, the 
two states are predicted to be very close in 
energy, the 3L- state being the lower by 0.34 eV. 
Potential energy curves are seen in Fig. 1. An 
important aspect of the study is the prediction of 
electronic transition probabilities. It is shown 
that the use of natural orbitals greatly facili- 1 

tates the calculation of transition moments, and 
the "length" form is seen to be less sensitive to 
details of the correlated wave function than is 
the "velocity" form. The 3L- - 3II oscillator 
strength, consistent wit~ the ionic model, 
increases rapidly as a ~ction of bond distance. 

I 

2 2p u + 4 s· N 
I 

I 
I 

I 
I 

I 

-> cu -
>-
0 

Li + 4 5 ... N cu 
c 0 ,, 

1.&.1 , 

-I 

1.5 CD 
0 

Internuclear seporotion,R (A) 

Fig. 1· (XBL 747-3751) 

Footnotes 

*Published in J. Amer. Chern. Soc. 97, 0000 (1975). 

tPresent address: Centre Europeen de Calcul Atom
ique et Moleculaire, Batiment 506, Faculte des 
Sciences, 91-0rsay, France. 

X3 A 2 , atE, AND bt At ELECTRONIC STATES OF METHYL NITRENE* 

D. R. Yarkony, H. F. Schaefer Ill, and S. Rothenberg 

An' a priori theoretical study of the elec
tronic structure of methyl nitrene has been carried 
out. Using a double zeta basis set, the geometries 
of the lowest 3A2 , 

1E, and 1A1 states have been 
predicted at the self-consistent-field level of 
theory. The three states, all of which arise from 
the same electron configuration la~2a~3a~4a~le~5a~ 
2e 2

, are predicted to have very similar geometries. 
For the ground 3A2 state, we predict r(CH) = 1.09 $.., 
R(CN) = 1.47 $.., G(NCH) = 110°. At the predicted 3A2 

equilibrium geometry, several molecular properties 
were calculated using a larger basis set including 
d functions on C and N and p functions on hydrogen. 
These results are sunnnarized in Table 1. The pre
dicted dipole moments are substantial: 2.11 debye 
CSA2 ), 2.23 debye ctE), and 2.36 debye ctA1). 

The 1E and 1A1 states are ~redicted to lie 14,200 
and 27,700 cm- 1 above the A2 ground state. Com
parisons are made with the properties of the 
simplest nitrene, NH. 



TABLE 1. Molecular properties of methyl nitrene, 
obtained with a double zeta plus polarization basis 
set. The z coordinate lies along the C3 axis of 
the molecule, and one of the H atoms has been 
placed at y = 0. Atomic units are used throughout. 

Moments (with respect to the 
center of mass) of the electronic 

charge distribution 'A, 'E 'A, 
(z) 2.13 2.08 2.03 
(x') = (y') -14.75 -14.82 -14.90 
(z') -48.18 -48.16 -48.13' 
(x') = -(xy') -4.47 -4.44 -4.41 
(z') 11.21 10.86 10.50 
(x'z) = (y'z) II. 79 11.53 11.27 

Multipole moments 
p.,(+CN-) 0.831 0.876 0.93 
Ou = (JJIJI 0.86 0.81 0.76 
0, -1.71 -1.62 -1.51 

!l:t·z:a:' = - nZiflo' 2. 32 2.38 2.46 
flu: -2.23 -1.81 -1.37 
1lu:- flulf: 1.11 0.91 0.69 

Potential at nucleus 
~H) -1.095 -1.091 -1.085 
~C) -14.70 -14.69 -14.69 
~N) -18.36 -18.34 -18.32 

Electric field at nucleus 
E,(H) 0.010 0.011 0.012 
E,(H) -0.002 -0.002 -0.003 
E,(C) -0.008 -0.007 -0.005 
E,(N) 0.072 0.071 0.070 

Diamagnetic susceptibility tensor 
X:n: 4 = X1111

4 -62.92 -62.98 -63.03 
X:z

4 -29.49 -29.65 -29.80 
Xn,-d -51.78 -51.87 -51.96 
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TABLE 1. (Continued) 

* 

Moments (with respect to the 
center of mass) of the electronic 

charge distribution 'A, 'E 'A, 

Diamagnetic shielding tensor 
u,.d(H) -3.19 -3.19 -3.19 
Uvvd(H) -0.94 -0.93 -0.93 
u,,d(H) -2.25 -2.24 -2.24 
u,,d(H) 1.27 1.27 1.27 
u,.,.d(H) -2.12 -2.12 -2.12 
u,,d(C) = u.,d(C) -5.65 -5.65 -5.65 
u,,d(C) -7.37 -7.37 -7.36 
u",.d(C) -6.22 -6.22 -6.22 
u,,d(N) = uv/(N) -6.36 -6.35 -6.34 
u,,d(N) · -8.56 -8.56 -8.56 
u,,d(N) -7.09 -7.08 -7.08 

Electric field gradient tensor 
q,,(H) -0.259 -0.259 -C .260 
qvvCH) 0.163 0.164 0.163 
q,(H) 0.095 0.096 0.096 
q,(H) 0.149 0.149 0.150 
q,(C) = q .. (C) 0.086 0.090 0.091 
q,(C) -0.172 -0.179 -0.181 
q,(N) = q,.(N) -0.!95 -0.272 -0.340 
q,(N) 0.389 0. 543 0.681 

"The z coordinate lies along the C, axis of the molecule. and one 
of the H atoms has been placed at y = 0. Atomic units" are used 
throughout. · 

Footnote 

Published in J. Arner. Chern. Soc. 96, S974 (1974). 

EXCITED ELECTRONIC STATE OF HNC, HYDROGEN ISOCYANIDE* 

G. M. Schwenzer and H. F. Schaefer Ill 

Walsh's rules suggest that the excited states 
of HNC should have bond angles similar to the 
analogous states of HCN. To test this hypothesis, 
ab initio calculations have been carried out and 
compared to earlier calculations on HCN. Our 
results are summarized in Table 1. The most sur
prising result is the prediction that several of 

the excited electronic states of HNC lie below the 
corresponding states of HCN. Also unanticipated 
are the unusually long CN bond lengths found for 
several of the lower excited states of HNC. The 
excited singlet states have bond angles qualita
tively similar, although somewhat smaller, than 
those of HCN. For the triplet states, Walsh's 

TABLE 1. Summary of theoretical predictions for the singlet states of HNC. Excitation 
energies and bond angles given in parentheses are those predicted by analogous calcula
tions on HCN. Bond distances are in ~. 

Symmetry 

1 lA' ei:+) 

1 lA" 

2 lA' 

2 lA" 

3 lA' 

T (eV) e 

0.00 (0.00) 

4.9S (6.48) 
S.Sl (6.78) 

6.22 (7.S2) 

7.34 (7.8S) 

8.17 (8.97) 
s.so (9.S4) 

re (HN) 

0.987 

1.022 

l.OlS 

0.996 

1.021 

0.979 

l.lSO 

re(NC) 

1.204 

1.461 

1.417 

1.418 

1.266 

1.220 

1.198 

e (HNC) e 

180° (180°) 
112.8°(127.2°) 

119,7° (124, 9°) 

1S6.8°(164.4°) 

142. 0°(141. 2°) 

180° (180°) 

180° (180°) 

Most important Coeffi
configurations cients 

Sa' 2 6a' 2 la" 2 0. 968 
Sa' 2 6a' 2 la"7a' 0.939 

Sa' 2 6a' 7a'la" 2 0.819 

Sa' 2 6a' 2 la"2a" 0. 444 

Sa' 2 6a' la" 2 2a" 0.910 

Sa' 6a 12 la" 2 7a 1 0.771 

Sa' 2 6a' ?a' la" 2 

Sa' 2 6a' 2 la" 2a" 

Sa' 2 6a' la" 2 2a" 

Sa' 2 6a' Sa' la" 2 

0.36S 

0.3S8 

0.944 

0.813 



0 0 0 .~q ::1 0 ~ 

0 

concept appears less successful, primarily due to 
strong mixing between several different electronic 
configurations. Mulliken populations are used in 
the discussion of these results. 

{) 
I 5 5 
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Footnote 

*Published in J. Chern. Phys. 63, 0000 (1975) .. 

CORRELATION DIAGRAM FOR He+ He---> Be* 

D. R. Yarkony and H. F. Schaefer Ill 

An electronic correlation diagram has been 
calculated a priori for the model system He+ He + 
Be. The suitability of different types of basis 
sets and of the Hartree-Fock approximation is 
discussed. The relation of this diagram to exper
imental inner shell collision chemistry is dis
cussed briefly. The figure shows the adiabatic 
total energies and orbital energies. Note especi
ally the avoided crossing at R = 0. 56 bohrs. This 
crossing corresponds, in a sin~le configuration 
picture, to a jump from lo~ lou to lo~ 2o~. 

Footnote 

* Published in J. Chern. Phys. 61, 4921 (1975). 
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THE HYPERVALENT MOLECULES SULFURANT (SH4) 
AND PERSULFURANE (SH6 )* 

G. M. Schwenzer and H. F. Schaefer Ill 

The electronic structures of SHz, SH4 , and 
SH6 have been investigated by ab initio theoretical 
methods. The geometry of each species has been 
predicted using self-consistent-field wave func
tions employing a S(l2s 9p/7s Sp), H(Ss/3s) basis 
set of contracted Gaussian functions. These 
results are swmnarized in Table 1. Using these 
geometries, the effects of hydrogen scale factor, 
d functions on sulfur, and p functions on hydro
gen have been explored. It is concluded that SH4 
lies energetically above SHz +Hz, and that SH6 
lies at least 36 kcal/mole above SHz + 2Hz. Thus 
SH4 and SH6 at best represent local minima on 
their respective potential energy surfaces. The 
structure predicted for SH4 is quite reminiscent 
of the known geometry of SF4 seen in Fig. 1. The 
bonding in these two model systems is discussed 
making use of population analyses. A number of 
molecular properties are predicted. 

Fig. 1. 

F' 

F' 

Table 1. Predicted geometries of SH2 , SH4, SH6~ The experimental H2S 
geometryb is given in parentheses. 

SH, SH4 SH4 SH, 

r(S-H) 1.357 (1.328) 1.489 1.70 1.461 
r(S-H') 1.489 1.35 1.461 
8(HSH), deg 96.2 (92.2) 90 105.6 90 
8(H'SH'), deg 180 191.8 180 
Hydrogen scale factor 1.19 1.19C 1.00 1.02 
Energy, hartrees -398.6469 -399.5308 -399.5753 -400.5351 

a Bond distances (A) and bond angles are specified in a manner analogous to Figure I. 
b Geometry recalculated by L. E. Sutton and D. H. Whiff en, Chern. Soc., Spec. Pub/., No. 18 (1965 ), using monents or inertia !rom 

H. C. Allen and E. K. Plyer, J. Chern. Phys., 25, 1132 (1956). 
c Not optimized. 

Footnote 

(XBL 748-4143) 

*Published in J. Amer. Chern. Soc. 97, 1393 (1975). 
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MOLECULAR PROPERTIES OF EXCITED ELECTRONIC STATES: 
THE a3 A;' AND A' A" STATES OF FORMALDEHYDE* 

B. J. Garrison, H. F. Schaefer Ill, and W. A. Lestert 

One of the most important recent trends in 
chemical physics has been the development of new'· 
experimental and theoretical methods for studying 
the excited electronic states of molecules.l Since 
excited state properties are often strikingly dif
ferent from their ground state counterparts, the 
results of experiments on excited states· sometimes 
force us to reevaluate our thoughts concerning the 
nature of molecular structure and properties. 

As one of the earliest studied examples, 
consider the lowest two excited states of formal
dehyde. For reference, we,note the planar c2v 
structure2 of the ground state, 

0 
II 
c w',.. ""-H 

with r(CO) = 1. 208 ft.., r(CH) = 1.116 ft.., 8(HCH) 
116° 31'. The electron configuration for the 1A1 
ground state may be written3 

(1) 

In both excited states, the geometries are quite' 
different;3-5 in fact both are nonplanar, with the 
methylene group tilted out of the plane defined by 
the ground state molecular structure. For the 
lowest triplet state, this out of plane angle is 
~ 34°, while it is~ 31° for the first excited 
singlet state.3 Although these two states would 
be labeled 3 A2 and 1 A2 if they retained the ground 
state's c2v equilibrium geometry, these labels are 
not appropriate since only a plane of symmetry is 
required. Hence the states are properly designated a 3 A" and A 1 A" and both arise from the electron 
configuration. 

(2) 

Note that the half-filled 2a" and 7a' orbitals 
correlate with the Czv orbitals 2b 2 and 2b 1 , the 
latter being unoccup1ed in the ground state. , 
Finally, it should be mentioned that the CO dis
tance in the two excited states is more than 0.1J... 
!onger tban for the ground state: a 1.312 J..., 
A 1.323 A. 

The above illustrates some of the interesting 
relationships that have been established between 
ground and excited state molecular geometries. For 
other properties, however, less is known about 
excited states. For example, there are only a 
small number of polyatomic molecules for which 

excited state electric dipole moments have been 
measured. Again, one of the systems fQr which 
experiments have been possible is the A1A" state 
of H2CO. There Freeman and Klemperer6a have 
obtained llz = 1. 56± 0. 07 debyes from the Stark 
effect of the near-ultraviolet absorption spectrum' 
For comparison, the 1 A1 ground state dipole moment 
is 2. 323 ± 0. 015 de bye, or 0. 76 ± 0. 09 de bye larger 
than the excited state value. In addition Bucking
ham, Ramsay, and Tyrre116b have measured llz for 
the a state and obtained 1.29±0.03 debye. 

The purpose of the present research was to 
report near Hartree-Fock values of several molecu
lar properties of the a and A. states of formal
dehyde. In addition to the dipole moment, known 
experimentally for both states, we report a number 
of properties (e.g. molecular quadrupole moments 
and electric field gradients) which are of interest 
but very difficult to measure for excited elec
tronic states. To evaluate the reliability of 
the predicted properties, the ground state H2CO 
properties have also been calculated using a 
variety of basis sets. 

Footnotes and References 

*Published in J. Chern. Phys. 61, 3039 (1974). 

tPresent address: IBM Research Laboratory, 
Monterey and Cottle RoadS, San Jose, CA 95193. 

1. See, for example, Vol. 1, Excited States, 
edited by E. C. Lim (Academic Press, New York, 
1974). 

2. T. Oka, J. Phys. Soc. Japan 15, 2274 (1960); 
K. Tagaki and T. Oka, J. Phys. Soc. Japan 18, 
1174 (1963). 

3. G. Herzberg, Electronic Spectra of Polyatomic 
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SUPERTRANSFERRED HYPERFINE INTERACTION: 
PERTURBED ANGULAR CORRELATION OF 111mcd IN ANTI FERROMAGNETIC 

NiO, CoO, AND MnO 

H. H. Rinneberg and D. A. Shirley 

The time differential perturbed angular corre
lation (PAC) of lllmcd substituted as a dilute 
impurity into antiferromagnetic NiO, CoO, and MnO 
has been observed. (Fig. 1). Above their Neel 
temperatures the divalent oxides NiO (TN~ 520°K), 
CoO (TN~ 293°K) and MnO (T ~ 118°K) have the 
rock salt structure. Cd2+ i~ assumed to enter sub
stitutionally for a transition metal ion. It is 
surrounded by a regular octahedron of o2- anions. 
Because of symmetry, in the antiferromagnetic 
state the 12 nearest magnetic ions do not contri
bute to the observed isotropic supertransferred 
hyperfine interaction. This can be seen very easily 
by considering one of the o2- anions next to the 
dopant (Cd2+J. It is octahedrally surrounded by 6 
cations, where transition metal ions on opposite 
corners, have anti parallel spins. Thus only the 
effect of the magnetic ion which is linked to the 
Cd2+ by a 180°Me2+ - o2- - Cd2+ bond does not van
ish by symmetry. There are six such next-nearest 
magnetic ions--all belonging to the same sublat
tice--which octahedrally surround the dopant. Thus 
for the supertransferred hyperfine interaction the 
divalent oxides NiO, CoO, MnO constitute the same 
local.environment around the dopant (Cd2+) as the 
perovskites KNiF3, KCoF3, and RbMnF3• Whereas the 
12 nearest cations do not contribute to the un
paired spin density in Cd2+ s-orbitals, they give 
rise to a dipolar field at the Cd nucleus. In 
Table 1 the experimental· internal fields Hint 
(4.2°K) and the hyperfine fields Hhf(4.2°K) cor
rected for the dipolar contribution are given for 
the divalent oxides NiO, CoO, and MnO. For com
parison the perovskites KNiF3, KCoF3, and RbMnF3 
are included. It is seen, that the hyperfine fields 
observed in the oxides are about twice as large as 
in the corresponding fluorides. Qualitatively, if 
we assume the transfer of spin density through the 
intervening anion to be the dominant mechanism, 
then from the larger unpaired spin density at the 
Cd impurity in the oxides we expect a larger un
paired spin density at the o2- ion provided the 
transfer of spin density from the anion into the 
Cd s-shells is not too different for the Cd-0 and 
Cd-F bonds. This is consistent with recent results 
obtained by Freund, who measured the 17o ENDOR in 
Mg(Ni2+)17o. He obtained for the amount of un
paired spin density f 0 (Ni-0) = 8.5%~ whereas 
fa(Ni-F) = 3.9% is known from the l~F NMR in KNiF3. 
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-0.21.----____L __ ..J._ _ __t __ ----'---__ .J..___--j. 
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-0.2 L__ _ ____j_ __ ....._ _ ___J __ --'--__ _L___ _ _j 
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Channel number 

Fig. 1. Time differential PAC spectra of lllmcd 
doped into antiferromagnetic NiO, MnO, and CoO. 

(XBL 742-2362) 

Table 1. Experimental values for the internal fieldsHint (4 K)and hyperfine 
fields Hhf, corrected for a dipolar contribution, at Cd in various antifer-
romagnetic fluorides! and oxides. · 

NiO CoO MnO · KNiF 3 KCoF3 RbMnF3 

Hint(kOe) 191.1±2.5 170.8±3.0 194.7±2.5 105.7±1.5 74.1±1.5 113.8±1. 5 

Hhf (kOe) 196.0±3.5 176.9±4.0 202.4±3.0 105.7±1.5 74.1±1.5 113.8±1. 5 
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A closer analysis of the hyperfine fields has 
been performed following the configyration inter
action calculation of Taylor et al.l Because of 
uncertainties in the wavefunctions used to calcu
late overlap integrals and since the impurity
ligand distance is not known, these calculations 

predict the observed fields with an uncertainty 
of better than a factor of two. From the ratio of 
the hyperfine fields H~O)/H(NiO) a new estimate 
for the spin density parameter f0~-0) = 8.1% has 
been obtained, which is considerably larger than 
the value inferred from neutron diffraction. 

PERTURBED ANGULAR CORRELATION OF 111Bd IN ANTI FERROMAGNETIC 
MnF2, FeF 2, CoF2, AND NiF2t 

H. H. Rinneberg and D. A. Shirley 

.,£ 

The time differential perturbed angular cor-
relation (PAC) of lllffiCd doped into antiferromag
netic MnF2, FeF2, CoF2 and NiF2 nas been observed. 
The perturbation is caused by a combined electric 
quadrupole and magnetic dipole interaction. 

The divalent fluorides MnF2 C!N = 67.4°K), 
FeF2 (TN= 78.1°K), CoF2 (TN= 37.7-K) and NiF2 
(TN= 73.2°K) have the rutile structure (Dl4). 
Cd~+ enters substitutionally for a transitf~ 
metal ion. Because of the point symmetry at the 
metal site (D2h) the orientation of the field 
gradient tensor, produced by the crystalline sur
roundings at the Cd nucleus, is fixed with the 
principal axes pointing along [110], [llO], and 
[001]. In the antiferromagnetic state there are 
two interpenetrating sublattices. For MnF2, FeF2 
and CoF2 the spins point along the c-axis. Hence 
the hyperfine field at the Cd nucleus is parallel 
to [ 0011, that is, one of the axes of the field 
gradient tensor. 

The spin structure of NiF2 is more compli
cated. The spins are perpendicUlar to the c-axis, 
with the spin axis along [100] or [010]. The 
hyperfine field is therefore perpendicular to one 
of the field gradient axes. The time differential 
perturbed angular correlation spectra of lllcd 
doped into MnF2, FeF2, CoF2, and NiF2 are shown in 
Figs. 1 and 2 for temperatures below and above , 
their N~el points. The spectrum obtained for MnF2 
in the paramagnetic state (7~K) shows almost ex
actly the periodic variation expected for axially 
symmetric quadrupole interaction. Therefore approx
imate values for vo and n (n ~ 0) are easily ob
tained, which can be improved by a least-squares 
fit. For paramagnetic FeF2 (T = 90 K, Hint = O) 
the observed PAC spectrum is no longer penodic.• 
Since VQ essentially determines the time scale, 
the spec1fic form of G72 (t) depends only on the 
asymmetry parameter 0 <" n <1, which is easily 
found by trial and error. However in the antifer
romagnetic state, where more parameters have to be 
determined, this method becomes increasingly dif
ficult and tedious. Clearly, the Fourier coeffi
cients F(w) of the perturbation factor G22Ct) are 
needed to estimate these parameters. Since we are 
only interested in frequencies, the power spectral 
density P(w) = I F(w)l 2 can be used instead. 

In order to improve the signal/noise ratio, 
the power spectral density is calculated, after 
the experimental values of the perturbation factor 
have been weighed according to their statistical 
accuracy. Since the statistical error increases 
significantly for times t > tmax• for which the 
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Fig. 1. Time differential PAC spectra of lllmCd 
doped into paramagnetic and antiferromagnetic 
MnF2, FeF2, and CoF2. (XBL 744-2785) 
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Fig. 2. Time differential PAC spectra of 11lmtd in 
paramagnetic and weakly ferromagnetic NiF2. 
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number of true coincidences is smaller or equal to 
the number of random events, the perturbation 
factor Gz2(t) thus obtained is essentially zero 
for t ~ ~· Since the multiplication by a 
weighing factor corresponds to a convolution in 
the frequency domain using G~2 (t) an averaged 
power spectral density W(w) 1s obtained. The in
crease in signal/noise ratio corresponds to a de
crease in frequency resolution. The power spectral 
density W(w) can be obtained directly from the 
Fourier coefficients of G22 (t). Equivalently it 
can be calculated as the FOurier transform of the 
autocorrelation function C(T) of Gz2 (t) if the 
maximum time lag T for which CL'l') is calcu-
lated is equal to t~time interval, in which 
G~2(t) is essentially different from zero 
C Tma.x = tmax) · 

In this way we obtain from the experimental 
time differential PAC spectra (Figs. 1 and 2) the 
experimental average power spectral density func
tions wexp shown in Figs.- 3 and 4 for MnF2, FeF2, 
CoF2, and NiF2 (dotted lines). Since the natural 
line width associated with the y-y cascade of 
lllmcd, ~v = (TIT )-1, is about 2.5 MHz, the in
dividual Fourier ~omponents overlap heavily. 
Assuming certain values for v0 , n, and flint, the 
perturbation factor G22(t) is ealculated. Using 
these theoretical estimates instead of the mea
sured values for Gz2(t), a theoretical estimate of 
the average power spectral density wcalc and 
wexpin the frequency or by a fit of GCalc and 
G~¥' in the time domain. Good agreemeftt was ob
tamed between the results of a minimization in 
frequency space and time space. The solid curves 
in Figs. 3,4 and 1,2 represent the calculated av-

·erage power spectral density wcalc and perturba
tion factor G~~lc respectively. 

The internal fields (Table 1) found in 
·~mF 2/Cd, Fe~2/Cd, CoF2/Cd, and NiF2/Cd at 4•K 
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Fig. 3. Average power spectral density of the time 
differential PAC spectra (dotted line) for 
MnF2/Cd, FeFzCd, and CoF2/Cd. The solid curves 
represent a least squares fit. (XBL 744-2786) 

are rather s1ffiilar. For comparison we include in 
Table 1 the hyperfine fields at the Cd nucleus 
doped into the antiferromagnetic perovskites 
RbMnF , KFeF , KCoF~, and KNiF3• The hype:fine . 
field~ at th~ impur1ty are caused by unpa1red sp1n 
densities transferred from the magnetic neighbors 
into the Cd s-shells. In the perovskites, e.g., 
KNiF~, the six nearest magnetic neighbors be
long1ng to the same sublattice contribute to the 
hyperfine field. For the difluorides, two nearest 
magnetic ions of one sublattice and eight next 
nearest magnetic neighbors belonging to the other 
sublattice have to be considered. Because of sym
metry arguments, the influence of the latter is ex
pected to be dominating. The smaller field~ found 
in the difluorides compared to the perovsk1tes are 
due to the transfer of spin density along angular 
exchange paths M2+- F- - Cd2+, resulting in 
smaller overlaps of the orbitals involved. 
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Fig. 4. Average power spectra density of the time differential PAC spectrum of 
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(XBL 745-2997) 

Table 1. Quadrupole coupling parameters and hyperfine fields 
in various antiferromagnetic fluorides at 4°K. 

MnF2 16.7±0.2 0.05±0.02 34.4±0.8 Hintl IYFG 

FeF2 

CoF2 

NiF2 

RbMnF3 
KFeF

3 
KCoF3 
KNiF3 

21.6±0.3 

17.7±0.3 

16.5±0.5 

0.49±0.02 

0.0 ±0.02 

0.1 ±0.08 

40.2±0.8 

16.4±0.8 

24.4±0.8 

113. 8±1.5 

- 100 
74.1±1.5 

105. 7±1.5 

Hintii~FG 
Hint 1 zFG 

Hintl lin xFG'zFG plane 

,;· 
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A NUCLEAR ORIENTATION MEASUREMENT OF PARITY ADMIXTURE 
IN THE 501-keV GAMMA TRANSITION IN180Htm 

T. S. Chou, K. S. Krane, and D. A. Shirley 

The current-current theory of weak interac
tions of Feynman and Gell-Mannl,2 suggests that the 
strangeness-conserving, non-leptonic weak interac
tion will contribute to the internucleon potential 

., and will result in small parity impurities in nu
clear states. The ratio F of the strength of the 
parity non-conserving force to that of the parity
conserving force was estimated by Blin-Stoyle3 to 
be of the order of l0-7; thus these parity admix
tures are expected to be quite small. However, in 
the event that nuclear observables resulting from 
the parity-conserving component are strongly 
hindered, effects of the parity impurity may com
pete more successfully. The case of 180Hf provides 
a particularly striking example of this relative 
enhancement. We have undertaken a measurement of 
the asymmetry in the angular distribution of the 
50l-keV gamma ray following the decay of polarized 
18VffiHf. Earlier measurements of parity noncon
serving effects in this transition had been re
ported in three previous studies of the circular 
polarization of radiation from an unpolarized 
sample,4-6 as well as in one previous study of the 
angular distribution asymmetry from a polarized 
sample.? Nevertheless, we felt that the size of 
the effect in this transition and its significance 
for comparisons with theoretical calculations war
ranted an independent remeasurement under some
what varied co~ditions. 

The parity-nonconserving weak interaction 
introduces a small parity admixture into the nu
clear levels, such that the nuclear wave function 
may be written as 

~(TI) + J ~(TI 1 ) ' (1) 

where TI ~ n'. Parity mixing gives rise to irregu
lar electromagnetic transitions rr i - r1 f' and 
rri-rrf, in addition to the regular transition 
TTi"-rrf. The interference term is proportional to 
the ratio of the amplitudes of the irregular and 
regular transitions 

irregular 
regular 

= f R. 

The 180Hf level scheme is illustrated in Fig. 
1.8 The 8- isomeric level is characterized as 
K.= 8.The 501-keV transition to the 6+ level of the 
K = 0 ground-state rotational band is of mixed 
E3IM2 mul tipolari ty, with (E3 ) I ( M2) =+ 5. 3±0. 3. 7 
The parity nonconserving interact1on 1s expected 
tc admix a small 8+ component into the 1.142 
MeV 8- level. The close spacing between the 8-

MeV 
1.1422 
1.0847 

0.6411 

0.3086 
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E2 

E2 

180 ..m Fig. 1. Decay scheme of Hr . 
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4+0 

2+0 
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(XBL 741-2204) 

level and the 8+ level at 1.084 MeV tends to mag
nify the admixture; in addition, the regular 
(parity conserving) E3 and M2 components of the 
501-keV radiation field are strongly hindered, re
sulting in a relative enhancement of any possible 
irregular component. 

The angular distribution of gamma radiation 
from an oriented nucleus is described by 

For odd k, 

A = - 2
-£- [ Fk(LLifi1.) + 

k 1 + 02 

(3) 

where the Fk are the F-coefficients. Here £ is the 
ratio of th·. ~ irre~lar to)regular matrix elements, 
in this, case ( E2) I ( M2 , and o is the 
\E3) 1\ M2)mixing ratio. The asymmetry a~ is de
fined as · 



1&1= 

0 0 

2 W(l80°) - WC00) 

W(180 ) + W(O ) 

'~-" (J t,;'i lt"j 3 0 

(5) 

In the present experiment the asymmetry ~of the 
501 keV gamma ray has been determined and the ir
regular-to-regular mixing ratio £ has been de
duced. 

6 27~ 

The low temperatures necessary to polarize the 
nuclei were produced by the demagnetization of , 
chromium potassium sulfate (chrome alum) salt pre-· 
pared in a glycerin slurry. Thermal contact to the 
salt slurry was achieved by means of 16 sheets of 
0.13 rnrn (5 mil) copper foil. A schematic view of 
the apparatus is shown in Fig. 2. The sample temp
erature was monitored using a 60co(Fe) thermometer; 
the anisotropy of the an~lar distribution of the 
gamma rays following the 60co decay was used to de
duce the temperature. The data were written onto 
magnetic tape in the form of 1024-channel gamma
ray spectra. -Each spectrum corresponds to the re
sults of counting with a single detector at a 
given position of the applied field for a period of 
approximately 10 minutes. Also written onto the 
magnetic tape were markers defining the positions 
of the 444-keV and 501-keV peaks along with the 
positions of appropriate regions of background. 

The results of this experiment represent data 
from 4 different samples, each of which was counted 
during two half-lives. Representative temperatures 

5 9 

-+t-t-+t-!1-- -Anchor to LN 
LHe transfer tube 

-t--t-t-++-it- -Anchor to LHe 

Radiation baffle 

Graphite rod ----/H1~J:ifi=:::::JUJL_ Lower guard pill 

Indium 0 ring Magnet lead 
seal · 

Heat- shield --------ir 

Sample position-----+..~ 
Tai I sect jnn-----'\..1 

~.----Polarizing magnet 

Fig. 2. The low-temperature cryostat and dewar sys
tem. (XBL 741-2063) 

at which three of the four samples were run were 
16 rnK, 17 rnK, and 22 rnK; a fourth sample was ob
served at temperatures in the range 16-28 rnK. The 
results are summarized in Table 1. 

Table 1. Parity nonconserving asymmetry of the 180Hf 501-keV gamma-ray. 
a 

Sample Temperature Detector Source -to-Detector Detector Asymmetry a I • I 
~ No. Distance( em! Orientation 

16-Z8mK A zz Z70 • 0.0464 (59) 

B zo 0' 0.03 78 (68) 

c 10 90' 0.0464 (64) 

D tt 180' O.OZ5Z (63) 

z 16 mK A 30 180' 0.0!60 (40) O.OZ93 (75) 

E tt Z70' 0.0100 (Z8) 0.0184 (5Z) 

c tZ 90' 0.0138 (Z7) O.OZ5Z (50) 

D 13 o• O.Ot6Z (44) O.OZ96 (81) 

3 zz mK A Z7 Z70' 0.011 I (30) 0. OZ44 (6 7) 

E tO 180' 0.0068 (Z5) 0.0151 (55) 

c 1Z o· 0.0131 (Z3) 0.0290 (52) 

D 13 90' 0.01 I I (33) 0.0244 (73) 

I 7 mk A 17 Z70' 0.0127 (47) 0.0281 (89) 

E 9 90' 0.01 Z9 (49) 0.0283 (92) 

~e statistical uncertainties of the last two digits are indicated in 
parenthesis. 



The weighted average value of £ based on the 
data of Table 1 is £ = - 0.029±0.002. Computing the 
normalized chi-squared value of the 14 individual 
measurements of £, we obtain x2 = 2.3. This value 
is somewhat large, and perhaps suggests a syste
matic source of error in the data. We allow for the 
possibility of some as yet unknown source of sys
tematic error by increasing the individual statis
tical uncertainties by a factor of 1.5 The final 
result of the present experiment is compared with 
those of previous studies in Table 2. In doing the 

Table 2. Comparison of results on parity nonconser
vation in the 501-keV transition of 180Hf. 

Methoda £ = ~E2L 1~ M22 Reference 

p -0.041±0.007 Jenschke and Bock, ref.4 
y 

p -0.033±0.009 Lipson, Vanderleeden, and y Boehm, ref. 5 

p -0.029±0.006 Kuphal, ref. 6 y 

y(e) -0.038±0.004 Krane, Olsen, Sites, and 
Steyert, ref. 7 

y(e) -0.031±0.003 Krane, Olsen, and 
Steyert,b 

y(e) -0.029±0.003 present work 

~Y = circular polarization of gamma radiation 
from a randomly source; y(e) = angular distribu
tion asymmetry from a polarized source. 
b K. S. Krane, C; E. Olsen, and W. A. Steyert, 
Phys. Rev. C5, 1663 (1972). 
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comparison, all results have been evaluated using 
o = + 5.3. The weighted average of the six re
sults to date is£=- 0.032±0.002 (x2 = 1.0). 

The CqSe of 180Hf thus represents the only 
nucleus .for which consistent evidence of parity 
nonconservation has been obtained from different 
methods and from independent investigations. Pos
sible evidence has been found in other cases, but 
there is in general a lack of agreement among the 
various results. The present results are entirely 
consistent with the other published results for 
180Hf and support the evidence for parity noncon
serving effects in this nucleus. 
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NUCLEAR ORIENTATION STUDIES OF 241Am AND 255Fm 

A. J. Soinski and D. A. Shirley 

Nuclear orientation results for 253Es sub
stituted into a single crystal of neodymium ethyl
sulfate (NES) were reported earlier.! The expected 
similarity between the electronic ground states of 
the analogous lanthanide and actinide trivalent 
ions, as exemplified by similar hyperfine inter
action parameters, was confirmed for the pair 
Ho3+ - Es3+. Nuclei of trivalent Eu ions have also 
been aligned in NES by means of the electric hy
perfine ineraction between the nuclear quadrupole 
moment and the electric field gradient arising 
~rom both the open £-electron shell and the lattice 
charges.3 Judd et al.2 proposed that distortion 
of the closed electronic shells by the lattice 
charges increased or antishielded the crystal field 
~radient at the nucleus. This unexpected result 
suggested that americium should also be studied. 

Sternheimer3 and later Gupta and Sen4 predicted 
that the lattice antishielding factor, Yoo , is 
larger for Am3+ than for Eu3+; therefore appreci-· 
able alignment of Affi3+ would be expected. In this 
paper we report nuclear orientation experiments on 
241Am. The data are interpreted in terms of both 
the crystal field parameters and the relative am
plitudes and phases of the alpha waves in the 
favored decay to 237Np. As in 253Es, the relative 
s-d phase in 241Am favored decay is positive. We 
also report results for 255Fm in NES. We find that 
the s and d waves are also in phase in this case. 
Because of the short half-life (20.1 h) and the 
limited mass available, the statistical accuracy 
was not high enough to permit the extraction of the 
sign of the relative s-g wave phase. The similar 
electronic ground state of the pair Er3+ - Fm3+ 
confirmed. 
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The experimental 241Am alpha particle angular 
distribution measured at oo and 90° with respect 
to the NES c-axis as a function of the inverse 
temperature is shown in Fig. 1. Details of the ex
perimental technique have been given in Ref. 1. 
The linear temperature dependence of W(8) at 
higher temperatures is characteristic of electric 
quadrupole alignment. The angular distribution 
function has the form 

W(S) = 1 + A2(ti'I£Ii)Q2B2(Ii,T) (3cos2e - 1)/2. 

(1) 

and B2 (I. , T) oc 1/T at high temperatures for qua
drupoie alignment. 

j 

In order to determine accurately the value of 
the quadrupole coupling constant, P, it is neces
sary that the temperature be low enough such the 
P ""kT, where k is Boltzmann's constant. Then 
curvature develops in the W(e) vs. 1/T curve. Since 
sufficiently low temperatures were not possible · 
using NES as a host, our value for P of -0.0033(6) 
cm-1 (P/k = - 0.0048(8)K) lacks precision. The 
negative sign implies that the nuclear magnetic 
substates Iz = ± 5/2 lie lowest in energy. Detailed 
analysis of this result indicates that Yoo"" - 100 
and that the shielding constant cr2(Am3+) = 0.7, 
in agreement both with theoretical estimates and 
with the Eu3+ value of 0.72.5 

The a phase shifts are the sum of the intrins
ic phases on the nuclear surface plus the phase 
shifts that occur upon transmission through the 
combined Coulomb and quadrupole barriers. The in
trinsic phases are taken from the microscopic shell 
model theory;6 namely, the s, d, and g waves are 
all in phase but the i wave is out of phase. The 

q; 
; 1.1 

9 
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u 

Coulomb barrier phase shift difference for alpha 
decay is 

cr cr - tan-1 n n+l + tan-1 n n+Z i+2 - i - "' "' 

where u is the argument of the Coulomb functions. 
For 241Am the d wave lags the s wave by approxi
mately ~ and the g wave lags the s wave by approx-
imately 23, 5° • The quadrupole phase shifts for ,. 
241Am would be additive to the Coulomb phase shifts 
except for the i wave. 

In order to compare theory with experieiiU1t we 
write 

Higher-order Legendre polynomials are excluded for 
the decay of a spin 5/2 state, The factor R is an 
anisotropy reduction factor accounting for the fact 
that not all 241Am nuclei are at rare-earth sites 
in the NBS lattice. The solid curve in Fig. 1 was 
obtained using P = - 0.0033 cm-1, RAz = 0.54 and 
RA.4 = 0.05. 

Three different estimates are available forthe 
partial wave amplitudes.6-8 The resulting A and 
~ coefficients are tabulated in Table 1. The fact 
that W(O) > 1 means that the s and d waves are in 
phase for 241Am, in confirmation of the shell model 
calculations, Our experimental results do not 

Table 1. Coefficients Az and A4. fo~ the 241Am in 
NES angular distribution funct1on 
W(e) = 1 + RfAzQ2B2Pz(cose) + A4Q4B4P4(cos8)]. 

BFM theory, a s and g 
waves in phase 

BFM theory, s and g 
waves out of phase 

BFM theory, Chasman ~d 
Rasmussen correction, 
s and g waves in phase 

BFM theory, Chasman and 
Rasmussen correction, 
s and g waves out of 
phase 

o. 7747 0.0756 

0.7477 0.0483 

0. 8668 0.1032 

0.8390 0.0770 

- ----- -Mang theory, c_s and g 0.7838 0.0847 

20 40 60 80 100 
1/T (K"1) 

Fig. 1. 241Am in·neodymium ethylsulfate (NES) alpha 
particle angular distribution at 0° and 90° with 
respect to the crystalline c-axis as a function of 
the inverse temperature. (XBL 745-3063) 

waves predicted to be 
in phase 

Mang theory but with 
s and g waves out of 
phase 

~ef. 7. 
b Ref, 8. 
eRe£. 6. 

0.7398 0.0397 

' 



establish the relative s-g wave phase (predicted to 
be positive), primarily because of the weakness of 
the g wave. Therefore Table 1 includes the A2 and 
A4 values for both relative g wave phases. 

We now briefly discuss the 255Fm NO results. 
Paramagnetic resonance studies9 of Er3+, the lan
thanide analogue of Fm3+, diluted in lanthanum 
ethylsulfate, yielded the hf interaction param
eters IAI = 0.0052(1) cm-1, IBI = 0.0314(1) cm-1 
and IPI = 0.0030(3) cm-1. For IBI > IAI the nu
clear magnetic substates are admixed except when 
lkl = I + 1/2 where k = I 2 + Sz where Sz = ± 1/2. 
The levels labeled by + k and - k are degenerate 
except when k = 0. The ground state for a half 
integral nuclear spin is a singlet 
( ll/2, -1/2> - I - 1/2, 1/2 >)/1"7, and a doublet 
lies closely above. The alignment may be regarded 
as being in a plane perpendicular to thecrystalline 
c-axis, and the degree of alignment is relatively 
small. 

The experimental a-particle angular distribu
tion from 255Fm nuclei aligned in NES is shown in 
Fig. 2. The statistical. accuracy of the results is. 
limited by the low degree of alignment, th~ mass of 
255Fm available ( ~ 200 disintegrations/m), and 
the short half-life. The shape of the anisotropy 
curve yields a value for IBI of 0.035(7) cm-1 or 
IBI /k = 0.05(1) K. We could not determine the 
value of IBI I IAI , but as for Er3+, the temp
erature dependence of W(O) establishes that the 
magnitude of B is greater than that of either A or 
P. 

For non-axial alignment the counting rate 
along the c-axis decreases for a positive s-d 
phase. From Fig. 2 it is seen that this is the 

20 40 60 80 
1/T (K-1) 

100 

Fig. 2. 255Fm in NES alpha particle angular distri
bution at 0° with respect to the crystalline c
axis as a function of the inverse temperature. 

(XBL 745-3064) 

280 

case. The solid curve in Fig. 2 was obtained using 
our value for IBI with IAI = 0 and the relative 
amplitudes and phases given by Poggenburg6 for the 
favored decay to the 7/2+[613] rotational b~d in 
25lcf. On the basis of NO experiments on 25 Es,l 
the negative relative phase should be correct. 

In summary, the orientation of trivalent ac
tinide elements in the neodymium ethylsulfate lat
tice is straighforward. The four elements Am, Cf, 
Es and Fm have been oriented in this way. It is 
difficult, however, to study a-particle angular 
distributions with ~SScision. The results reported 
here for 241Am and Fm are sufficiently quantita-
tive to establish that the s and d waves in the 
favored transitions are in phase, but they do not 
permit the determination of the relative s-g wave 
phase. The orientation data yielded definitive in
formation about the electronic ground states of 
both Am3+ and Fm3+. In Affi3+(5£6) as in Eu3+(4£6), 
quadrupole coupling dominated the nuclear orienta
tion, and the antishielded crystal field term Ag 
was the main contributor to the electric field 
gradient. The data strongly support a large nega
tive Sternheimer antishielding factor, Yoo ~- 102, 
and they also indicate a shielding constant 
cr7 ·~ 0.7, in good agriement with an earlier value 
for Eu3+. In Fm3+(5fl ), as in Er3+(4fll), the 
electronic ~round-state in the ethylsulfate lattice 
has IBI > JAI . 
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PARAMAGNETIC SHIFTS AND SPIN-FLOP IN SUPERTRANSFERRED 
HYPERFINE STRUCTURE OF 111mcd IN RbMnF3 

H. H. Rinneberg, G. P. Schwartz, and D. A. Shirley 

We have measured the time differential PAC 
of lllrncd doped into paramagnetic, polycrystalline 
RbMnF3, KFeF3, KCoF3, and KNiF3 in order to obtain 
the sign of the supertransferred hyperfine field 
at the Cd nucleus. Shown in Fig. 1 are the spectra 
for RbMnF3 that were observed at 300 K and 87 K 
(close to the N~el point TN= 83 K), with an exter
nal field Hext = 31.3 kOe applied perpendicular to 
the detector axis. In Fig. 1 the perturbation fac
tor [1] , A22G22Ct) = ~12(Q.25 + 0.75 cos(4rrv1t) 
is shown for~lllffiCd in RBNmr3 and for a diamagnetic 
standard (CdCl2 solution) in the same external 
field. The higher frequency of lllrncd in RbMnF3 
corresponds to a higher effective field 
Heff = Hext+ Hex + ~H. This paramagnetic shift 
arises from a supertransferred contact field at the 
Cd nucleus created by polarization of the Mn2+ 
electron spin S = 5/2. Since the electronic spin 
fluctuations are fast compared to the characteris
tic time of the PAC e~eriment, only the effect of 
the time average ( Sz) is seen. Therefore, 
~H = Hhf( 4° K) (Sz) /S , where Hhf( 4° k) = 116 
kOe is taken as the low-temperature limit of the 
hyperfine field at the Cd nucleus in the antifer
romagnetic state and (Sz) = 2. 5 has been used as 
the local value of (Sz)for T = 4° K. The spin ex
pectat10n value ( Sz) = ( -xnf!ext) I (g(3N ) in the , 
paramagnetic state can be estimated u~ing the molar 
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Fig. 1. PAC of lllrncd in paramagnetic RbMnF 3, 
compared to a diamagnetic standard (CdClz solution) 
in the same external field Hext = 31.3 kOe. 

(XBL 748-3990) 

susceptibility Xm = C/(T+e). In this way we esti
mate for lllmCd in RbMnF3, at 87°K, 6Hest = + 2.0 
kOe compared to ~bs = + 3.0±0.5 kOe. The lmver 
susceptibility at room temperature corresponds to 
a smaller paramagnetic shift (Fig. 1). The fol
lowing relative shifts ~H/Hext were observed; 
RbMnF3: +9.6±1.6% (8~K), +5.1±1.6% (300°K); 
KFeF~: +5.4±2.2% (120°K); KCoF3: + 4.5±1.6% 
(120 K) and KNiF3: + 1.3±1.6% (265°K). Because of 
lower susceptibilities, smaller paramagnetic shifts 
were observed in KFeF3, KCoF3 and KNiF3 compared to 
RbMnF3/Cd. For KniF3 the large values of e and TN 
led to a paramagnetic shift that lay within our 
experimental error. The experiments reported here 
are analogous to paramagnetic shift measurements 
that have been made on F nuclei in these lattices 
using NMR. 

RbMnF3 has an exceptionally low critical field 
He = 2.45 kOe for the spin-flop transition. Above 
this value the spin axis lies perpendicular to the 
external field. In polycrystalline RbMnF3/Cd ( 4° K) 
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Fig. 2. Spin-flop transition in RbMnF3 detected~ 
PAC of lllffiCd. (XBL 748-3991) 



the hyperfine fields at the Cd are randomly ori
ented for Hext = 0, whereas they are confined in a 
plane perpendicular to the external field for 
Hext > H • Since PAC is sensitive to the orienta
tion of the hyperfine fields relative to the detec
tor axis, this method lends itself to the observa
tion of the spin-flop transition, as shown (Fig. 2). 
The time spectra were taken with the detectors at 
180° parallel to Hext· In this case the perturba
tion factor can be written as A22G22(t) = A22(1-

.b1-b2 + b1cos(2rrv1t) + b2cos(4rrvLt)). The Fourier 
coefficients b1,b2 are equal for the random dis
tribution b1 = b2 = 0.4 CHext = 0) and b1 = 0, 
b2 = 0. 75 if the-hyperfine fields are in a plane 
perpendicular to Hext· The spin-flop transition was 
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observed as a change in the ratio bf/bz"OCtlie 
Fourier coefficients (Fig. 2). Since a polycrystal
line s~le was used, the transition is fairly 
smeared out; for a precise detennination of He a 
single crystal should be used. 

Footnotes and References 

* Condensed version of a paper submitted to Journal 
of Physics Letters A. 

1. H. Frauenfelder and R. M. Steffen, In Alpha-, 
Beta-, and Gamma-Ray saectrosc~, ed. by K. 
Siegbahn (North-Hol1an; 1965), ol. 2. 

PERTURBED ANGULAR CORRELATION OF 111mcd IN 
ANTIFERROMAGNETIC MnS UNDER EXTERNAL PRESSURE* 

H. H. Rinneberg, G. P. Schwartz, and D. A. Shirley 

We have recently extended our program of PAC 
studies in insulating antiferromagnets by building 
a clamping type pressure cell with partially 
scooped out windows for easy gamma-ray exit. The 
spin density transferred by covalency and overlap 
effects from the metal ions into the cadmium im
purity is sensitive to the bond distance and hence 
to the external pressure. One can qualitatively 
estimate the fractional shift in the observed hy
perfine field using ~/H 4•2oK = ~ Ym ~p Ky = 4. 2' 
where y is the magnetic Gruneisen parameter, p 
the pres~re, and KT the isothermal compressibilit~ 
Because the isothermal compressibility at 4.2°K is 
not available for MnS, our estimate for the rela
tive field enhancement using the room temperature 
value will represent an upper limit. At a pres
sure of 20 kbar this estimate gives an 8% effect, 
while the measured shift shown in Fig. 1 at 4.2°K 
is 3.8%. The spectrum for polycrystalline MnS at 
zero pressure and 4.2°K is shown for comparison, 
and the shift to a higher frequency is readily ap-
parent. · 

We would like to thank Duane Newhart for valu
able assistance in both the design and construction 
of the pressure cell. We would also like to ac
knowledge Drs. S, D. Bader, G. Kaindl, and R. 
Schock for many helpful discussions concerning 
pressure effects. 
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PERTURBED ANGULAR CORRELATION OF 111mcd IN 
ANTIFERROMAGNETIC INSULATORS* 

H. H. Rinneberg, G. P, Schwartz, and D. A. Shirley 

The time differential perturbed angular cor
relation of lllmcd doped into various antiferro
magnetic insulators has been observed. From the 
experimentally determined perturbation factors the 
internal magnetic fields and electric field gradi
ents at the cadmium nucleus are deduced (Table 1). 
Most of the observed magnetic fields, ranging 
from approximately zero kOe in KCUF3 to_245 kOe ~ 
MnS can be understood at least qual1tat1vely. A 
low field is to be expected for KCuF3 because of 
the spin structure and the ground state wavefunc
tion of Cu2+ in this lattice. The effective local 
environment of the .cadmium impurity is the same for 
RbMnF3, MnO, and MnS. From a comparison of the de
duced hyperfine fields 114 kOe (RbMnF ) , 202 kOe 
(MnO), and 250 kOe (MnS), the covalen~ of the in7 
tervening anion is seen to affect the transfer of 
unpaired spin density from the magnetic ions into 
the s shells of the cadmium impurity. Similarly in 
the isomorphic compounds Rb2MnF4 (Hint=69.6 kOe) 
and Rb2MnCl4 (H. t=98.4 kOe) the more covalent 
chloride shows tHe larger field. Contrary to 

Table 1. Htyerfine fields and quadrupole interact
tions of 1 IDcd in various antiferromagnets. , 

KCuF3 20,38 4 

KNiF3 253 104.8±1.5 

KCoF3 114 74.1±1.5 

RbCoF3 - 101 67.8±1.5 

TlCoF3 94 67.9±1.5 

KFeF3 112.5 100.1±1.5 

KMnF3 - 95 102.6±1.5 
RbMnF3 83 113.8±1.5 

T1MnF3 76 118.7±1.5 

K2NiF4 97 54.9±1.5 

Rb2NiF4 - 95 51.3±2.5 
K2CoF4 107 51.5±2.5 

Rb2CoF4 101 48.9±2.5 

K2MnF4 - 45 71.6±2.5 

RbzMnF4 38.5 67.9±2.5 
FeC1 2 23.5 4.8±2.0 

coc12 25 - o ±2.0 

RbtMnC14 57 97.4±2.5 
NiO - 520 191±2.5 

CoO 

MnO 

K-MnS 

- 293 

- 118 
156 

171±2.5 

195±2.5 

245. 2±1. 5 

104.8 

74.1 

67.8 

67.9 

113.8 

118.7 

55.8 
52.1 

52.7 

50.0 

73.3 
69.6 

98.4 

196 

177 

202 

250 

19.0 

0 
0 

0 

0 

0 

0 

0 

0 

3.7 

7.4 
5.5 

8.2 

3.4 
4.7 

8.1 

0 

0 

0 

0 

n 

0. 72 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Rb2MnCl4, where the spin density is transferred 
along linear Mn2+-cl--Cd2+ exchange paths, in 
FeCl2 and CoClz the impurity is connected to the + 
nearest magnetlc neighbors by angular Mn2+-Cl--Cd2 
bonds with a bond angle close to 90° • Because of 
the reduced overlaps of the orbitals involved in 
the spin transfer, internal fields close to zero 
are observed in FeC12 and CoCl2. 

It is interesting to compare the hyperfine 
fields in the perovski tes and the corresponding 
quadratic layered fluorides, especially KNiF3 and 
K2NiF4 or RbMnF3 and Rb2MnF4. In KNiF3 and 
RbMnF3 the impurity is octahedrally surrounded by 
six nearest magnetic neighbors belonging to the 
same magnetic sublattice in the antiferromagnetic 
state. In the layered fluorides K2NiF4 and 
Rb2MnF 4 however, only the four nearest magnetic 
neighbors in the (001) plane contribute to the hy
perfine field. Therefore, without taking the zero 
point spin deviations of the two and three di
mensional antiferramagnets into account, the hyper
fine field in K2NiF4 should be approximately 2/3 
of the value fotmd m KNiF3, yielding 75. 8 kOe 
compared to the experimental value of 55.8 kOe. The 
theoretical value for the zero point spin deviation 
in a pure three dimensional antiferromagnet is 
(Sz) = S-~0 where Ao = 0.0788. A larger deviation 
1s expectea in two dimensional antiferromagnets, 
where a value of ~0 = 0.20 ± 0.03 has been ob
served for K2NiF4. Since the hyperfine field at the 
cadmium impurity is proportional to ~ S} /S, the 
larger spin deviation for the layered fiuoride 
K2NiF4 compared to the perovskite KNiF3 will re
sult 1n a lower hyperfine field for K2NiF4 cam
pared to the value of 75.8 kOe which considers the 
number of nearest magnetic neighbors only. As
suming for the magnetic ions next to the impurity 
the spin reductions known for the pure antiferro
magnets, a field of 60.6 kOe is expected in 
K2NiF4. In this way most of the experimentally ob
served reduction (75.8-55.8=20 kOe) can be ex
plained. Similar effects were found for RbMnF3 
and Rb2MnF 4• However, because of the larger spin 
S = 5/2 of manganese, the reductions are consider
ably smaller. 

The temperature dependence of the hyperfine 
field in RbMnF3 and the internal field in MnF2 is 
shown in Fig. 1. For comparison.we include the 
MFA Brillouin function for S = 5/2 and the tempera
ture dependence of th~ sublattice magnetization for 
MnF2. In MnF2 the internal field at the impurity 
has to be corrected for a dipolar contribution to 
obtain the supertransferred hyperfine field. The 
unpaired spin density in Cd s shells is caused by 
two nearest magnetic neighbors of one sublattice 
and eight next nearest magnetic neighbors belonging 
to the other sublattice, with the latter most 
likely dominating. Although the relative sign of 
the dipolar and hyperfine fields is not known, the 
dipolar field is at most a 20% correction and is 
expected to have the same temperature dependence 
as the hyperfine field. Therefore the ratio 
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HiJlt(T) /Hini(O)" reflects to a good approximation 
the temperature dependence of the supertransferred 
hyperfine field. Since for MhF2 IJnnnl >> IJnnl , 
the replacement of a Mn ion by the diamagnetic im
purity demagnetizes the second nearest neighbors 
and the internal field is expected to decrease 
faster with increasing temperature than the host 
magnetization. Although the error of the experi
mentally determined internal field is rather large 
due to the presence of a combined ineraction, the 
ratio Hint(T)/HintCO) is seen to lie systematically 
below the corresponding ratio for the host magneti
zation. 

Footnote 

* . Condensed version of a paper submitted to Journal 
of Chemical Physics 

INITIAL-STATE CONFIGURATION-INTERACTION SATELLITES 
IN THE PHOTOEMISSION SPECTRUM OF Cd* 

S. Suzer and D. A. Shirley 

The photoemission spectrum of atomic cadmium 
(4dl05s2;1S) should show three peaks below 20 eV, 
at binding energiesl of 8.99, 17.58, and 18.28 eV, 
arising repsectively from transitions to the 
(dl0s;Zs), (~9s2;2n5;. 2)and (d9s2;2n3; 2) final 
states in Cd . In addition to these three lines, 
we have also observed two weaker peaks at 14.44(3) 
and 14.79(3) eV in high-temperature ultraviolet 
photoemission studies on atomic Cd. These latter 
peaks are assigned to the (dl0p;2Plf2) and 
(dl0p;2P3j2) states, respectively. Their presence 
in the spectrum is attributed to photoemission of 
an np(n ~ 5) electron from (dl05pnp~ls) components 
that are mixed into the nominal (dlus2;ls) ground 
state by configuration interaction, forming the 
eigenstate 

'l'(lS) = a I dl0s2;ls) + E ldl05pnp;ls )+ .... 
n~5 

The experiments were carried out with 21.2 eV 
Hel radiation at 663 oK, using the high-temperature 
probe in a Perkin-Elmer P.S. 18 Ultraviolet Photo
electron Spectrometer. A'typical spectrum is shown 
in Fig. 1. Derived parameters; based on average 
values from three separate runs, are given in 
Table 1. 

Configuration-interaction satellite lines in 
photoemission spec~ra have been observed as "shake
up" peaks in gases ~d solids3 and as satellites 
in multiplet spectra. Such satellites are usually 

•interpreted as arising from final-state configura
tion interaction. They therefore have the same 
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Fig. 1. Photoemission spectrum of Cd vapor at 633~ 
using 21.2 eV Hel radiation. The whole spectrum 
took 2.5 h to scan. Lines marked "s" arise from the 
Hel 23.08 eV radiation (i.e., ls3p(lP )-.ls2). 

(XBL 742-2470) 

Table 1. States of Cd+ observed in photoemission 
. from Cd vapor. 

Apparent relative Binding Energy from 
Final state intensity• energy, ev• optical data • 

4d105s 2s (1) 8. 98(2) 8.991 
4dl05p 2pl/2 o. 03(1) 14.44(3) 14.463 
4dl05p 2p3/2 0.06(1) 14. 79(3) 14.771 
4d95s2 2D 2.5(2) 17. 57(2) 17.578 2 5/2 

Da12 1.3(2) 18.28(2) 18.276 

"This work. Values given are averages of three runs. Errors 
in last place are given parenthetically. The Xe lines at 12.130 
and 13.436 eV and the argon lines at 15.759 and 15.937 eV 
were used for calibration. 
~f. 1. 
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symmetry as the main final-state peak (this result 
is also discussed as an "EO" selection rule for 
shake-up "transitions"). The Cd+ satellites are 
strictly forbidden by this selection rule.s They 
arise instead from initial-state configuration 
interaction. 

Footnotes and References 
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Rosencwaig, G. K. Wertheim~and H. J. Guggenheim, 
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5. This statement is rigorously true only if the 
"final state" is that of the Cd+ ion alone. If 
the system (ion plus outgotng electron) is con
sidered, the cd+Zpl/2 and 2p3/2 states are ac
cessible if the photoelectron leaves in a continu
l.Dll s state ("conjugate skae-up"). Earlier work 
indicated that the cross section for thi£ process 
would be very small in He (R. L. Brown, Phys. Rev. 
~ 341 (1970) and Ne [F. Wuillenmier and M. 0. 
Krause, In "Electron Spectroscopy," edited by 
D. A. Shirley (North-Holland, 1972), p. 259]. 
Recently, however, J. Berkowitz et al. (private 
communication) have found that this process is 
more important in Hg. If its importance in Cd. is 
intermediate, conjugate shake-up would account for 
several percent of the intensity of the 2pl/2 and 
2p3/2 lines. 

X-RAY PHOTOEMISSION MOLECULAR ORBITALS OF HYDROGEN 
FLUORIDE AND THE FLUORINATED METHANES* 

M.S. Banna, B. E. Mills, D. W. Davis, and D. A. Shirley 

The development of molecular photoelectron 
spectroscopyl,2 has made it possible to establish 
the binding energies of individual molecular or
bitals ~'s). Detailed analyses of spectra can 
yield further information concerning the electronic 
structure of the molecule. For example, Gelius3 
has proposed that x-ray photoemission (XPS) cross 
sections of MO's should be given approximately by 
a Sl.Dll of atomic orbital (AO) cross sections, weighted 
according to the electronic contribution of each 
AO to the MO in question. This is reasonable since, 
for x-ray energies, the major contribution to the 
cross-section comes from electrons in the region 
near the nuclei where there is substantial overlap 
between the photoelectron and orbital wave functions. 
The work reported below was undertaken.to acquire 
some insight into the usefulness of the Gelius model. 
The fluorinated methanes were chosen as the mode~ sys-
tem because they have already been studied by UPS 
and are large enough to be challenging but small 
enough to be tractable, both spectroscopically 
and theoretically. 

Samples were obtaine~ from Matheson Gas Co. 
and studied in the gas Rhase with the Berkeley 
Iron-Free Spectrometer. They were irradiated 
with Mg Ka1 2 (1.2536 keV) orAl Ka1 2 (1.4866 
keV) x-rays'using sample pressures of 50 to 100 
microns. The binding energies were referenced by 
bleeding in neon simultaneously with the gas un-
der study. · 

Orbital Binding Energies 

The XPS molecular orbital spectra of HF and 
the five gases C H4-nFn (O.;;;n ,_;;;; 4) are shown in 

Fig~ 1. The measured binding energies, EBCM») are 
given in Table 1 and compared to the vertical 
binding energies measured by UPs.S,6 The agreement 
between the two sets of values is generally ex
cellent, in most cases within 0.1 or 0.2 eV. 

Comparison of experimental EB(MO) values with 
theory is less straightforward, because self-con
sistent field calculations of the molecular ground 
states yield only the orbital energies, E(MO), 
rather than actual binding energies, EB (MJ) , 
of the molecular orbitals. Table 1 lists the re
sults of ab initio calculations by S~yder and 
Basch,7 as well as orbital energies obtained from 
our CND0/2 program. For each MO, comparison of the 
figures in Table 1 establishes the order 

The CND0/2 approach is known to give unreliable 
energies, and little further discussion seems war
ranted. here. However, in comparing EB~) and 
-E.~) . . . the accuracy of the latter is high 
enough~?f-z.rti6~t of the difference can realistic
ally be attributed to physical effects. The 
binding energy and orbital energy are related by 

EB(MO) = - E~) - ER(MO) 

+ L\E(MO)corr + L\E(MO)rel· (1) 

Here E (MO) is the relaxation energy of the final 
state ~th a hole in the molecular orbital under • 
study, and L\E~)corr and L\E(MO)rel• which may 
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Fig. 1. X-ray photoelectron spectra of HF and the fluoromethane series 
CH4-n Fn(O ~ n ~ 4) taken at increments of- 0.33 eV. Vertical bars 
correspond to intensity ratios computed using POLYATOM net populations.? 
They are not corrected for the considerable variation in line width. In 
some cases, noted in Table 1, separations from UPS and/or intensity ratios 
from CND0/2 were used. For CH2F2 two groups of levels were fit as two 
peaks. (XBL 7 46-3464) 

have either sign, are 'the excess correlation and 
relativistic energies in the final state over 
those in the initial state. We shall neglect these 
last two terms for lack of a good approximate 
method of dealing with them, noting that they are 
usually relatively small(i.e., 1 eV or less) in the 
cases studied here. 

The ER term is often larger and always posi
tive. It arises because the wavefunctions of the 
passive electrons relax during photoemission from 
an N-electron system, lowering the energy of the 
hole state. This phenomenon is usually discussed 
in connection with Koopmans' Theorem,B which states 
the approximate equality EB (MO) ~ -e: (MJ) • Since 
ER tends to increase with EB, it has become cus
tomary to correct for ER empirically by reducing 
-e: by some fixed percentage. Thus, Brundle et al.7 
found that the approximate relation EB(theo) ~ 0.92 
c~e:) gave a rather good estimate of binding en
ergies in the fluorinated methanes. 

With the increased understanding of atomic 
and extra-atomic relaxation energies accompanying 
photoemission that has emerged recently, it ap
pears possible to improve our estimates of EB(MO) 
from e:(MJ). Relaxation energies can be somewhat 
arbitrarily separated into atomic and extra-atomic 
contributions, 

(2) 

We propose a three-parameter model for estimating 
the relaxation energies of all the MO's of the 
fluorinated methanes. We assume, for simplicity, 
that all "F 2s-like" orbitals have one mean value 
of ER, that all other orbitals have another, and 
that ERa is the same for all orbitals within a 
given molecule, but that it rises linearly with 
the number of fluorines (this crudly expresses the 
molecular size dependence). After the 
Ae: . = - t ... - Eo(XPS) values have been used 
toa~djust ~~r~~t~~s, ~he expressions for ER are 
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Table 1. Molecular Orbital Binding Energies in Fluorinated Methanes (in eV). 

Molecule Orbital 

HF 

EB(XPS)a 

14.2(2)c 

23.0S(2) 

13.31(4) 

14.0 

23.0 

13.0S 

16. 8S (7) 

17. S6(9) 

23.48(3) 

38.41(3) 

} - 17.0 

13.17d,e) 
14.91e (2) 
1S.20d,e 

1S.61d,e 

18.S1(4)e 

19.07(3)e 

19. 76(7) 

23.86(3) 

38. 20(7) 

40.13(7) 

14.67d,e) 
1S.29d,e (4) 
1S.99d,e 
17.03d,e 

20.2S(3) 

20.89(3) } 

23.4 

13.27 

1S.3 

lS. 71 

18.9 

23.9 

14.80 

lS.S 

16.2 

17.24 

20.6£ 

24.38(3) 24.44 

39.1S(4) 

42.03(9) 

16.23(3) 

17.41(4) 

18.43( 4) 

22.14(2) 

2S.11(2) 

40.30(4) 

43.81(10) 

16.12(4) 

19.89 (7) 

39.6S(2) 

16.20 

17.40 
18.SO 

22.12 

25.12 

16.04 

19.90 

14.74 
2S.68 

14.43 

18.00 

18.89 

26.13 

43.17 

14.89 

16.94 

17.23 

18.22 

20.38 

21.13 

21.S4 

26.77 

43.79 

4S.63 

16.S3 

18.33 

18.S4 
19.71 

22.87 

23.78 

27.49 

4S.34 

48.22 

19.40 

19.6S 
21.34 

24.89 

28.1S 

46.6S 

so. so 
17.SO 

20.SO 

43.61 

19.79 

34.S4 

17.S7 

21.28 

24.12 

32.06 

47.10 

17.11 
18.88 

19.82 

21.38 

23.96 

2S.23 

26.97 

31.1S 

4S.82 

SO.lS 

17.77 

21.S2 

19.94 

22.24 

26.3S 

27.86 

30.88 

47.20 

S2.78 

22.24 

20.20 
23.30 

28.18 

29.48 

48.22 

S4.63 

21.28 

23.14 

4S.SS 

~(theo) 

13.74 

24.68 

12.93 

16.SO 

17.39 

24.63 

38.17 
12.89 

14.94 

1S.23 

16.22 

18.38 

19.13 

19.S4 

24.77 

38.29 

40.13 

14.03 

15.83 

16.04 

17.21 

20.37 

21.28 

24.99 

39.34 

42.22 

16.40 

16.65 
18.34 

21.89 

25.15 

40.15 

44.00 

~inding energies using Mg Ka x-rays except with rnA where Al Ka x-rays were used. 

hvertical binding energies from Refs. 5 and 6, 

~eighted average of Jahn-Teller levels 

dSeparations from UPS used. 

eArea ratios from CND0/2 used. 

£This value is probably correct. The value given in Ref. 6 is 19.84 eV for the 
vertical IP and 20.6 eV for the adiabatic IP. 



~ = (4.5 + 0.5 n) eV (3) 

for F 2s-like orbitals, and 

ER = (1.0 + 0.5 n) eV (4) 

for all other orbitals, where n is the number of 
fluorines. With this approach we have estimated 
the "theoretical" values EB(theo) = - e:- ER given 
in Table 1. The agreement between EB(theo) esti
mated this way and EB(expt) is on the whole excel
lent, as Fig. 2 shows. For the 33 orbitals studied 
the standard and mean deviations between EB(theo) 
and EB(expt) are 0.48 eV and 0.27 eV, respective
ly. This figure also shows the marked separation 
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Fig. 2. Plot of binding energies calculated from 
a three-parameter model versus experimental 
values. (XBL 745-3290) 
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between EB values of the F 2s-like orbitals and 
those of the other molecular orbitals in these 
molecules. We conclude that relaxation corrections 
for the type described here are both conceptually 
and pragmatically superior to simply reducing the 
orbital energies by a constant factor. 

Intensities and Spectroscopic Assignments 

In order to apply the intensity model outlined 
above, a knowledge of the relative atomic cross 
section is needed. Thus, to interpret the fluoro
methane data the ratios 

o(C2s)/o(C2p) , o(F2s)/o(F2p) 

and 
o(F2s)/o(C2s) 

are required. Gelius obtained the first of these 
three quantities from the experimental XPS area 
ratios of methane (2al and lt2) and an ab initio 
calculation. Similarly, the last ratio was ob
tained from the 4al and 3t2 levels of CF4. The 
o(F2s)/o(F2p) ratio was interpolated due to the 
unavailability of a spectrum of either HF or F2. 
In our case, the o(C2s)/o(C2p) was similarly cal
culated from the 2a1 and lt2 of methane. However, 
we chose instead to use the 3al and 4al levels of 
CH3F for the o(F2s)/o(C2s). The o(F2s)/o(F2p) 
ratio was obtained from 2o and liTx, liTy orbitals 
of HF (Fig. 1). Gelius used gross populations in 
calculating his ratios. Since his model neglects 
the contributions to the cross section from elec
trons far from the nuclei, it seems more appro
priate to employ net populations instead. We have 
computed ratios using both types of populations. 
The results are shown in Table 2. 

The relative molecular orbital intensities 
calculated from POLYATOM and CND0/2 populations 
(using the cross section ratios from Table 2) are 
compared with experiment in Table 3 and are shown 
as vertical bars (using POLYATOM net populations) 
in Fig. 1. Their positions have been adjusted to 
match those of the experimental peaks. Some fitting 

Table 2. Calculated Relative Atomic Photoelectric Cross Sections. 

Ratio CND0 POLYATOM(Net2b POLYATOM (Gross)b Gelius 

o(C2s)/o(C2p) 23.3c 19.9 19.2c 13 
o(F2s)/o(F2p) 9.5d 10.3d 9.1d 10 
o(F2s)/cr(C2s) 8.0e 5.8e 4.1e 

aRe£. 3. 

bWavefunctions and overlaps obtained from Ref. 7. 

~sing relative areas of 2a1 and lt2 orbitals of methane. 

dusing relative areas of 2o and liT orbitals of hydrogen 
fluoride. 

~sing relative areas of 3a1 and 4a1 orbitals of methyl 
fluoride. 

2 

a 
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Table 3. Computed Molecular Orbital Intensity Ratios from 
CNDO and POLYATOM Calculations. 

Molecule Molecular Orbital I a Ib I 
CNOO NP exp 

HF liT 0.24 0.24 0. 24(2) 
3cr 0.14 0.20 0.19(3) 
2cr 1.00 1.00 1.00(2) 

CH4 1t2 0.12 ·0.12 0.12c(2) 

2a1 1.00 1.00 1.00(3) 
CH3F 2e 0.14 0.12 0.13(1) 

le 0.14 0.14 0.11(2) 
Sa1 0.12 0.11 0.08(2) 

4a1 0.24 0.23 0.23(1) 

3a1 1.00 1.00 1.00(3) 

CHzF2 2b2 O.OS8 0.064 o.osd,e} 
6a1 0.089 0.10 0.07d (1) 

4bl 0.11 0.12 0.09d,e 

la2 0.12 0.12 0.09.d,e 

3bl 0.14 0.16 o.osd} 
Sa1 0.14 0.10 0.08d (1) 

lb2 0.062 o.oss ·o.o4d 

4a1 0.24 0.32 0.28(1) 
2b1 1.00 1.00 1.00(6) 

3a1 0.84 0.8S 0.89(S) 

CHF3 6a1 0.038 0.049 0.03d,cl 
la2 0.062 0.064 o.osd,e (1) 

Se 0.12 0.12 0.09d,e 

4e 0.12 0.12 0.09d,e 

3e 0.18~. 0.19 0.09(1) 
Sa1 0.12 0.048 0.06(1) 

4a1 0.10 0.20 0.18(1) 

2e 1.00 1.00 1. 00 (3) 

3a1 0.43 0.40 0.42(2) 

CF4 ltl 0.13 0.14 0.12(1) 

4t2 0.12 0.13 0.11(1) 

le 0.083 0.080 0.08(1) 

3t2 0.20 0.23 0.17(1) 

4a1 0.11 0.16 0.16(1) 

2t2 1.00 1.00 1.00(3) 

3a1 0.28 0.26 0.29(2) 

~elative intensity using CNDO populations. 

bRelative and intensity using POLYATOM net population calcu-
lated from ref. 9. 

cAssuming one level, not Jahn-Teller split. 

dArea ratios taken from CNDO. 

eSeparations taken from UPS. 



of the spectra is shown in Fig. 1. Expanded spectra 
of the low binding-energy regions of the fluor
in~ted methanes are shown in Fig. 3 (with relative 
intensity calculated using CND0/2 populations). In
dividual spectroscopic assignments are discussed 
below. 

It is unfortunate that the Ka3 and Ka4 satel
lites of the exci!ing Mg radiation obscure the lt2 
peak in methane. The situation is not quite so bad 

(J) 

'E 
::> 
0 
0 

0 

30 

4bl CH2F2 

,i-lr6a1 

20 10 
Binding energy ( eV) 

Fig. 3. X-ray photoelectron spectra of the fluoro
methanes in the region up to approximately 30 eV 
binding energy taken at increments of- 0.16 eV. 
Vertical bars correspond to computed intensity 
ratios using CND0/2 populations. In some cases 
separations and intensity ratios were used as ex-
plained for Fig. 1. (XBL 746-346S) 
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with Al x-rays because the satellites are farther 
from the Ka1 2 line. Nonetheless, this has re
sulted in a iarge uncertainty in the 2a1/lt2 area 
ratio. In Fig. 1 the lt2 region of the Al Kal 2 
XPS spectrum is reproduced using a Jahn-Teller . 
splitting of 0.8 eV and a 2 to 1 intensity ratio of 
the Jahn-Teller components.9 These are the values 
seen in UPS studies. 6 

The ordering of Sa1 and le has been uncertain. 
Both CNDO and POLYATOM yield a lower binding en
ergy for Sa1. The calculated intensities all agree 
that le is somewhat more intense. The experimental 
peak is asymmetric on the high binding energy side, 
indicating the location of the smaller peak. This 
is seen most clearly in Fig. 3. Thus, the Gelius 
model seems to favor placing le at a lower binding 
energy than Sal. 

CHzF2 

The 2bl and 3al orbitals are reported here 
for the first time. The level ordering indicated 
by orbital energies is supported by the intensity 
ratios. The remaining peaks are shown in more de
tail in Fig. 3. In the case of the two lowest 
binding energy groups of peaks, our analysis of 
the peaks in Fig. 3 is based on the calculated 
CNDO intensities which give a good overall fit of 
the experimental data. The experimental ratio of 
the la2, 4bl, 6a1 peak-area to that of the 2b2 
peak is approximately 5:1. This is to be com--

6 pared to a ratio of 3:1 in the He II spectrum. 
The increase in the relative intensities over the 
statistical value can be understood in terms of 
our model as follows: the orbitals la2 and 4bl do
not have any hydrogen character by symmetry. The 
6a1 9as less contribution from hydrogen than does 
2b2. Thus, in all four orbitals most of the elec
tron density is on the fluorines, mainly in the 2p 
levels; and the (la2 + 4b1 + 6a1) peak has a 
larger percentage of electrons on the fluorines 
than does 2b2. 

In the next peak, at - 19 eV, there are 
three orbitals. The ordering of 3bl and Sal may be 
reversed without disagreeing with our spectrum. 
However, it seems quite likely that lb2 has a 
higher binding energy than both of them, as shown, 
because its low intensity is consistent with the 
asymmetry of this peak on the high-energy side. 

The ab initio and CNDO calculations, together 
with the Gelius model place 3al unambiguously as 
the most tightly bound MO. The model also seems to 
indicate that 3e is less tightly bound than Sal 
(Fig. 3). This is in agreement with Brundle et a1.6 
who relied on the Koopmans' theorem energies~we
also propose in Fig. 3 an ordering for the four 
outer orbitals which is predicted by POLYATOM.7 
This fit was obtained using the reported UPS vert~ 
cal ionization potentials and the area ratios cal
culated from CNDO. The ordering of Se1 and la2 is 
reversed by CNDO. On the basis of intensity ratios 
our spectra establish the ordering of these four 
levels as shown in Fig. 3. 
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Siegbahn10 has studied the CF4 spectrum with 
monochromatized x-rays. His results as well as 
ours show that the least-bound orbital is more 
intense than the next one. According to the cross
section ratios obtained from both POLYATOM and 
CND0/2 populations lt1 should be the least-bound 
orbital (see Table 3) as predicted by ab initio 
calculations. Thus comparison with our experi
mental intensities very slightly favors lt1 as the 
most weakly bound orbital. 
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THE RELATION OF CORE-LEVEL BINDING ENERGY SHIFTS 
TO PROTON AFFINITY AND LEWIS BASICITY* 

R. L Martin and D. A. Shirley 

The relationship between molecular structure 
and reactivity is one of the central problems of 
chemistry. It may be divided into two parts. 
Qualitative questions about reactivity tend to fo·· 
cus on whether a reaction path exists that can 
take reactant R to product P. Principles such as 
orbital symmetryl can be applied to answer these 
questions. If a path exists for a given type of 
reaction, we may then be interested in its 
quantitative aspects, e.g., the extent to which 
the reaction proceeds. An important component of 
this second part is the relationship between the 
structures of the reactant and the product and the 
equilibrium constant for the rapid reversible re
action 

R'<"P. (1) 

In this paper we shall investigate the way in 
which a relatively new experimental parameter, the 
shift in core-level binding energy, can be related 
to certain reactions of the above type, particu
larly those involving the gain of a hydrogen ion. 
In making the analogy between the core-level ioni
zation reaction 

A +A+ (core-level hole+ e-) (2) 

and the ionization process 

A+ H+ '<" AH+ (3) 

we shall find it useful to generalize further the 

Lewis concept2 of an acid as an electron acceptor 
and a base as an electron donor to include core 
orbitals. By applying principles that have emerged 
from the theory of core-level shifts, we shall 
attempt to show how insight can be gained into the 
relative importance for acid-base reactions of 
inductive (initial-state) effects and polarization 
(final-state) effects. 

Relative core-level binding energies of the 
oxygen ls orbital were measured for isopropyl and 
tert-butyl alcohols in the gas phase, using the 
Berkeley iron-free spectrometer. These were com
bined with previously reported values for meth
anol3a and ethanol.3b The experimental techniques 
have been described earlier.4 This series was 
chosen to determine the effect on the O(ls) binding 
energy of successive methyl substitution on the 
adjoining carbon. An internal standard of water 
was used to enhance the accuracy of the measured 
shifts. The alcohol O(ls) shifts are given in 
Table 1. 

In photoemission from the oxygen ls orbital 
of an alcohol 

(RR'R")COH +[ (RR'R")CO*H] + + e (4) 
M-1= EB(ls) 

., 
the O(ls) binding energy EB(O ls) is given by the 
difference between initial- and final-state energies 

* EB(O ls) = Ef(RO H) - Ei(ROH). (5~ . 



Table 1. 0(15) Binding Energy Shifts (eV) 

Alcohol Exptl.Shift 

HzD (0.0) 

rn30H -0.8a 

rn3rn2oH -1.16(6)b 

(a-!3)2a-IOH -1. 24(l)c 

(a-!3)3COH -1.62(l)c 

CF3a-IzOH -0.04(4)b 

~eference 2a. bReference 3b. cThis work. 

An approximate value of EB(O ls) is given by 
(minus) the O(ls) orbital energy, - e(O ls), which 
may be obtained directly from a Hartree-Fock calcu
lation on the ground state of ROH. In approximate 
discussions of core-level binding-energy shifts, 
it is common to approximate EB by - ~e.S Now e 
and EB are related by 

Ei - ei 
B 

Ei -~e 
i 

B 

Ei 
R 
~i 

R 

(6a) 

(6b) 

where E~ is the "relaxation energy" accompanying 
loss of an electron from core level i and ~ im
plies the comparison of a given core level (suchas 
O(ls)) between two molecules. The use of ~e for 
~EB is equivalent to considering only the differ
ences between ground-state properties, i.e., in-
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ductive effects. This approach is quite useful when 
inductive effects are dominant. Thus the higher car-
bon ls binding energy in CF4 than in CH4 is quite 
properly attributed to the widthdrawal of elec
tronic charge from carbon by the four fluorines, 
leaving a more positive environment at the car-
bon atom. 

In considering only ground-state, or in
ductive, effects above we have neglected a_ 
crucial parameter of great chemical importance, 
the internal polarizability of the molecule. As 
an electron is removed from the O(ls) orbital in 
an alcohol, other electrons in the molecule are 
polarized toward the resultant positive hole. 
Since this polarization occurs adiabatically as 
part of the photoemission process, it is manifest 
as a reduction of the binding energy !;Jy an amount 
ER, the "relaxation" energy. Thus ~EB in Eq. 6b 
wil~" follow ~el only to the extent that ~Eft can 
be neglected. Now it happens that ER has a tendency 
to increase with molecular size. This can perhaps 
be best understood if the molecule in its final 
state is regarded as the neutral molecule plus an 
electron hole of charge +e.6 The electronic charge 
di-stribution of the molecule will relax to "screen" 

the hole charge. In effect the hole charge is al
most totally screened locally by polarization of 
charge - -e to the oxygen atom. The molecule's ex
cess positive charge thus moves to the outside of 
the molecule to minimize the Coulombic repulsion. 
Larger molecules can therefore minimize this re
pulsion most effectively. 

To express the above in chemical terms, the 
O(ls) photoemission process in Eq. 4 can be split 
into two hypothetical reactions. In the first an 
O(ls) electron is removed bu the orbitals do not 
relax and the alcohol goes to an imaginary unre
laxed intermediate state in which the oxygen atom 
has an additional charge of +1. 

(RR'R")COH + (RR'R")CO*+H + e
m = - e(O ls) • 

' (7) 

Shifts in the energy of this "reaction" are de
termined by differences in the electron density 
about the oxygen in the ground state of the alcohol 
and are inductive shifts. In the second step the 
remaining electronic charge distribution relaxes to 
screen the positive hole, carrying the molecule in
to its actual final state. 

*+ * + (RR'R")CO H + [RR'R")CO H] (8) 
m = - ER(O ls) . 

Shifts in the energy of this "reaction" are 
polarization shifts. The two types of shifts are 
not separately observable because the unrelaxed 
intermediate state does not really exist. The "re
actions" in Eqs. 7 and 8 sum to the real process, 
in Eq. 4, for which the energy change EB = - c - ER 
is observed. 

Turning now to the relative basicities of 
these alcohols, we will argue that the effects 
which are important in determing the gas-phase 
proton affinity (PA) of an alcohol are analogous 
to those which determine the oxygen core-level 
binding energy. Thus the reaction 

(RR'R")COH + H+ + [ (RR'R")COH ]+ 
m = - PA 2 (9) 

is very similar to Eq. 4. In both cases the alcohol 
must accommodate to the appearance of a highly 
localized positive charge on or near the oxygen: 
an electron hole in the ls orbital in Eq. 4 or a 
proton in Eq. 9. The proton attachment reactions 
can also be broken up into two hypothetical steps. 
In the first, the analog of Eq. 7, the proton 
would attach to the oxygen without flow of charge 
in the molecular framework. 

(RR'R")COH + H+ + (~'R")COH+ 
H =- E(H ). 2 (10) 

Here the product is written to indicate that the 
excess positive charge is localized on the proton, 
and E(W) would be a "rigid-molecule" proton dis
sociation energy. In the second hypothetical step 
the electronic charge in the alcohol relaxes to 
shield the added positive charge, and the excess 
charge is effectively distributed over the whole 
molecule. This step, the analog of Eq. 8, can be 
written 
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(RR'R")COH+ + [ (RR'R")COH ] + (11) 
~2= - ER(PA) 2 

where E (PA) is a relaxation energy analogous to 
ER(O ls~ for the photoemission process. For a 
series of simple alcohols in which the charge on 
oxygen stays essentially constant from one member 
of the series to the next, the inductive term, 
E(H+) in Eq. 10, should remain essentially con
stant. Differences in the inductive effect through
out the series would be expressed as a variation 
in the 0-H bond strength. As Bratnnan and Blair have 
pointed out, however, 7

'
8 the 0-H bond strength is 

essentially constant at 104 kcal/mol for all the 
simple alcohols; thus variations in the proton 
affin~ty arise mainly from variations in the "re-l 
laxatlon" term. We then have · 

(12) 

For these same alcohols the variations in the O(ls) 
orbital energy should be small, for the same rea
sons. Thus from Eq_. 6b 

(13) 

Now Eqs. 8 and 11 are very similar to one another 
in their overall effect, namely, the relaxation of 
electronic charge to shield an excess positive 
charge on or near the oxygen. The incremental re
laxation energies ·~ER should therefore be nearly 
the same, and from Eqs. 12 and 13 one would expect 

(14) 

That is, the variation in proton affinity of an 
aZcohoZ shouZd be nearZy equaZ to the variation in 
the 0(1 s) binding enePgy. The negative sign in 
Eq. 14 is a consequence of the sign conventions 
for binding energy and proton affinity. 

That Eq. 14 is rather accurately obeyed by the 
simple alcohols is illustrated in Fig. 1, in which 
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Fig. 1. Oxygen ls binding energies vs. proton 
affinities for simple alcohols (open circles) and 
CF30I20H (filled circle), a11 in the gas phase. 
Relative EB (ls) and PA values are referred to H20. 
The values and references are given in Tables 1 
and 2. Compounds in order are: H20, CF3CH20H, 
methanol, ethanol, isopropyl alcohol, and tert
butyl alcohol (for which two values of PA are 
plotted). The straight line has unit slope and goes 
through the H20 point. (XBL 7312-7033) 
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the binding energy shifts for the simple alcohols 
from Table 1 are plotted against the proton affin
ities of these alcohols,9-ll listed in Table 2. 

Table 2. Proton Affinities in Simple Alcohols(kcal) 

Compound PA Compound PA 

H20 165 (2)a Ethanol 186 (2)a 

CF3CH29H 168 (3)b Isopropyl 193 (3)a. 
alcohol 

Methanol 181 (2) a tert-Butyl 198,206a 
alcohol 

~ese proton affinities are adopted values, from 
Refs. 9-11, with the estimated error in the last 
digit given parenthetically. Two values have been 
given for tert-butyl alcohol; both are listed. 

bJ. L. Beauchamp, private communication. 

Also plotted is the CF3_ CH OH point, to be dis
cussed below. The good agre~ment between these two 
quantities provides a striking illustration of the 
close connection between core-level binding-energy 
shifts and chemical properites. We note that this 
is not just an empirical correlation of tmknown 
origin but a straightforward consequence of a 
molecule's electronic charge distribution relaxing 
to shield an excess positive charge in two similar 
processes. 

Before seeking to generalize the above re
sults we must issue a caveat. The confirmation of 
Eq. 14 in Fig. 1 does not guarantee that the above 
argtnnent is completely correct. In particular it 
does not imply that the quantities plotted are al
most entirely variations in relaxation energies, 
as Eqs. 12 and 13 would imply. For this comparison 
of ~(PA) with ~EB(O ls), inductive (initial
state) effects would also make these two param
eters tend to vary together. This is readily 
illustrated by rewriting Eq. 6b for this case and 
its proton-affinity analog derived from Eq. 9 and 
19. 

(6b') 

(15) 

If, in going from one alcohol to another, the 
oxygen becomes more negative, for example, then 
E(ls), which is always negative for bound states, 
will increase, thereby decreasing EB(O ls). The 
"rigid molecule" (inductive) contribution to the 
proton affinity, E(H+), will of course increase, 
as will PA, and -~(PA) will also be negat~ve. Thus 
inductive effects as well as relaxation effects 
would shift - ~(PA) and ~EB similarly, and Eq. 14 
would still tend to hold. 

From the above reasoning we can make, as a 
first step toward generalizing, the rather tenta
tive suggestion that proton affinities and core
level binding-energy shifts may be comparable 
among a wider range of compounds than just the 



essentially nonpolar simple alcohols. The compari
son can be extended in two steps. First, a wider 
variety of functional groups could be considered. 
Thus methoxy, phenyl, or CF3 groups could be 
attached to the a carbon, for example, and the re
sulting 0(1 s) binding-energy shifts could be com
pared with known proton affinities, to test the 
prediction that ~EB(O ls) =- ~(PA). Data on 
only one compound proton affinity and O(ls) 
binding-energy shift in CF3 _CH20H. When plotted on 
Fig. 1, the CF3CH20H point shows excellent agree
ment with the trend for the simple aliphatic al
cohols. 

A second, larger extension would include other 
oxygen-containing functional groups in the compar
ison. Thus the proton affinities and O(ls) binding
energy shifts in alcohols and acids could be com
pared, for example, to test the predicted 
~EB(O ls) = - ~(PA) relation. Unfortunately, 
there are not enough O(ls) binding energies and 
proton affinities available for the same molecules 
to test the validity of either of these extensions. 
It seems probable that the first prediction should 
hold, but the second is less likely to, because 
molecular geometries of different functional groups 
can change on proton attachment, while there is no 
geometry change on X-ray photoemission. 

A somewhat different case is readily tested. 
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This is the relation between the nitrogen ls 
binding energy shifts, ~EB(N ls),l2 and the var
iation in proton affinities9,14 of the series NH3, 
CH3NH2, (CH3)2NH, and (CH3)3N. Very good agreement 
between these two quantities is found, as indicated 
in Fig. 2. This agreement is particularly impres
sive because in this case methyl groups are directly 
substituted for hydrogens on the photoemitting ni
trogen atom. 
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Fig. 2. Nitorgen ls binding energies vs. proton 
affinities for (from left) NH3, methylamine, di
methylamine, and trimethylamine. The PA values 

. plotted are average of those given in Refs. 13 and 
14. The error on the NH3 point is absolute, while 
the others are relative. The straight line through 
the NH3 point has unit slope. (XBL 7312-7032) 

In the original work, the analysis developed 
above was used to formulate an explanation of the 
change in the first ionization potential within 
these series of alcohols and amines. It was argued 
that relaxation effects dominate the observed varia
tions. In addition, the Lewis definition of basi
city was extended to include the core orbitals and 
several exanvles of the connection between core
level binding energy shifts and the Lewis basicity 
were given. Finally, the inverted acidity order 
of the aliphatic alcohols in solution (relative to 
the gas phase) was rationalized in terms of an 
extramolecular relaxation; a polarization of the 
solvent that is active in ionization processes in 
solution. More detailed discussions can be found 
in the full report of this work.* 
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THEORY OF SATELLITE STRUCTURE IN PHOTOEMISSION 

. R. L. Martin and D. A. Shirley 

The growing application of ESCA spectroscopy, 
in which atomic core levels are photo-ionized with 
monochromatic X rays and the orbital binding en
ergies measured through spectrometric analysis of 
the photoelectrons' kinetic energies, has led to 
renewed interest in calculations of photoemission 
spectra for atomic and molecular core levels. Most 
calculations have focused on the lowest-binding
energy peak observed in the characteristic spec- i 

trum from each core level; i.e., the adiabatic or 
fully-relaxed (FR) peak. The relaxation energy, 

(1) 

has received considerable attention recently; 
enough indeed to exaggerate the significance of 
the FR peak at the expense of the rest of the 
characteristi~ spectrum. Here Ei is the ith orbital 
energy and E~ the binding energy of a given or
bital i. 

In this report we capsulize the results of 
work describing a full theory of photoemission. 
Emphasis is placed on core-level photoionization 
and the many-body aspects of the process. 

In photoemission an N-electron system in an 
initial state ~i(l,2,···N) interacts with the 
radiation field. A photon is absorbed, taking the 
system to to a final state ~f(l,2, .... N), in 
which at least one electron has been ejected into 
a continuum state. We shall restrict the discuss
ion below to those events in which only one elec
tron is ejected. 

Kinetic-energy analysis of the photoelectron 
spectrum reveals peaks at energies 

K. = hv + E.(N) - EJf. (N-1) 
J l 

(2) 

where E.(N) is the initial-state energy and 
EJ(N-1) 1 is the total energy of the remnant N- 1 
electron system. The spectrum is usually dominated 
by sta.tes at the "one-electron binding energies", 

(3) 

each of which corresponds approximately to the 
orbital energy Ej of a one-electron atomic or 
molecular orbital - the simplest one-determinant 
description of the initial state [Eq. (2)]. Closer 
inspection of the spectrum reveals ~ set of satel
lite states, at higher energies {EJ,' (N-1)} , 
associated with each main peak. In the literature 
on the subject these satellites have been various
ly termed "shake-up", "monopole-excitation", and 
"correlation" states. Unfortunately they have also 
been treated as if they were qualitatively dif
ferent from, or were reached in a different way 
than, the main N - 1 electron state. The apparent 
differences are in fact artificial, the conse
quence of using certain basis sets to describe the 
initial and final systems, together with single
determinant wave functions. While the heuristic 

descriptions have a certain pedagogic value, they 
must not-be taken literally. The satellites do not 
arise through a two-step process, and they do not 
correspond to one electron being ejected as a 
photoelectron and a second electron being excited 
to a higher bound state. Such descriptions are 
intuitively appealing but fundamentally incorrect. 
They confuse the eigenstates of the (N-1)-electron 
Hamiltonian with a particular set of one-electron 
orbitals. 

A photoemission experiment is just a special 
case of optical absorption in which the N electron 
system absorbs a photon of energy hv and is 
raised from its initial state to a final state with 
one unbound electron. The act of observing the 
kinetic energy of the photoelectron (the Nth elec
tron), in anticipation of using Eq. (2) to study 
the N-1 electron system, should also focus our 
attention on the fact that the final state is 
really that of an N-electron system. If dipole se
lection rules are operative, which is often the 
case, they apply to'the total N electron system. 
This means, for example, that a ls + lp transi
tion is allowed for the total system; any combina
tion of N-1 electron final state plus photo elec
tron final state symmetries that couple to lp 
(e.g., ls + p, lp + s etc.) would satisfY this 
criterion. Among the is final states of the N-1 
electron system none has preference. The main lines 
and the satellites are qualitatively exactly 
equivalent. Each is reached directly via a one
step, "one-electron" dipole transition.l The in
tensity differences arise, as shown below, because 
of quantitative differences in cross-sections. 

The above general comments are made without 
reference to basis sets, configuration interaction, 
or even electron correlation. We emphasize their 
basis-set independence. While one-electron molecu
lar orbitals provide a convenient basis set, which 
we shall use below, they are in no way necessary. 

N-Electron Sudden Approximation 

The first application of the sudden approxi
mation to hole-state excitation was made by 
Bloch.2 Many authors have contributed to the lit
erature on this subject. Aberg has given a recent 
comparative discussion of the sudden approximation 
in connection with x-ray satellite spectra.3-4 
Aberg's work is now the standard reference in the 
field of inner-shell ionization phenomena, especi
ally in connection with x-ray spectra. For general 
use in photoelectron spectroscopy it is not di
rectly applicable, however, because in inner-shell 
ionization, per se, attention is focused on the 
ionic N-1 electron system. The photoelectron is 
disposed of quickly in these discussions by taking 
the high-energy limit k + 00 • We are interested 
primarily in the behavior of the (N electron plus 
photon) system under the constraint of constant 
total energy; i.e., the photoelectron has a finite 
energy determined by Eq. (2). Even if the sudden 
approximation is used a new derivation is required. 



It is outlined below. 

Let us assume that the initial state can be 
described by a single-determinantal wave function 

where{~.} is some appropriate basis set of molecu
lar orbitals. The final state is described simi
larly, but a continuum function Xf replaces h, 
the orbital from which the photoelectron is 
ejected. Thus 

'¥f(N) = (N!)-~ lxf(l) ~zC2) ~_3(3) ·•·· ~N(N),. 
(5) 

The orbitals{~.'} are primed to note that 
they are similar, bOt not idential, to the initial
state basis functions. 

With the wavefunctions so defined, one finds 
that the cross section for a transition from state 
'¥i to '¥£ is given by 

(6) 

Here p(E ) is the density of final states and 
s1 . is an tN-1) electron overlap integral defined 
byJEq. 7 

N 
s1J. =(II m.! (K)I '!'.(N-1,~.,1)), 

k=2 TK 1 J 
(7) 

where '¥. (N-1 , ~. , 1) is the minor of ~. (1) in 
'¥.(N). 1 J J 

1 

2 

Many electron effects are apparent even in the 
crude level of theory employed thus far: the trans
ition matrix element is not separable into an 
"active" times a "passive" electron part. Expan
sion of the overlap integral in Eq. (7) yields for 
the transition moment 

(2'12) (2'13) 

( Xf ll) < 3 I 12) ( 2 I 12 > 
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Here the abbreviated notation (2'12) = (~2~~~ 
has been used in the determinants. If unreraxed 
orbitals were used to describe the passive elec
trons in the final state, we would have 
(i'lj) = 8 . . , and Expression (8) would reduce to 
(Xfl~l ). UstJg real (relaxed) orbitals, the first 
term Will usually be altered somewhat. The diagon
al elements ( j' I j) are typically of the order of 
a few percent less than unity, while the off-dia
gonal elements are very small. Thus the first term 
might typically have a value of -(0.8-0.9) 
(x£!~1 ), only_lO ~ 20% different from the frozen 
orB1tal approx1mat1on. 

The second term in (8) is more problematical. 
Each of the determinants in the sum can be re
arranged so that all but one of the diagonal ele
ments are nearly unity. The remaining diagonal ele
ment will have the form (jll) , where the orbital 
~·· is the final state function which most closely 
r~sembles ¢i· If we retain only the diagonal 
product (which yields the largest term by far in 
each determinant), and divide the sum in (8) by 
the first term, we find 

It is safe to assume that the ratio 
(j' 11)./( j' I j) « 1 for all j, but the ratio 
(X£ j) I ( Xf I 1) may be significantly larger than 
un1ty, thereby necessitating the retention of the 

. sum in Eq. 6. This sum can be regarded as arising 
from an "internal shakeup" mechanism: in fact it 
is rather similar in structure to "conjugate 
shakeup". An electron appears to be ejected from 
the jth orbital and replaced by an electron from 
orbital ~1· In fact this mechanism requires both 
exchange in the initial state (to make the pro
duct ( j ' ll) (X£ I j)) and relaxation (to make 
(j' ll) f 0). Further discussion of this inter
esting term lies outside the scope of this paper, 
but we note that it was not apparent in Aberg's 
treatment because the photoelectron was not ex
plicitly included in the final state. 

An important advantage of the present N~elec
tron formulation of the SA is that the factor 
(Xfl¢1) contains an explicit dependence of the 

(2•1 N) 
(2'1 N) 

(N' 12) (N' 13) · · · (N'I N) 

\ 1( 2 • 11'> <2 • 12) ... ( 2 • 1 j-1)(2 • 1 j+ 1) ... < 2 • 1 N) 

+ ;f/ -lll•i( x,l i ( 3 t> (3' lz) · · .( 3' I i- J)(3' 1 ;•1) .. ·(3' IN: (SJ 

\N'IJ) ............... ... tN'INJ 
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photoemission cross-section on the orbital sym
metry of x and the photon energy. By using even 
such approlimate wave functions as plane waves (of 
the right wavelength) for x and Slater orbitals 
for ¢ , most of the crudestfphysical features of 
photo1mission cross-section ratios could be de
rived using this approach. Thus, for example, we 
can easily deduce the well known result that 
cr(2s)/cr(2p) for second-row elements is small for 
very soft ( -100 eV) photons but larger for harder 
( -1000 eV) photons, which is readily understand
able in terms of the deBroglie wavelengths in the 
final state ~· 

The above discussion has shown that the SA 
can give qualitatively reasonable results for 
photoemission cross-sections when applied properly. 
We do not, of course, advocate using the SA when 
other methods are available, as described below. 

The N-Electron Dipole Approximation 

The dipole approximation is derived by taking 
account of the photon field explicitly by adding 
a term 

-+- e -r P· -+- p. - -A 
l l c 

to the momentum operator of each electron. Here A 
is the vector potential of the photon field. After 
making the dipole approximation and carrying out 
several standard manipulations, it can be shown 
th~t the introduction of H¢ inserts an operator 

E pk into the transition matrix element and adds 
k=l 

a multiplicative factor of (hw) -1. The cross-sec-
tion thus becomesS 

aDA • (l>w) -ll (>,CN) I 2 ~I Vi (N) )1 2 
p(Ef) 

k=l 

(9) 

Expansion of the matrix element yields terms that 
differ from those in the sudden approximation only 
in including a matrix element of the momentum op
erator Pl· There are also additional terms arising 

. N 
from the rest of the momenta, E pk. This result 
can be arranged in the form k=2 

~ c ) 1 +j;: I ) + L.. -l \ ljl f ¢]. p lJ" 
j=l 

Here Plj denotes an (N-1) electron transition 
matrix similar to Slj, 

(10) 

Pf.=/~ ¢~(£)I~ Pki'I'-(N-1, ¢.,1)). (11) 
J \£=2 " k=2 l J ' 
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The first two terms in Eq. (10) arise from 
N 

the p1 operator and the rest from the E p£ sum. 
£=2 

Thus Eq. (10) approaches the argument of the RHS 
of Eq. (6) if only the first two terms are re
tained and p is replaced by unity. Another com
parison with the SA is obtained by approximating 
Xf with a plane wave. In this case we may replace 
~XfiPI¢.) by hkf.( Xfl¢) , etc. Furthermore, 
oy energy conservation J 

hw = ~ + h 
2
ki/2m . 

After some rearranging of Eq. (9), it follows that 

"' [ ~i 2mE ] (xf I ¢1) sll 
k +~ 

f hz 

2 

(12) 

k becomes large the coefficient term in Eq. (12) 
approaches units, the last term goes to zero, and 
Eq. (12) approaches Eq. (6); i.e., the dipole ap
proximation result approaches the SA result. Again, 
however, the form given here contains an explicit 
expression for the momentum matrix elements of the 
active electrons. 

The results given in Eqs. (6), (10), and (12) 
are straightforward, but to our knowledge they 
have·not been given explicitly before, and most 
molecular core-level photoemission spectra are 
interpreted using even more approximate express
ions. The deficiencies of the SA, the DA, and the 
plane-wave (or OPW) approximations are too well 
known to require discussion. Nevertheless, for the 
purposes at hand -- the calculation of core-level 
correlation-peak intensities -- any of .these ap
proaches is usually adeauate provided that elec
tron correlation is treated properly. In numerical 
work on HF to be discussed in the following re-' 
port, we found that the first term in Eq. (10) 
dominated all others at photon energies well above 
threshold (hv ~ 1500 eV). It was also found that 
for the purposes of computing relative correlation 
peak intensities the slowly varying energy de
pendent factors cancel and a comparison of the 
overlap integrals (S11) is all that is necessary. 
The wavefunctions used to compute this overlap 
integral, however, must be much more sophisticated 
than the single-determinantal functions we have 
used so far. For this reason we have extended the 
formalism outlined above to include configuration 
interaction. Both initial and final state configu
ration mixing were found to be very important in 
the F(ls) "shake-up" spectrum of HF. 

Footnotes and References 

1. Semantic confusion is possible here. By a one
electron transition we mean a transition caused by 
a one-electron operator or a liaear combination of 
one-electron opera~o~s. Thus Epi ~ould+cause a 
one-electron trans1t1on, but not Si · sj. 
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2. F. Bloch, Phys. Rev., 48, 187 (193S). S. There is, of course, a dependence of the cross 

3. T. Aberg, Phys. Rev. 1S6, 3S (1967). 
section on the photon polarization properties. For 
the purposes of this report we assume that all 

4. T. Aberg, Arm. Acad. Sci. Penn. A VI, 308 (1969). 
angular dependence, etc., has been averaged away. 

FLUORINE 1s CORRELATION STATES IN THE PHOTO-IONIZATION 
OF HYDROGEN FLUORIDE: EXPERIMENT AND THEORY 

R. L Martin, B. E. Mills, and D. A. Shirley 

Introduction 

Photoemission spectra of atomic core levels 
in atoms and molecules yield for each core level j 
a main peak at an electron kinetic energy 

Kj = hv - E~o) (1) 

where hv is the photon energy and E(o) is the 
binding energy of the primary peak. ~is corre
sponds to an atomic or molecular ion that is de
scribed theoretically to first approximation by 
removing an electron from orbital j and allowing 
the passive electrons to relax adiabatically (i.e., 
without changing their quantum numbers). If hv 
is substantially larger than E!o), additional 
satellite peaks may also be obgerved at higher 
binding energies EAn'J.Qualitatively, one usually 
describes these states as arising from at least a 
two electron excitation from the ground state 
(ionization accompanied by "shakeup"). A quantita
tive theoretical treatment of the transition cross 
section to such states, however, shows that one 
electron descriptions may be misleading. The cross 
section for such a transition owes much of its 
strength to manybody effects. In particular, con
figuration interaction (CI) in both the initial 
and final state is required; hence the latter are 
more accurately described as "correlation states", 
and the satellite peaks as "correlation peaks". 

The theoretical formalism for calculating cor~ 
relation state spectra was described in the pre
ceding paperl (hereafter called I). We report in 
the present paper a complete study of the fluorine 
ls correlation-state spectra in gaseous HF. To our 
knowledge this is the first in which several of 
the theoretical nuances developed in I have been 
applied. It is also the first case showing quanti
tative agreement between experiment and theory. 

The gaseous sample was obtained by evapora
tion of 99.9% + pure liquid HF, obtained from 
Matheson Gas Products, Inc. The photoelectron 
spectra were obtained using Al Ka.1 2 x-rays 
(1486.6 eV) on the SO em radius Berkeley iron
free magnetic spectrometer. Spectral data points 
were taken at pressures of - SO and - 3SO microns 
(Fig. 1). The analyzer chamber was maintained at 
a pressure of approximately 10-S Torr. The high 
pressure spectrum was used to determine which of 
the satellite peaks of the F(ls) main line were 
caused by inelastic collisions of the electrons 
passing through the sample after photoemission. 
The intensities of these peaks should increase 
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Fig. 1. The high (a) and low pressure (b) photo-
electron spectrum of gaseous HF. The binding en-
ergy is measured relative to the main peak, the 
F(ls) hole state. (XBL 7 4ll-8298) 

with pressure. If the low pressure spectrum 
(Fig. lb) is subtracted from the high pressure 
spectrum (Fig. la) with appropriate weighting to 
equalize the main F(ls) peaks, the result is an 
inelastic electron loss spectrum. 
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The low pressure'spectrum was fitted (Fig. 2) 
using a non-linear least squares program which 
automatically took into account the (weak) Al Ka~ 
and Ka4 peaks as well as the slight change of the 
the energy window caused by the fact that the mag
netic spectrometer produces spectra linear in mo
mentum. The main peak, corresponding to the F(ls) 
hole state, was fitted best by a sum of three 
Lorentzian peaks and these were used as the funda
mental form for the "correlation" peaks. 
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The results in Table 1 indicate the theoreti
cal intensities of the peaks are in excellent 
agreement with expennent. Theoretical energies, 
relative to the main line, are 2.1 to 3.5 eV 
higher than experiment. Note that the widthof the 
peaks increases with greater separation from the 
main peak, or alternatively, the width increases 
as you approach the double ionization ("shake-off'~ 
limit. 

The correlation-peak spectrum was calculated 
using the theoretical formalism described in I. 
Two major levels of sophistication were used for 
the wavefunctions necessary in this work. First, 
configuration interaction among the ionic final 
states was considered, with the ground state 
represented by a single Slater detenninant. In 
the next step, CI in the ground state was also in
cluded. For each of these cases, the relative in
tensities of the correlation peaks were computed 
in the overlap approximation. It was shown in I 
that except for tenns which are small for core
level satellites,_"2 the dipole and the N-electron 
sudden approximations give identical results in 
the overlap approximation. These are displayed in 
Table I for final state CI (Method A) and for init
ial state CI (Method B) • 

Fig. 2. Expanded spectrum of HF at low pressure 
and experimental fit; numbered states correspond 
to those in Table 1. The circles represent data 
corrected for pressure dependent peaks. 

A complete description of the means used to 
obtain the wavefunctions necessary in this study 
is presented in the full account of this work. 
Here we simply note that the wavefunctions for the 
correlation states were obtained as the eigenvec
tors of a configuration expansion based on one-

State (a) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

(XBL 7 412-8360) 

Table 1. Correlation peak intensities in the overlap approximation 

(Sll) 2 
n 

Method A 

(1. 000) 
0.000 
0.012 

0.015 

0.000 

0.036 

0.000 
0.007 

0.000 

0.028 

0.005 

0.000 

(Sll) 2 (b) 
n 

Method B 

(1.000) 
0.020 

0.020 

0.030 

0.000 

0.062 

0.001 
0.012 

0.000 

0.041 

0.007 

0.000 

I (expt) (c) 

(1.000) 

0.019(3) 

0.030(4) 

0.057(5) 

0.010 

0.038(5) 

0.007 

FWHM 
(eV) 

1.4 

2.1 (3) 

2.3(3) 

3. 7 (3) 

4. 7 (3) 

7.1(9) 

7. 9(9) 

E(theor)(d) 
(eV) 

(693. 5) 
23.89 
25.90 

29.57 

30.89 

32.35 
32.72 
33.31 

33.74 
34.84 

35.43 

35.72 

a)In order of increasing energy "Reference state" is numbered 0, as in Fig. 1 and text. 

E(expt) (d) 
(eV) 

22.4(2) 
26.50(5) 

29.90(7) 

30.87 

32.7 (3) 

33.3 

b)All intensities normalized to peak 0. Absolute values of sll are 0.78115 (Method A), 0.71970 (Method B). 
c)Error in last pace given parenthetically. 

d)First entry is the absolute binding energy of the reference state; the others are incremental energies 
relative to this. 
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electron molecular orbitals. These orbitals were 
optimized for the F(ls) hole state and were them
selves linear combinations of atomic orbitals. 
The basis set of atomic orbitals is thus a very 
important parameter in the calculation. Not all of 
the excited states that can be calculated for a 
given basis set will have physical significance. 
Our final choice gave stable energies and transi
tion moments with respect to addition of further 
orbitals and slight modifications of the expo
nents of existing orbitals for those excited 
states which we felt were physically reasonable. 

terest here is afforded by comparison with 
previous work. We found an SCF energy of -100.0553 
a.u. for. the lE+ ground state of HF. The near 
Hartree-Fock result of Cade and HuO is -100.0703 
a.u. The same basis yields an energy of -74.5670 
a.u. for the F(ls) hole state, to be compared with 
Schwartz's result of -74.5365 a.u. The calculated 
F(ls) binding energy is 693.5 eV, whichis slightly 
higher than the value of 693.3 eV reported by 
Schwartz. Our 3rr shakeoff limit falls at -73.2872 
a.u. or 34.8 eV above the primary hold state. The 
compositions of the molecular orbitals which are 
most important for describing shakeup phenomena 

An indication of the completeness of the 
basis $et for at least two of the states of in-

in HF are given for the ground state and the ionic 
states in Table 2a and Table 2b respectively. 

Table 2. Basis set of Slater functions and selected one electron orbitals used in the CI wavefunctions. 

Slater Functiona Molecular Orbitals 
Type 1; lo 2o 3o 4o 5o 6o 7o 

A. HF Ground State: 

1. F(1s) 7.716 -0.6768 0.2873 0.0665 -0.0729 0.1185 0.0143 -0.0384 

2. F(1s') 10.514 -0.3313 -0.0154 -0.0031 -0.0054 -0.0250 0.0038 

3. F(2s) 1.933 -0.0034 -0.4249 . -0.1301 0.4412 0.1233 -0.2966 

0.0039 

0.1057 

4. F(Zs') 3.120 0.0021 -0.6228 -0.1699 0.2847 -0.2811 -0~1380 0.1436 

2TI 4TI 

5. F(Zp) 

6. F(2p') 

7. F(3d) 

1.847 0.0005 -0.0885 

4.175 -0.0012 -0.0266 

2.500 0.0001 -0.0216 

0.6050 0.4963 0.2023 -0.0010 0.0957 -0.7149 -0.2956 -0.0323 0.1401 

0.2852 0.3050 0.1327 0.0056 0.0509 -0.3386 -0.2534 -0.0143 0.0958 

0.0453 -0.0232 -0.0300 0.0878 0.0201 -0.0263 0.0116 -0.0552 -0.0003 
8. F(3s: 

9. F(3p) 

10.F(3d') 

ll.F(4s) 

12.F(4p) 

13.H(1s) 

1.000 -0.0001 -0.0417 -0.0024 0.2278 1.1467 -0.6601 -0.0954 

1.000 -0.0009 -0.0193 0.0238 0.0163 -0.2236 -1.1454 -0.0880 -0.0600 1.0978 0.1275 -0.7086 

0.800 -0.0002 -0.0080 0.0034 0.0244 -0.1275 0.1289 0.6961 -0.0157 0.1735 -0.9574 0.1114 

0.600 -0.0001 0.0051 

0.600 0.0002 -0.0016 

0.0036 -0.0292 -0.0576 -0.1121 

0.0015 0.0245 0.0023 -0.2400 

0.7936 

0.3504 

1.000 0.0028 0.1841 -0.0297 -1.7194 -0.5649 1.5561 -0.7593 

0.0089 -0.0814 0 .1208 1. 2224 

14.H(1s') 1.500 -0.0018 -0.2311 0.3042 0.3169 0.0954 -0.3849 0.3402 

+ 
B. HF ,F(ls) Hole State: 

l.F(1s) 7.716 -0.5892 0.3055 0.0909 -0.0403 0.0588 -0.0087 0.0258 

2.F(1s') 10.514 -0.4178 0.0035 -0.0038 -0.0125 -0.0177 -0.0119 -0.0024 

3.F(2s) 1.933 -0.0305 -0.2378 -0.0022 0.5674 0.1979 0.3954 -0.0922 
4.F(2s') 

5.F(2p) 

6. F(2p') 

3.120 0.0071 -0.8100 -0.2620 0.1700 -0.0562 0.1087 -0.0539 

1.847 -0.0005 -0.1273 0.5742 0.4799 0.2672 0.0312 -0.0984 

4.175 0.0005 -0.0714 0.4383 0.1111 0.0615 -0.0147 0.4970 

2.500 -0.0008 -0.0252 0.0474 0.0057 -0.0168 -0.0349 -0.0062 

0.4695 0.4624 

0.6168 0.2489 

0.4970 0.0996 

0.0282 -0.0067 

0.0288 0.2153 

0.0046 0.0638 

0.0159 -0.0035 7. F(3d) 

8.F(3s) 

9. F(3p) 

10.F(3d') 

1.000 -0.0023 -0.0435 0.0635 0.0661 1:3143 

1.000 -0.0065 -0.0111 -0.0084 0.0563 0.1808 

0.800 -0.0022 -0.0073 0.0192 -0.0409 -0.1653 

1.0704 0.3730 -0.0571 -0.9613 -0.1002 -0.9615 

0.1510 -0.5887 0/0051 -0.2936 0.9282 0.2020 
11. F(4s) 

12. F(4p) 

13. H(1s) 

14.H(1s) 

0.600 -0.0007 0.0062 -0.0079 -0.0189 0.0819 0.1583 -0.9247 

0.600 0.0011 -0.0046 0.0145 -0.0146 -0.0501 0.4501 -0.1900 0.0201 -0.1271 -0.2970 1.1986 

1.000 0.0238 0.1929 -0~2628 -1.7866 -1.3668 -1.3129 0.1798 

1.500 -0.0134 -0.2196 0.3289 0.3656 0.3365 0.4841 -0.1434 

a,,, n-1-l;r h . h .. 1. · , a r e , w ere n 1s t e prme1pa quantwn nwnber. 
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The intensity of each final-state peak rela
tive to that of the main peak was first calculated 
in the overlap approximation. If only final-state 
CI was considered OMethod A),the relation 

I (n ') = 
I (o) 

IE c sui -2 
n'n n 

n 

IE c sui 2 
n on n 

(2) 

is appropriate. The extension of the theory to in
clude configuration interaction in the initial
state OMethod B) leads to 

I 
E c* n s11

1 
I (n' ) = _n:.:.L_,m_·--.nr'_n __ om_-:nm;-:;-----,-

I(o) 1 E c* D s11
1 

2 
n,m on om nm 

(3) 

Here C , and D are the coefficients of the 
configllrRtions cRmand m) in the eigenvectors of 
the final and initial states, respectively. For 
HF these would have the form 

llf(n'))= Cn'O llcr 2cr2 3i 11T4 (2E+)) 

+ cn'l llcr 2cr 3cr 4cr 11T4 (A 2E+)) 

+ cn'2 llcr 2cr2 3cr 4cr 11T4 (B 2E+)) 

+ 

if~o)) = Dool lcr2 2i 2cr2 l1r4 (lE+)) 
l 

+ Doll lcr2 2i 3<J 4cr ln4 (lE+)) 

+ ... 

where, for the final state iftn')) , the two 
linearly independent doublet spin functions which 
can be constructed from the orbital occupancy are 
denoted by A and B. 

The overlap functions s11 were discussed in 
I. Here they actually refer~ a sum of determin
antal overlap integrals, the nature of the sum 
being determined by the expansion coefficients 
of the slater determinants in the configuration. 
For HF the superscripts "11" refer to the deletion 
of the column containing electron 1 and the row 
containing the basis function lcrS from the ground 
state determinant(s). 

The conclusions drawn below refer specifically 
to the F(ls) correlation-state peaks in the high
energy XPS spectrum of HF. We believe that most of 
them are more generally true for comparable spec
tra; but the exact extent to which they apply can 
be ascertained better following theoretical an
alysis of additional cases. 

First and perhaps of most importance, the ex
cellent agreement between experiment and Method 
B (Table 1) provides strong evidence that the over
lap approximation embodied in Eq. (3) is adequate 
to describe such a high-energy core-level corre
lation-state spectrum. Since Eq. (3) could be 
derived from Eq. I (10) without reference to the 

dipole operator itself, this implies that even 
the sudden approximation (SA) would give an ade
quate representation of the relative intensities 
in the experimental spectrum. 

The corollary conclusion is that initial
state CI must be included, since Method A (Table 1) 
gives poor intensity predictions. This is entirely 
expected in view of the discussion in I, but it 
has been recognized in previous work on core level 
satellite spectra. 

Finally, it is of interest to interpret the 
correlation peak intensities in terms of "shake
up" excitations into virtual orbitals. An exam
ination of the eigenvectors shows that the first 
two correlation states (1 & 2) can be described 
fairly well as arising from the 3cr + 4cr trans
ition. These two final states are describable as 
molecular valence states, the remainder of the 
spectrum corresponding primarily to Rydberg-like 
states. Only state 2 of this pair is predicted to 
have an observable intensity, and it is the first 
peak observed in the experimental spectrum. It 
seems reasonable to assert that the relatively 
low intensity of this transition is attributable 
to the charge transfer nature of the excitation. 
The 3cr orbital is the bonding combination of the 
F(2p) and H(ls) orbitals and is largely localized 
on the fluorine atom, while the 4cr is the anti
bonding combination and is primarily hydrogen like. 
Since the orbitals have their large components in 
different regions of space, you would expect a 
small overlap. This interpretation seems plaus
ible, but one should realize that there are much 
more subtle effects which contribute substanti
ally to the cross section. These are the small 
admixture of the ln + 2n excitation into state 2, 
the even smaller admixture of the reference state, 
·and the effect of configuration interaction in 
the initial state. This last effect is very im
portant and can be seen quite clearly in Table 1. 
The inclusion of initial state CI OMethodB) nearly 
doubles the predicted intensity of state 2 rela
tive to the primary hole state. 

The most intense peak in the spectrum, state 
5, corresponds to the l7r + Zn or F (2pn) + F (3pn) 
excitation. Its counterpart, state 3, is also 
relatively intense. The next most intense peak in 
the spectrum is state 9, the F(2pn) + F(4pn) ex
citation. These results, of course, would be ex
pected on the basis of a simple one electron over
lap model. 

The states with smaller intensities are less 
predictable. State 7 is primarily attributable to 
the 3cr + Scr excitation. It would be tempting to 
say that since the Scr orbital is F(3s) like, 
there should be very little overlap with the 3cr 
orbital in the ground state (which is mainly 
F(Zp) like), and this causes the small intensity 
of s~ate 7. These arguments, however, are probably 
oversimplified since there is a fairly large 
amount of the 3cr + 6cr(F2p0 + F3p ) excitation in 
the wavefunction .. Configuration mixing in these 
states makes it nearly impossible to make rough· 
a priori estimates of intensities. For example, 
the 3cr + 6cr, or F(2p0 ) + F(3p0 ) excitation is im
portant in state 8, and you might therefore ex
pect it to be rather intense. It is not. The 



F(2p0 ) ~ F(4s) excitation, state 10, on the other 
hand, has a much larger intensity. The reasons for 
these differences in overlap are complex and tied 
into the specific nature of configuration mixing 
in these excited states. Since the configurations 
enter into the wavefnnction with a phase, they can 
either add intensity to the predominant configura
tion, or cancel what intensity the dominant con
figuration might supply. 

These configuration mixing problems are ex
pected to be more severe in molecules than in 
atoms since you generally have a much denser ex
cited state manifold in the molecular species. 

In summary, the correlation peak spectrum of 
HF can be calculated quite satisfactorily in the 
overlap approximation. The intensities of the cor
relation peaks are very dependent upon the effects 
of configuration interaction in both the initial 
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and final states. At the present time, quantita
tive predictions of such spectra based on simple 
one-electron models seem doomed to failure. Even 
qualitative estimates and assignments are very 
difficult considering the importance of configura
tion interaction in the final state. The effect 
of CI in the initial state is to increase the in
tensities of the shakeup states at the expense 
of the primary hold state. For HF, the shakeup 
states are all roughly twice as intense once in
itial state CI is included. 

Footnotes and References 

1. R. L. Martin and D.A. Shirley, preceding report 

2. These corrections were computed and discussed 
in the full report of this work to be published in 

. J. Chern. Phys. 

MULTIPLET SPLITTING OF THE MANGANESE 2p AND 3p 
LEVELS IN MnF2 SINGLE CRYSTALS* 

S. P. Kowalczyk, L. Ley,t F. R. McFeely, and D. A. Shirley 

Multiplet splitting of core-level peaks in 
x-ray photoemission (XPS) spectra is of interest 
both as a probe of the interactions between elec
trons in atoms, molecules, and solids, and as a 
diagnostic tool for acquiring information about 
nnpaired spin in chemical systems. Multiplet split
ting is expected to be observed in an XPS spectrum 
if the specimen possesses nnpaired electrons in its 
outer valence shells. The splitting arises when 
upon ejection of a core electron, the resulting 
partially filled core shell can couple with the 
open valence shell to form several multiplets of 
different energy.l The simplest spectrum is ex
pected for a core s level. This should result in 
two peaks with an energy separation given by Van 
Vleck's theorem2 and the relative intensities ex
pected from this simple picture are given by the 
multiplicity ratio (S+l)/S. This level of inter
pretation neglects electron correlation and is 
only approximately correct. Only recently have 
the 2p levels in transition metal componnds been 
given a comprehensive theoretical treatment.3 The 
few reports of experimental evidence for splittings 
in these levels have been largely indirect.S The 
XPS spectra of 3p levels of the transition metal 
componnds exhibit very complex spectra for which 
the Hartree-Fock one-electron model gives a poor 
description.4,6,7 As a step toward nnderstanding 
the multiplet structure in XPS spectra of non-s 
levels, we have studied the multiplet splitting 
of the Mn 2p and 3p levels obtained in high reso
lution XPS measurements of MnF2 single crystals. 

To facilitate analysis of multiplet struc
ture, we have subtracted the inelastic backgronnd 
and characteristic energy loss structure by means 
qf a suitable response fnnction.8 The resulting 
corrected spectrum for the Mn Zp level in MnF2 is 

shown in Fig. 1. The most striking feature of Fig.l 
is that the Mn 2P3/2 peak is asymmetric toward 
higher binding energy and the Mn 2Pl/2 peak is 
asymmetric to lower binding energy. This agrees 
qualitatively with early x-ray emission data on 
the 3d metals and their componnds, in which the 
Ka1 (2P3/2 - ls) emission line has an asymmetry 
index a of greater than 1.0 and the Ka2 (2Pl/2 
- ls) emission line has a close to but less than 
l.o.9-ll Here a is defined as the ratio of the 
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1. Corrected Mn 2p spectrum (points) and spectrum 
calculated by GS (bars) for MnF2. The energy scale 
of the calculated spectrUm has been reduced by a 
factor of 0.96. (XBL 748-4056) 
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half-width at half-maximum on the high binding
energy side, WJH, to the half-width at half-maxi
mum on the low binding energy side, WL· The spec
trum of Fig. 1 yields a(2Pl/2) = 0.8 and 
a(2P3f2) = 1.6 in good agreement with the x-ray 
emission work. It was proposed by the x-ray 
workers that the asymmetry of the Ka lines arose 
from multiplet splitting. In the first XPS work on 
MnF2, Padley and Shirley4 postulated the existence 
of multiplet effects in their Mn 2p spectra from 
indirect ar~ents based on line widths. Later, 
Frost et al.5 studied the 2p levels of cobalt ion 
complexes~These workers observed that the separa
tion of the peak maxima between the Co 2Pl/2 and 
Co 2P3/2 levels was systematically larger by 1 eV 
in the high. spin (S = 3/2) complexes than in the 
low spin (S = 0) complexes. This was interpreted 
as indirect evidence of multiplet splitting, in 
which the degeneracy of J is broken by the exchange 
interaction with the states of higher J shifting to 
lower binding energy for the 2P3/2 and to higher 
binding energy for the 2plj2, thus yielding an ap
parent increase in the spin-orbit splitting. For 
MnF2, we found the splitting of the 2P3/2 - 2Pl/2 
peak maxima to be 13.0 (1) eV and the mean peak 
separation to be 12.1 (1) eV, versus 11.18 (25) 
for both in Mn metal.12 It has already been shown 
that there is less uncompensated spin in the metal 
than in MnF213 so the interpretation of increased 
splitting being due to multiplet effects is in the 
same direction as in Co. Similar results have been 
obtained for the oxides of Ni and Co in comparison 
to the metals; however, diamagnetic ZnF2 has the 
same splitting (wi~hin experimental error) as Zn 
metal. These data, provide further support for the 
multiplet interpretation. 

Besides the asymmetry of the peaks and the 
enhanced 2p 1/2 - 2p 3/2 splitting, two other fea
tures of Fig. 1 should be noted. First, a rather 
substantial area remains between the two main peaks 
after background correction. If our correction pro
cedure is right, this area must represent structura 
A similar correction procedure for ZnF2 gave no 
intensity in this region, reinforcing the inter
pretation that the additional intensity in the MnF2 
spectrum is intrinsic. Secondly, the tops of the 
2p 1/2 and 2p 3/2 peaks show signs of possible 
structure. 

Recently.Gupta and Sen3 (GS) have calculated 
the expected 2p XPS spectrum for MnF2 by working 
out the levels of the p5d5 system, employing 
Hartree-Fock results on the Mn+2 ground states. 
The solid bars in Fig. 1 show the positions and 
intensities of the twelve eigenstates found by 
GS. Their energy scale was reduced by 4% to match 
the experimental spectrum. Adjustments of this 
magnitude are not surprising, because GS did not 
do a relaxed hole-state calculation. Figure 1 shows 
the GS calculation to be compatible with our XPS 
spectrum in considerable detail. The two peaks are 
asymmetric in direction that agree with the GS re
sults. In fact, when the latter were broadened with 
Lorentzian functions of appropriate intensities the 
resulting simulated spectrum showed asymmetries of 
a(3/2) - 1.7 and a(l/2) - 0.5 in fair agreement 
with the experimental values of 1.6 and 0.8, re
spectively, mentioned above. On the basis of the 
comparison .shown in Fig. 1, we conclude that the 
GS calculation explains the essential features of 

the 2Pl/2 - 2P3/2 XPS spectrum of MnF2. 

Figure 2 shows the Ka1 x-ray emission spec
trum of MnF2, after Nefedov.lO This spectrum is to 
be compared to the 2p3/2 part of Fig. 1. The spec
tra are qualitatively very similar with the x-ray 
spectrum appearing to show more resolved structure. 
Both spectra have a FWHM of 3.7 eV. The components 
in Nefedov's spectrum are about 1.0 eV apart. A 
least-squares fit of our XPS 2P3/2 spectrum with 
four Gaussian functions restrained to have the re~ 
ative intensities given by the GS results are 
separated by a similar amount. 

. Figure 3 shows the high resolution XPS spec-
J trum of the Mn 3p region of MnF2. The features of 

this spectrum are summarized in Table 1. Padley 
et al. '2J. demonstrated the inadequacy of the 
Koopman's theorem approach in explaining the 3p 
multiplet structure. MUltiplet-hole theory ~) 
gave some improvement but the agreement was still 
somewhat less than satisfactory. It was suggested 
by Padley et al.4 that part of the discrepancy be
tween the experimental results and theory might be 
due to spin-orbit and c~stal-field effects. These 
two effects were studied by GS and found to have a 
negligible effect. 

The next step would appear to be the inclusion 
of electron-correlation effects. Correlation should 
be more important for the 3p-3d interaction than 
for the 2p-3d interaction analogous to the situa
tion that obtains in the 3s and 2s levels.l4 Elec-

l tron correlation effects are crucial in under-
. standing the Mn 3s spectrum in MnF2 .14 Inclusion 

-(J') 

c:: 
Q) -c:: 

Ka 1 energy (eV) 
Fig. 2. The Ka1 x-ray profile of Mn in MnF2, after 
Nefedov (Ref. 10). Bars indicate states calculated 
by Gupta and Sen. Each division on the abscissa is 
1 eV. (XBL 748-4058) 
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Fig. 3. Mn 3p XPS spectrum in MnF2, together with 
fitted peaks. The very broad peakS probably repre-
sent several states. (XBL 748-4054) 

of correlation effects leads to more 3s peaks 
than the Hartree-Fock one-electron model and af
fects the distribution of intensity among the 
peaks. These ~redictions have been confirmed by 
experiments.l Intra-shell correlations are thus 
usually important in XPS multiplet spectra, while 
inter-shell correlations are not. Thus correlation 
must be considered in the Mn 3p spectrum even 
though the 2p spectrum could be explained without 
taking correlation into account. 

Correlation can be introduced into a Hartree
Fock multiplet-hole calculation by including con
figuration interaction.15 This approach, which 
worked very well in explaining the anomalies in 
the Mn 3s SQectrum, does not ap~ear to work for 
3p spectra.7 Bagus and Wahlgren7 have perfonned a 
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Hartree-Fock calculation with configuration in
teraction to predict the Ni 3p spectrum in a 
Nio$0- molecular cluster. This calculation gave 
satsifactory agreement with XPS results. The new 
peaks in the cluster calculation were attributed 
to the symmetry of the cluster being lower than in 
the free ion, enabling the nickel d electrons to 
re-arrange themselves in more ways tl1an possible 
in the free ion. These results suggest that per
haps the XPS results of MnF2 can be explained in 
similar terms. 

While a detailed comparison with theory is 
not yet possible, the good resolution in the 3p 
spectrum in Fig. 3 allows to perfonn a sum-rule 
test that has not been feasible before. The 
weighted average of the energy of the satellites, 
E(5P) can be used to define an average 5p - 7p 
energy separation ~E, given by 

~E = E(5P) - E (7P). 

From the data in Fig. 3, we obtained ~E = 14.5 eV 
in MnF2. This should be comparable to Koopman's 
theorem results which predict only two 3p peaks. 
Values of 13.5 and 13.7 eV have be~n obtained with 
the Koopman's theorem description. Also the in
tensity ratio of the area of the 7p peak to the 
sum of the areas of 5p peaks was 1.1 or fairly 
close to the multiplicity ratio of 1.4. This good 
agreement provides further support to the multi
plet-hole theory of the 3p spectrum even though 
we do not as yet have a theory that can predict 
the positions, or even the number, of final-state 
5P peaks. _ 

Besides attempting to understand these spec
tra as a problem in atomic physics, we can try to 
use these spectra as a probe of unpaired spin 
density in transition metal compounds. While the 
presently available XPS resolution does not yet 
allow the intense 2p lines in transition metals to 
be used as a definitive spin "fingerprint," these 
lines can still be used to probe spin density in 
two ways. The asymmetry of the 2Pl/2 and 2P3/2 
line should scale with spin, as should the sep
aration of the 2Pl/2 and 2P3/2 maxima. The 3p 
spectra were also shown to have possible diagnostic 
value by converting the "CI spectrum" into a 
"Koopman's theorem spectrum." It would be very 
valuable if this approach could be systematically 
applied to a series of transition metal salts, be
cause the separation of the high- and low-spin 

Table 1. Summary of the observed splitting and relative 
the Mn3p levels in MnF2 

intensities of 

Mn3p final state 7p 

Energy (eV)a 0.0 

Relative 
Intensityb 1.0 

2.75(5) 7.6(5) 12.75(30) 

0.19 

~e energies are given relative to the 7P state. 

bThe intensities are relative to 7P level. 

~is is the sum of the 5P(2) and 5P(3) intensities. 

17.5(2) 21.8 (1) 

- 0.21 - 0.26 
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centroids in the Koopman's theorem spectrum should 
be a good measure of the total 3d spin. 
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EVIDENCE FOR A LOCALIZED MAGNETIC MOMENT IN PARAMAGNETIC 
a·Mn FROM MULTIPLET SPLITTING 

F. R. McFeely, S. P. Kowalczyk, L. Ley,t and D. A. Shirley 

Alpha manganese is unusual among metals of 
the 3d transition series. It has a complex bee 
lattice with 29 atoms per unit cell. Its magnetic 
structure is also unusual. Shull and Wilkinson 
foundl that a-Mn is antiferromagnetic below - 100 
K, and they reported an average magnetic moment 
of 0.5 ~B in the parmagnetic phase up to 500 K, 
using neutron diffraction. Recent NMR2 and neutron 
diffraction3 studies have indicated at least four 
different magnetic moments below TN with a weighted 
average of 0.63 ~B. but de susceptibility mea
surements4 on the parmagnetic phase have been 
analyzed to yield an average moment of 2.37(7) 
~B/atom, in contrast to the neutron diffraction 
value. To elucidate the nature and magnitude of 
the atomic moment in the parmagnetic phase we have 
carried out x-ray photoemission experiments.Multi
plet splitting of th~ 3s and 2s lines reveal the 
presence, on the lo-15 sec time scale, of a lo
calized 3d spin, .corresponding to a localized 

_magnetic moment of - 2.5 ~B· 

The spectra reported below were obtained in a 
Hewlett-Packard 5950A electron spectrometer using 
monochromatized AlKa radiation (1486.6 eV). The 
instrument was modified for ultrahigh vacuum op
eration and operated with a pressure of 6 x 10-11 
Torr in the analyzer chamber. 

Spectra of the valence bands, the 3s region 
and the 2s region are shown in Fig. 1. 

The 3s and 2s spectra both show doublet 
structures due to multiplet coupling of the final 
3s (2s) hole state with the incomplete valence 
shell of Mn. The 3s peaks were fitted to 
Lorentzian lineshapes by a non-linear least 
squares procedure. The analysis of spectra ob
tained from two different samples yielded values 
of 4.12(10) eV and 4.05(10) eV for the separation 
of the two peaks. The intensity ratio of the 
peaks was approximately 1.3 in each case. Due to 
the high degree of inelastic scattering associated 
with the 2s photoemission lines, we were not able 
to fit these spectral features to analytic peak 
shapes; however, the two components of this fea
ture appear to be separated by- 3.5 eV. 

Since the discovery of antiferromagnetism in 
a-Mn by Shull and Wilkinson, the exact nature of 
the magnetic moments, both in the ordered and par~ 
magnetic states, has been a subject of consider
able controversy. The problem is complicatedbythe 
fact that the a-Mn structure has four crystallog
raphically inequivalent sites, with 1, 4, 12 and 
12 atoms respectively. These sites may of course 
carry different moments. On the basis of neutron 
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Fig. 1. Uncorrected photoemission spectra of Mn 
3s (top), 2s (middle), and valence bands (bottom). 

(XBL 741-251) 

diffraction data, several models for their magni
tude in the antiferromagnetic state have been 
proposed.5 However, the NMR work of Yamagata and 
Asayama2 indicates that atoms even on crystallog
raphically equivalent sites may carry different 
moments. This result, along with the suggestion 
by Sato and Arrot6 that the wavevector character
izing the magnetic ordering might deviate from 
[1,0,0] ,wouldnecessitate a spin-density wave 
treatment of the antiferromagnetic state. However, 
the si~le-crystal neutron diffraction work of 
Yamada3 et al. revealed no such deviation, and 

.these workers suggested a localized-moment model, 
with a weighted average moment of 0.63 ~B· 

In the paramagnetic state, the first deter
.mination of the average moment was made by Shull 
and Wilkinson on the basis of the paramagnetic 
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diffuse neutron scattering intensity. They deduced 
an average moment of -0.5 ~B and suggested that 
this was due to a mixture of atoms with moments 0 
and 1 ~B· Recently, however Nagasawa and Uchinami4 
measured the magnetic susceptibility of a-Mn in 
the parmagnetic state below 300 K and determined 
a value of 2.37(7) ~B for the average magnetic 
moment. These two observations are not necessarily 
contradictory. Neutron scattering would detect mo
ments with correlation times of - 10-12 sec or 
longer. The de susceptibility--a macroscopic 
quantity--is independent of correlation time. 

Multiplet splitting in the core-level spectra 
of manganese salts is wel.l knownJ-12 The simplest 
interpretation of the 3s multiplet splitting 6E 
would neglect electron correlation and employ van 
Vleck's theorem, 13 which has the form 

2 
6E(3s) = (2S + 1) G (3s 3d) 

5 (1) 

for exchange splitting of a 3s1 3dn final state in 
which the d electrons couple to spin S. Given the 
essential constancy of the exchange integral 
G2(3s 3d)--an atomic parameter--Eq. (1) can be 
used to deduceS from 6E(3s), if G2 is known. In 
fact the situation is substantially complicated by 
electron correlation,l2,14 and the relation 

6E(3s) ~(canst.) (2S + 1), (2) 

is expected to be only approximately correct even 
in salts. In a metal such as Mn, further complica
tions are introduced by the partially itinerant 
nature of the 3d electrons and by the presence of 
the s-p conduction bands. Electrons in these bands 
can screen the 3s - 3d and 3d - 3d interactions, 
reducing both the correlation effects responsible 
for additional satellite peaksl4 and thus the in
tensity ratio of the two observed peaks in Mn 
relative to Mn2+,12 as observed. 

It is difficult to assess the importance of 
these complications. We note that the 3s-4s ex
change integral GO (3s 4s) is small relative to 
G2(3s 3s). Also, the sp band is probably itinerant 
and largely unpolarized. Thus we shall neglect the 
effect of sp bands on 6E(3s). Since the 3s orbital 
lies well within the atom (as evidenced by the 
value of ( r) 3s = 0. 46 5 A15) . The dominant con
tributions to the exchange integrals should come 
from within the atomic core and thus be relatively 
insensitive to changes in bonding. To the extent 
that this is true, 6E(3s) should be proportional 
to (2S + 1). On this basis we have plotted 6E(3s) 
of MnFz, MnF3, and Mn02 against the nominal value 
of (2S + 1) in Fig. 2, and plotted a line through 
these three points, obtaining 6 E ( 3s) = 1. 0 
(2S + 1) + 0.6. The non-zero intercept necessi
tated by this fit must be regarded as an empirical 
parameter, and reflects the insufficiency of the 
Van Vleck's Theorem treatment. From this equation 
the 6E(3s) = 4.08 of a-Mn corresponds to a 2S+1 
value of 3.50, hence to a "spin only" magnetic 
moment of - 2.5 ~B· This is in excellent agreement 
with the susceptibility value of 2.37 ~B· The 
multiplet splitting spectrum provides a spectro
scopic measurement of this localized moment, 
albeit with low resolution: we can infer from the 
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Fig. 2. E(3s) plotted against 2Si + 1, where Si 
is the initial-state spin for MnF2 (Ref. 12), 
MnF3 (Ref. 10), and Mn02 (Ref. 8). (XBL 743-2707) 

spectrum that most or all of the sites in a-Mn 
have a moment near the nominal value of 2.5 ~B· 

Both the excellent agreement of this derived 
moment with the susceptibility data and the agree
ment between ~E(2s)/ E(3s) in Mn and MnF2 ( -0.9 
in each case) support our interpretation. We be 
lieve, however, that this agreement may be in part 
fortuitous, and we do not wish to emphasize its 
quantitative aspects. These observations appear to 
establish the following attributes of paramagnetic 
a-Mn: (1) localized spins exist on the Mn atoms 
on the time scale of lo-15sec, (2) they have an 
average spinS - 1.25, and presumably a moment 
~ - 2.5 B• and (3) most or all of the Mn sites 
have values of S not too far from this average 
value. Any viable theoretical model for a-Mn 
should be consistent with these three features. 
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MULTIPLET SPLITTING OF X-RAY PHOTOEMISSION SPECTRA 
CORE LEVELS IN MAGNETIC METALS* 

S. P. Kowalczyk, F. R. McFeely, L. Ley,t and D. A. Shirley 

Measurements of core-level binding energies 
and valence band density-of-states by x-ray photo
emission spectroscopy (XPS), has proved very valu
able to the understanding of the electronic struc
ture of solids. For systems with unpaired spin, 
information about the initial state spin S can in . 
principle be obtained by correlation with the mea
sured splitting of a core level caused by the 
phenomenon of multiplet splitting.l The basis of 
obtaining S is the use of Van Vleck's Theorem,2 

'E _ 2S+l Gnt ( n , t') (1) 
'-' fit - zt+r nJV' n ' 

where ~E is the splitting of the fit level, 
GUt is tR~ appropriate atomic exchange integral, 
and nand n' are the principle quantum numbers of 
the level measured and the level with the unpaired 
spin respectively. Unfortunately the situation is 
not so straightforward. Using (1) overestimates 
~Ent by a factor of - 2 when n = n'. It is now 
understood that this discrepancy is due to intra- · 
shell electron correlations.3,4 It will be shown 
that by using systems where the correlation effects 
are nearly the same, measured ~Ens can still be 
used to obtain S. 



The 3d metals can be divided into 3 classes 
according to their magnetic properties: para
magnetic (Sc,Ti,V), antiferrornagnetic (Cr, Mn), and 
ferrornagnetic(Fe,Co,Ni). Figure 1 shows a typical 
3s spectrum of a metal from each of these classes. 
The Sc spectrum shows a single peak as expected 
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Fig. 1. XPS 3s spectra of Sc, Mn, and Fe. 
(XBL 7 410 -4348) 
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from a band theory explanation of Pauli paramag
netism. Paramagnetic Ti and V exhibit 3s spectra 
similar to Sc. Antiferromagnetic Cr and a-Mn show 
sizeable 3s splittings (2.8 and 4.1 eV, respec
tively). Likewise ferromagnetic Fe, Co and Ni show 
multiplet structure. 

Figure 2 demonstrates how S can be obtained 
from measured ~Ens despite large correlation ef
fects. The integral in (1) should be dominated by 
the atomic core region and be relatively inseni
tive to bonding effects outside the atomic core. 
Thus for an atom in various environments, ~Ens 
should still be proportional to 2S+l. By plotting 
measured ~Ens vs 2S+1 of ionic systems, where S 
is well defined, one obtains in effect a "calibra
tion curve" on which one can place an observed 
~Ens of a metal or an atom in an alloy or a corn
pound and get a value for 2S+1 or the localized mo
ment. Using this calibration procedure for Fe with 
an observed ~E3s = 4.5 eV yields a magnetic mo
ment ~ = 2.2 ~B which agrees quite well, with the 
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Fig. 2. Calibration curves for Fe and Mn. Fe, 
a-Mn, FeF2 and MnF2 from data of the authors. 
FeF3 and MnF3 are taken from J. C. Carver, G. K . 
Schweitzer, and T. A. Carlson, J. Chern. Phys. 57, 
973-982 (1972). (XBL 7410-4429) 
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Fig. 3. Observed 4s (•) and Ss(•) multiplet 
splitting in the rare earth metals. The solid 
curves are estimates based on Eq. L The 4s esti
mates have been reduced by a factor 0.55. 
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generally accepted value of 2.22 ~B·5 This agree
ment suggests the correlation factor is roughly 
constant for Fe atoms in different surroundings. 
Our a-Mn measurements were obtained at room temp
erature and from the above procedure implied a 
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Fig. 4. La and Ce 4d spectra. (XBL 7410-4353) 

localized moment with an average value of - 2.5 ~B· 
This is at odds with neutron diffraction measure
ments above 100°K. This is due to the fact that the 
XPS time scale (lo-15sec) is several orders of 
magnitude faster than neutron diffraction. The XPS 
observation of two well defined peaks indicates 
that all the Mn atoms have a moment close to the 
average value. 

Figure 3 summarizes the results for the 4s and 
5s measured splittings for the rare earth metals. 
The solid lines are Van Vleck's theorem estimates 
for the metals in their trivalent state. The esti
mates for ~E4s have been scaled by 0.55 to account 
for correlations. The observed values follow the 

.i theoretical curve quite well which supports the 
idea of the near constancy of correlation. Only Eu 
and Yb significantly deviate and this is due to 
their divalent character. This suggests the ~Ens 
measurements could be applied to the problem of 
determining valency ratios in mixed valency rare 
earth compounds. Levels with nonvanishing orbital 
angular momentum often possess very complicated 
multiplet structures.4b,6 This structure can be 
useful as a valency fingerprint. The 4d spectra of 
La(4fO) and y-Ce(4fl) metals are displayed in 
Fig. 4. One could for instance determine if Ce was 
tetravalent (4fO) or trivalent (4fl) in a particu
lar compound or alloy. A trivalent Ce 4d spectrum 
would resemble that of y-Ce, while tetravalent 
Ce would exhibit a 4d spectrum similar to La metal 
which just shows spin-orbit splitting. 
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X-RAY PHOTOEMISSION STUDY OF THE ELECTRONIC STRUCTURE 
OF THE 3d TRANSITION METALS Sc TO znt 

L. Ley,* F. R. McFeely, S. P. Kowalczyk, and D. A. Shirley 

The 3d transition elements comprise an inter
esting group of metals, exhibiting a wide variety 
of structural, electronic, and magnetic proper
ties. Since many theories of the magnetic prop
erties of the transition metals take d-bandwidth, 
total bandwidth, and density of states at the 
Fermi level as essential one-electron properties 
responsible for the magnetic behavior, clearly de-

. tailed, quantitative information over the entire 
occupied range of the density-of-states N(E) is 
essential. It is just such information which is 
supplied by x-ray photoemission spectroscopy. 

All spectra reported here were taken with a 
Hewlett-Packard 5950A electron spectrometer mod
ified to operate at a base pressure of 2 x lo-10 
Torr. The use of a high energy photon·source, mono
chromatized Al Ka radiation of 1486.6 eV, insures 
a featureless density of final states in the photo
emission process. The samples were thin films pre
pared in situ by standard methods. 

The valence band spectra of the non-magnetic 
metals Sc and Ti are rather free-electron-like in 
appearance, having less pronounced structure than 
other members of the series. The valence bands also 
exhibited the strongest plasmon energy loss struc
ture, which is indicative of a free-electron-like 
metal.l 

Vanadium and chromium, with 5 and 6 valence 
electrons, respectively, both crystallize in the 
body centered cubic structure. Chromium at room 
temperature is an antiferromagnet with a spin
density wave periodicity slightly less than twice 
that of the lattice. For computational simplicity, 
Asano and Yamashita2 treated antiferromagnetic 
chromium with a magnetic superlattice with exactly 
twice the ordinary lattice constant. The antiferro
magnetic splittings were found to be of the order 
of 0.4 eV. Since they varied for different bands 
over the entire range of N(E), however, their ef
fect on N(E) should be small. This is demonstrated 
by the calculations of Connolly.3 We therefore in 
Fig. 1 compare the spectrum with N(E) for para
magnetic Cr.4 Note especially the plateau of low 
density of states near EF indicated by the spec
trum. This important feature was not observable by 
ultraviolet photoemissionS or soft x-ray emission5 
techniques. The theoretical N(E) shown for vanadi
um is th~t of Cr, with Ep shifted to account for 
the change in number of valence electrons. As can 
be seen, the agreement between this rigid-band ap
proach and experiment is quite remarkable. 

The success of this rigid band approach in
dicates that the theoretical N(E) for Cr, with Ep 
shifted to account for the addition of 2 electrons 
Would be a good model for Fe. This is shown in 
Fig. 2(a). Figure 2(b) shows the same N(E) adjusted 
for spin polarization by allowing for the appropri
ate magneti~ moment in the ferromagnetic state and 
assuming a K-independent exchange splitting ~E. 

E 
I 

Binding energy (eV) 

Fig. 1. XPS spectra of V and Cr compared with the 
theoretical N(E) for paramagnetic Cr. 

(XBL 747-3647) 

(a) (b) 

10 

Fig. 2. N(E) for Fe generated from (N(E) for Cr by 
assuming rigid bands, (a) without spin polarization 
(b) with spin polarization. (XBL 747-3644) 

Instead of a peak in N(E) at Ep, this procedure 
predicts a low value of N(E) at Ep with a peak at 
1.8 eV below Ep. This prediction is fulfilled by 
the photoemission spectrum shown in Fig. 3 alon3 
with the spin-polarized N(E) curve of Connolly. 
The heavier members of this series yield photo
emission spectra generally in good agreement with 
existing calculations. 

Briefly, we can make the following general 
points based on our spectra. 1) The d-bands are 
seen to evolve systematically across the series 
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Fig. 3. XPS spectrum of Fe compared to the N(E) 
curve of Connolly. (XBL 747-3643) 

from bands reflecting a high degree of free-elec
tron-like behavior in Sc to bona fide core levels 
in Zn. 2) A rigid-band-model extrapolation of 

the theoretical densities of states between iso
structural nearest neighbors in the series works 
very well. 3) The spectrum of iron.. can be ex
plained by shifting theoretical nonmagnetic N(E) 

. plots to align the chemical potentials of the spin
up and spin-down sub-bands. This is strong support 
for the validity of the spin-polarized band model. 
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CRYSTAL-FIELD EFFECTS ON THE APPARENT SPIN-ORBIT SPLITTING OF 
CORE AND VALENCE LEVELS OBSERVED BY X·RAY PHOTOEMISSION 

L Ley,t S. P. Kowalczyk, F. R. Mcfeely, and D. A. Shirley 

A feature readily observed in x-ray photo
electron spectroscopy (XPS) of heavier elements is 
a splitting of core levels, commonly referred to as~ 
spin-orbit (s-o) splitting. This splitting reflects 
the two possible couplings Qf the core hole spin s 
with its angular momentum t forming total angular i 

momentum eigenstates differing in energy by the di~ 
ference in the expectation value(!·!) multiplied 
by a factor ~. the coupling strength. Improvement 
in the resolution obtained in XPS and the availa
bility of UV sources in an energy range that gave 
access to the least-bound core levels improved the 
accuracy with which these splittings could be mea
sured to an extent that made it possible to measure 
small deviations of the spin-orbit splitting in 
solids from those measured in the gas phase. Fur
thermore even changes in·the splitting of the oute~ 
most d-levels in Zn and Cd have been observed in 
going from the metal to binary compounds containing 
one of these elements.l,Z 

It is convenient to compare the splittings 
observed in solids to those for the free ions as a 
secure starting point for the discussion of various 

solid-state effects. To do this, we have compared 
the free-ion spin-orbit splitting from the observed 
term values of the configuration (d9) 2D in the op
tical spectra of the ions.3 While rendering the 
determination of the spin-orbit splitting straight
forward and reliable, this method has the disad
vantage that we have to deal in some cases with 
very highly ionized atoms. Results for the spin-
orbit splitting given in Dunn 1s compilation4 makes 
two points clear; 1) for a given d-shell configura
tion the spin-orbit splitting increases with in
creasing ionic charge by not more than 2% per unit 
charge; 2) a change in the d-configuration 
(d9 + d8) affects the spin-orbit splitting consider
ably more than the corresponding increase in ionic 
charge. These two points are consequences of the 
approximate form of the spin-orbit Hamiltonian
operator: 

H s.o. 
a 1 Clv 2( 

= z r ar) 1S , 



neglecting exchange effects and the mutual spin
orbit and spin-spin interaction of electrons in un
filled shells.S Here a is the fine-structure con
stant and V is the shielded nuclear potential. The 
dependence of the expectation value (Hs 0 ) 
mainly on the inner part of the electronic w~ve
function ~ has been pointed out bY- many authors. 
The variation in the operator l~ upon charge 
transfer in outer shells is verJ small in this 
region. 

Data obtained from solids are given in 
Tables 1 and 2 and can be summarized as follows: 

1) Core-like d-levels of elements in tetra
hedral surroundings show no, or only a very small 
( > 1%), increase in the apparent ~s 0 com
pared to free-atom values. The only exceptions are 
the Te compounds with an average increase of- 2. 8%. 

2) In, Te, Cd and Zn metals have an apparent 
~Es.o. in the outermost d-levels which exceed the 
free atom values by 4.7, 7, 45, 59% respectively. 

3) Pb and Sb show no such increase. 

4) Valence d-bands in Ag and Au are split by 
amounts far exceeding the free-atom ~Es 0 value, 
in contrast to the valence p-bands (Bi, Pbj which 
are split by energies close to ~Es.o. for the free 
atoms. 

We will now discuss the influences on the 
apparent spin-orbit splitting of "core-like" d
levels of an atom surrounded by other atoms in a 
solid. We note at the outset that we are dealing 
with final-state structure following photoemission 
from a closed shell. This is manifestly a one-elec
tron (hole) problem .. The appropriated hole state 
Hamiltonian in the one-electron approximation has 
the form 

H = h0 + h + h cryst s.o. (1) 

Here h contains the kinetic energy operator and 
the spRerical Coulomb potential of the nuclear 
charge Z screened by the inner electrons forming 
closed shells. The hcryst term summarizes the po
tentials due to the ne1ghboring atomic cores and 
the valence electrons including the valence elec
trons of the atom under consideration, and hs.o is 
the one-electron spin-orbit hamiltonian. · 

We wish to show that the differences in the 
value for the d-level splittings, ~Es.o. observed 
in different solid environments is a result of the 
influence of hcryst rather than of a modification 
in hs.o .. The spin-orbit interaction is a first 
order effect in the expansion of the relativistic 
energy expression for a spinning electron in an 
electric field u.6 The non-relativistic form gen
eralized to a many electron system can be written 
as7 

h = .!!:..2 ~i aueff\.,. 
2 " I'" .Q,. •S. s.o. r or i 1. 1 

+ terms which include mutual spin-orbit 
interactions and spin-spin interactions 
in the unfilled shell. (2) 
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So far we have dealt with the effects of 
charge transfer in the valence shell of the central 
atom on (hs.o.) . We must also consider direct 
changes in the wavefunction of the d-electrons it
self upon entering a solid or molecule. These 
changes can be considered in two parts: 

1) Renormalization of ~d due to the neces
sary orthogonalization of ~d with respect to 
wavefunctions on neighboring atoms. In the simplest 
case of orthogonalization to one other orbital 
this leads to a renormalization-factor of (1-S~)-~, 
where S is the overlap integral between the two 
orbitals. This leads to an increase in the coeffi
cient of ~d and therefore in the Lande factor ~d· 
The components added to the wavefunction upon or
thogonalization make only vanishing contributions 
for small r, the region which determines ~d· 

2) A mixing of the d-electrons with electrons 
of different symmetry located at the same atom. 
This mixing is always possible throughout the 
Brillouin zone but at k = 0 it is possible only for 
certain symmetry components of the potential. This 
effect leads to a decrease in the spin-orbit split
ting, because the orbital that will mix most 
strongly to the nd wavefunction is (n+l)p, with a 
Lande factor smaller than that of the d orbital. 
We can therefore dispense with the second effect in 
explaining increases in the apparent ~Es. 0 •• 

Since direct changes in the expectation value 
of hs.o. can not be responsible for the observed 
increases in the apparent ~Es.o. over their free
atom values. The explanation must therefore be 
sought in the hc~st term if we are to explain the 
enhancement within the framework of the Hamiltonian 
in Eq. (1). 

The matrix element of hcryst can be ex
panded into a series of spheric~! harmonics 
YLM(8,2). The angular momentum i of the state under 
consideratilion limits this expansion to a sum over 
even orders in L. For d electrons the last nonvan
ishing term has Lmax = 4, while for p-electrons 
Lmax = 2. The matrix element ( hcryst) i has the 
symmetry of the point group of the lattice and is 
in general given by 

( hcryst) i =I ALTL (i) ' (3) 

L=0,2,4, 

where TL(i) is the linear combination of spherical 
harmonics of order L that transforms as the sym
metrical irreducible representation of the point 
group of the lattice at the center of the Brillouin
zone. AI. is the expansion coefficient, which con
tains tne radial integral of the Coulomb and ex
change interaction of the electron i with the va
lence electrons and the surrounding ion cores. We 
shall ignore the term with L = 0 which corre
sponds to a generalized Madelung energy and cannot 
contribute to a splitting in the atomic levels. In 
solids which crystallize in lattices of cubic sym
metry the A2 T2 term in expression (3) vanishes. 
This applies to the face centered cubic (f.c.c.) 
lattices of Ag, Au and Pb and to the tetrahedrally 
coordinated binary compounds. All other symmetries 
encountered in this investigation require the re
tention of the L = 2 term. 
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Table 1. Spin-orbit splittings in the free atoms and solids. Errors are given parenthetically. The Roman 
numerals indicate the ionization state of the atoms (Znii = zn+). 

Element 

Zn II 

Zn metal 

Cdii 

Cd Metal 

Cd Metal 

CdTe 

CdTe 

CdS 

CdSe 

AgCd alloy 

Iniii 

In metal 

In metal 

In metal 

InSb 

InSb 

InSb 
InP 

Sb V 
Sb metal 
GaSb 

InSb 

InSb 

InSb 

Te VII 

Te metal 

ZnTe 

CdTe 
HgTe 

PbTe 

PbTe 

Hg I 

Liquid Hg 

HgTe 

HgTe 

HgSe 

HgS 

Pb IV 

Pb metal 

Pb metal 
PbS 

PbSe 

PbTe 

Shell 

Zn3d 

Zn3d 

Cd4d 

Cd4d 
Cd4d 

Cd4d 

Cd4d 

Cd4d 

Cd4d 

Cd4d 

In4d 

In4d 

In4d 

In4d 

In4d 

In4d 
In4d 

In4d 

Sb4d 

Sb4d 
Sb4d 

Sb4d 

Sb4d 

Sb4d 

Te4d 

Te4d 

Te4d 

Te4d 
Te4d 

Te4d 

Te4d 

HgSd 

HgSd 

HgSd 

HgSd 

HgSd 

HgSd 

Pb4d 
Pb4d 

Pb4d 

Pb4d 

Pb4d 

Pb4d 

Lattice 

free ion 

hex 

hex 

hex 

hex 
z.bg 

z.b. 

z.b. 

z.b. 

cubic 

free ion 

tetragonal 

tetragonal 

tetragonal 

z.b. 

z.b. 

z.b. 
z.b. 

free ion 1 

rhombohedral 

z.b. 

z.b. 

z.b. 

z.b. 

free ion 

hex 

z.b. 

z.b. 

z.b. 

NaCl 

NaCl 

free atom 

z.b. 

z.b. 

z.b. 

z.b. 

free ion 

f. c. c. 

f.c.c. 

NaCl 

NaCl 

NaCl 

Splitting (eV) 

0.337 

0.54(2) 

0.669 

0.95(3) 

0.99(5) 

0. 70(5) 

0. 83 (20) 

0. 76(12) 

0.87(16) 

0. 70(8) 

0.849 

0.90(1) 

0. 88(15) 

0.86(3) 

0.83(3) 

0.85(5) 

0.84(8) 

0.84(8) 

1.239 

1.25(4) 

1. 21(4) 

1.22(4) 

1.15(10) 

1.25(5) 

1.409 

1. 51 (1) 

1.47(2) 

1.44 (2) 

1. 44 (2) 

1. 46 (2) 

1.35(10) 

1.800 

1. 83 (9) 

1. 77 (2) 

1.91(10) 

1. 81 (10) 

1. 79 (10) 

2.643 

2.62(2) 

2.66(9) 

2.58(2) 

2.61(2) 

2.62(2) 

Reference 

3 

a 

3 

a 

1 

b 

c 

c 

c 

this work 

3 

1 

b 

a 

d 

b 

2 

2 

3 

1 

2 

2 

d 

b 

3 

1 

2 

2 

2 

2 

d 

3 

2 

2 

c 

c 

c 

3 

f 

a 

e 

e 

e 

(continued) 
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Table 1. (continued) 

~. T. Poole, P. C. Kemeny, J. Liesegang, J. G. JEmki~,- and R. C. G. Leckey, J. Phys. F., 3, L46 (1973). 
b . -

D. E. Eastman, W. D. Grohman and J. Freeouf (unpublished) D. E. Eastman, J. Freeouf and M. Erbudak, 
Congres du Centenaire de la Societe Francaise de Physique, Vittel, France, (1973) unpublished. 
c C. J. Veseley, R. L. Hengehold and D. W. Langer, Phys. Rev. B 5, 2296 (1972). 

~.Cardona, C. Penchina, N. Schevchik, and J. Tejeda, Solid St~te Commun. 11, 1655 (1972). 

eF. R. McFeely, S. P. Kowalczyk, L. Ley, R. A. Pollak, and D. A. Shirley, Phys. Rev. B I, 5228 (1973). 

fL. Ley, R. Pollak, S. P. Kowalczyk and D. A. Shirley, Phys. Lett. 41A, 429 (1972). 

gz.b. = zincb1ende structure. 

~============================================================================= 

Table 2. Free atom spin-orbit splitting and the apparent 
splitting of valence-band peaks in Ag, Au, Pb and Bi. 

Element Shell Lattice Splitting (eV) Reference 

Ag I 4d free atom 0.555 3 

Ag metal 4d f.c.c. 1. 6 (1) 1 

Au I 5d free atom 1. 522 3 

Au metal 5d f.c.c. 3. 8 (2) a 

Pb I 6p free atom 1.746 3 

Pb metal 6p f.c.c. 1.80(5) c 

Bi I 6p free atom 2.163 b 

Bi metal 6p rhombohedral 2.16(8) c 

aD. A. Shirley, Phys. Rev. B5, 4709 (1972). 

he. C. Lu, T. A. Carlson, F. B. Malik, T. C. Tucker and 
C. W. Nestor Jr., Atomic Data l• Nr. 1 (1971). 
c L. Ley, R. Pollak, S. P. Kowalczyk, and D. A. Shirley, 
Phys. Lett. 41A, 429 (1972). 

It is evident from the data in Table 1 that 
all cases which exhibit an increase in ~Es.o. for 
the core d-levels fall into this latter group with 
the possible exception of the tellurium salts. The 
nonvanishing A2T2 term in expansion (3) seems there
fore a necessary condition for an increase in 
~s.o.· 

Let us explore this possibility in more de
tail using Zn and Cd as examples. Zn and Cd crys
tallize in a hexagonal lattice. In this case it is 

,convenient to divide the L = 2 term into three 
factors: 

( h ) = f(£).Ahex.T hex+Ahex T hex 
cryst i a 2 2 4 4 

(4) 

The geometrical factor f(~) depends on the ratio of 
the crystalline axes c and a. For c/a = 1.63, the 

· ideal hexagonal lattice, f(j) is zero and the A2T2 
vanishes for geometrical reasons. In Zn and Cd how
ever, c/a is equal to 1.86 and the L = 2 term en
ters with a considerable geometrical advantage 
(f(C) > 1 in the point-ion model). We have dia
gonliized the two operators hs.o. + h s in the 
sub-space of the d-electrons. The metfi~ ~mployed 
for this calculation uses standard angular momen
tum algebra as outlined in Edmonds.8 Figure l(a) 
shows the level scheme for a d9 configuration in 
the ideal hexagonal field (f(C.) = 0) as a function 
of A4. All degeneracies are l!fted, yet the in
crease in the apparent spin-orbit splitting is 
negligible for values of A4 which preserve the ob
served pattern of two d-peaks, that is for 



0 0 l) 'r. ·~ 3 0 

IA41 < 0~41~1 . Lirting the restriction of 
c/a = 1.63 introduces the AzT2 term; which changes 
the level pattern appreciably (Fig. l(b) ). As 
mentioned above; Az is expected to be greater_ than 
~ and we have therefore plotted the level scheme 
under the assumption that_A4 = 0. For_positive 
values of Az the spin-orbit split doublets evolves 
into a pattern of two nondegenerate doublets and a 
single level; which would result in a three peak 
spectrum with relatiVe'intensities 1:2:2. For 
A2 < 0 a drastic increase in apparent ~s.o is 
possible without destroying the general appear~ 
ante of a spin-orbit split d~doublet with the cor~ 
teet intensity ratio of 2:3. The value of A which 
gives the observed spin-orbit splitting in ~n and 
Cd is about 1.4 I 5/2E;I • A spectrum generated 
from the level scheme at this point does indeed 
resemble the observed Cd spectrum closely. 

This direct evidence that the increase in 
apparent ~Es.o. in Cd and Zn is symmetry-induced 
is supported by three pieces of additional experi
mental data. 

VJ 

~ I 
~ r--------=~~--~--~====~~----
0 

, -1 

"' 0; 
c: 
UJ -2 

-2 

2 

0 

0 -1 
~ 
c: 

..:! -2 
, 
"' 0; 
c: 
w 

0 
A4 (units of 5/2 lei) 

A2 (units of 5/2 I e I) 

Fig. 1. Energies of a d9 configuration as a func
tion of the generalized crystal field parameter 
A2. (a) ideal hexagonal field: c/a = 1.63, 
A2 = 0; (b) general hexagonal field; ~ is 
assumed to be zero. The insert shows a spectrum 
for A2 = 1.4 I 5/2 E;l. The line width of each 

2 

component is equal to E;. (XBL 746-3462) 
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1) Figure 2 shows the Cd 4d doubletand for· 
Cd metal and a AgCd alloy (10% Cd). The substitu
tional introduction of the Cd atom into the cubic 
surrounding of the Ag lattice reduces ~E5 0 

to 
the free atom value. · · 

2) The photoemission spectrum of Cd deposited 
in submonolayer coverage onto a Au single crystal 
shows no increase in spin-orbit splitting of the 
4d level (compare Fig. 2). We interpret that as 
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(b) a AgCd alloy (10% Cd), and (c) surface isolated 
Cd atoms. (XBL 744-2979) 



the observation o£ single Cd atoms which ate sub
jected to no crystal field. When the Cd coverage 
is increased to the extent, that the formation of 
Cd clusters becomes possible, the d-level split
ting increases to the value in Cd metal. 

3) Another physical property that is known 
to be proportional to the L = 2 term in an expan
sion similar to that of expression (3) is the elec
tric field gradient at the·nucleus. This field 
gradient can be measured by observing the inter
action of the nuclear quadrupole moment Q with the 
field gradient q. Values of the coupling constant 
eqQ/h for lllcd in host lattices of Ph, In, Zn 
and Cd9 are plotted against the increase in ap
parent 6Es.o. for these metals in Fig. 3. The plot 
shows a quite convincing correlation between the 
excess splitting and the quadrupole interaction of 
the few points available. 

Let us turn now to the splittings observed 
in the valence d shells of Ag and Au and the p 
shells in Pb and Bi. These cases cannot be treated 
rigorously without taking the band character of 
the~e states into account. That is, level ordering 
at k = 0 is not necessarily representative of the 
appearance of the density of states p(E) as ob
served in an XPS-spectrum. The elements Ag, Au, Pb, 
and approximately also Bi crystallize in the fcc 
structure; that is, the symmetries throughout the 
Brillouin zone are the same for all four elements. 
Nevertheless, the observed differences in the ap
parent 6Es.o. between d bands (increase) and p 
bands (no increase) is striking they can be under
stood in terms of the symmetry induced splittings 
at representative points of the Brillouin zone. 
The d-electrons of Ag and Au are already split 
into two groups of bands, r12 and f'l5' at r the 
center of the BZ which has the full octahedral 

c: 
0 

w 
<l 

w 
<l 

0.3r----------.----------.----------, 

0.2 

0.1 

Oo-------~------~------~ 
0 50 100 150 
eq Q/h for solute 111 Cd ( M Hz) 

Fig. 3. The excess in apparent spin-orbit splitting 
6Es.o versus the electrical quadrupole interaction 
strength eqQ/h of . 11lcd for a number of metals. 

(XBL 744-2975) 
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symmetry. Towards the outer parts of the BZ, these 
bands split further accompanied by a rearrangement 
of levels according to the various irreducible rep
resentations at symmetry points of lower than cubic 
symmetry. The ma.Ximum splitting occurs at X the 
center of the square face of the BZ. The pattern 
set-by rand X can be regarded as representative 
for the two peaked structure in the density of 
states of Ag and Au. The spin-orbit interaction 
enhances this splitting further without being the 
dominant factor, however. The lower angular sym
metry of the p-valence electrons in Pb and Bi pre
serves their orbital degeneracy at r. Along the 
symmetry directions on the surface of the BZ this 
degeneracy is partially lifted forming a single and 
a doublet level at each symmetry point except K. 

The energy dispersion of these bands along 
the surface of the BZ is in general smaller than 
their splitting, giving rise to a two peaked den
sity of states. In Pb and Bi, with 2 and 3 p-elec
trons respectively, only the bands in the lower 
peak of p(E) are occupied, so that we would ob
serve a single peak in the XPS-spectrum in the 
absence of spin-orbit interaction. In the presence 
of spin-orbit interaction however the two fold 
degenerate level at W splits and an inspection of 
the relativistic band structure of Pb by LouckslO 
reveals, that this splitting is preserved over 
much of the surface of the BZ giving rise to the 
observed doublet in the occupied part of p(E). In 
the tight binding approximation, and in the ab
sence of s-p hybridization the splitting at W 
equals the atomic splitting, a result that is in 
good agreement with experiment. 
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THE STRUCTURAL NATURE OF AMORPHOUS Se AND Te*t 

M. SchlUter, J. D. Joannopoulos, M. L. Cohen 
L. Ley, S. P. Kowalczyk, R. A. Pollak, and D. A. Shirley 

Recent X-ray (XPS) and ultraviolet QJPS) 
photoemission measurements on sel and the new ex
periments presented here on Te show some remarkable 
differences between their. trigonal and amorphous 
phases. One of these differences corresponds to a 
seemingly sharper structure in the s-like states of 
the amoDthous phase of Se which is very unusual for 
an amorp ous spectrum. Other important differences 
appear as interchanging strengths in the two peaks 
of the p-like bonding states. To explain these dif
ferences in terms of the possible structural na
ture of th~ amorphous phase we must first under
stand the origins of the structure in the crystalline 
spectrum. 

Electronic charge distributions obtained from 
pseudopotential calculations on Se and Te2 indicate 
that (1) the splitting of the two peaks in the p
like bonding states is related to the amount of 
mixing and hybridization of PJc, ~· s and d states 
and (2) the relative strengths of these two peaks 
is related to the relative amount of intrachain 
and inter-chain bonding. The s-like region of the 
density of states is of considerable importance 
since these states are very sensitive to topology. 
The structure in the s-like region.of the density 
of states of trigonal Se is very similar to that 
of a one-dimensional chain and thus reflects the 
definite chain-like nature of this phase. In tri
gonal Te, however, the structure in the s-like 
region is more similar to the superposition of a 
one-dimensional chain density of states and a three 
dimensional simple cubic density of states. 

Let us examine the changes occurring in the 
amorphous phase. Figure 1 (top) shows the photo
emission results of Shevchik et al.l for trigonal 
and amorphous Se. In the "lone-pair" region (be
tween -2 eV and 0 eV) , the amorphous spectrum has 
lost some fine structure and is shifted slightly 
to higher energies. However in the bonding p-like 
region (between -6 eV and -2 eV) rather interesting 
changes have occurred. The lower energy peak has 
become weaker whereas the higher energy peak has 
become stronger in the amorphous phase. This re
versal corresponds to a decrease of the number of 
pure intra-chain bonding states. There are now 
more electrons occupying states localized outside 
the chains. The splitting of these peaks is very 
sensitive to the bond angle and hence to the hy
bridization. In the amorphous phase this splitting 
remains essentially unchanged, suggesting that bond 
angle variations are relatively small. 

In the s-like region (between -18 eV and 
-7 eV) for Se there is a very unusual effect. The 
dip seems to be bigger in the amorphous phase than 

>.or----------------------, 

1.0 

1.0 

Se (EXPERIMENT) 

--TRIGONAL 
----- AMORPHOUS 

Te (EXPERIMENT) 

--TRIGONAL 
----- AMORPHOUS 

~LO-----.~.~---.,------.-----.---~----------_J 
ENERGY (eV) 

Fig. 1. X-ray and ultraviolet photoemission results 
(top) on trigonal (solid line) and amorphous 
(dashed line) Se as obtained from ref. 1. The 
amorphous sample was prepared by d.c. supttering at 
room temperature. X-ray photoemission results 
(bottom) on trigonal (solid line) and amorphous 
(dashed line) Te as obtained in this work. Here the 
amorphous Te sample was obtained by Argon bom
bardment. The "lone-pair" states lie between 72 eV 
and 0 eV. The bonding p-like states lie between -6 
eV and -2 eV and the s-like states are below -8 eV. 

(XBL 756-1566) 

in the trigonal phase. This suggests some inter
esting structural properties. The change could not 
be caused by breaking of the infinite chains, 
which would only tend to fill up the dip. A rea
sonable alternative is the formation of rings. In 
particular the dip would increase if the rings 
were of order three, five, six or seven. Rings of 
order four, eight, or five and seven together, 
would certainly tend to fill up the dip.3 Further
more, since the bond angles in the trigonal phas~ 
are around 104° , the most likely ring structures 



are five-fold and six-fold, or six-fold and seven
fold. To demonstrate the effect of the existence of 
rings on the density of states we have carried out 
two model calculations on Se containing only six
fold and only eight-fold rings respectively. On the 
basis of these results we propose that the amor~ 
phous Se samples contain a substantial number of 
atoms in ring-like configurations of order six. 
This suggestion seems to be consistent with 
Rechtin's and Averbach's4 interpretation of their 
radial distribution function data. 

The photoemssion results for amorphous and 
trigonal Te obtained by Shevchik et al,5 using the 

·same sputtering technique as in the Se case give 
similar results. However these results differ from 
our photoemission data on amorphous and trigonal 
Te. Our experimental procedure was as follows. The 
x-ray photoemission spectra of Te were measured 
with a Hewlett-Packard ESCA-spectrometer 5950A 
utilizing monochromatized Al Ka x-rays (1486.6 eV) 
with a resoltuion of 0.6 eV (FWHM). A single cry
stal of Te was cleaved just prior to insertion into 
the spectrometer in an atmosphere of dry nitrogen. 
The amorphous sample was obtained after 2 hours of 
Ar+-ion bombardment. The results are shown in 
Fig. 1 (bottom). In the bonding p-like region 
(-2 eV to -6 eV) we now find, in contrast to Se, 
a shift of strength to lower energies in the 
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amorphous case. This suggests an increase in the 
number of the pure intra-chain bonding electrons, 
which would be consistent with an increase in the 
covalency of Te in the amorphous phase. 
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AN IONICITY SCALE BASED ON X-RAY PHOTOEMISSION VALENCE-BAND 
SPECTRA OF ANB8 -N AND ANB1 0 -N TYPE CRYSTALS* 

S. P. Kowalczyk, L. Ley,t F. R. McFeely, and D. A. Shirley 

In general the spectra of the valence band 
region of ANB8-N and ANB10-N crystals show a 
three-peak structure, occasionally with a sharp 
core d peak intruding. Figure 1 shows the raw 
XPS-VBDOS spectra of some typical Group IV and 
Group V elements, and III-V, II-VIi IA-VII, and 
IV-VI compounds. Walter and Cohen calculated 
electronic charge densities for several diamond 
zincblende semiconductors from pseudopotential 
band-structure wavefunctions. These charge 
densities give the distribution of the valence 
electrons in each band in real space: they can 
be related to peaks in our spectra. Peak I (PI) 
consists of electrons centered around the anion 
atomic site; i.e., an "s-like" distribution. 
Peak II (PII) consists of electrons basically 
centered around the cation, and located in the 
bonding region. Peak III (Pili) results from 
electrons concentrated between the atomic sites 
in the bonding region, i.e., a "p-like" distribu
tion. With this in mind, and realizing that the 
valence-band peaks cannot be truly described with 
su~h a simple atomic picture, we shall refer to 
PI and PII as "s-like" bands and Pili as "p-like". 
Fuller discussions of the atomic derivation of the 
valence-band peaks are available in Refs. 2 and 3. 

It was noted previously in an XPS study of 
the VBDOS of the isoelectronic series Ge, GaAs, 
and ZnSe4 that the PI - PII splitting, ~E§PS , 

increased with increasing ionicity. This in
creasing splitting was attributed mainly to an 
increasing localization of electrons around the 
stronger anion potential. However, to devise a 
quantitative scale of ionicity, a covalent 
fiducial point is necessary. The need to treat 
ionic and covalent contributions on an equal 
footing has been cogently put forth in several 
articles by Phillips and Van Vechten.S-8 Ley 
et aL 9 in an XPS- VBDOS study of groups IV and V 
covalent elemental crystals observed a rather 
simple relationship between the covalent splitting 
of PI and PII, ~~ , and the nearest-neighbor 

distance, d . The observed relation is 

~E~ 8.0 - 2.2 d (1) 

with ~E~ in eV and d in A, The measured ~~ and 
d for these crystals are listed in Table 1. 
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Fig. 1. (a) X-ray photoemission valence band 
spectra of several typical ANB8-N t~O-~rystals, 
Ge, GaAs, ZnSe, and KBr; and (b) ANB type 
crystals, Sb and PbS. (a) XBL 745-3033). 

(b) XBL 745-3035) 

Table 1. Nearest-neighbor distance and 6E~ 
splitting for group IV and group V elemental 
crystals. 

Crystal Structure d(A)a 6E~(eV) Ref. 

c diamond 1. 54 4.7 10 

Si diamond 2.34 2.6 8 

Ge diamond 2.44 3.1 8 

a-Sn diamond 2.80 1. 8b 

As A7 2.50 2.6 11 

Sb A7 2.86 1.7 11 

Bi A7 3.10 1.2 11 

aR.W.G. Wyckoff, Crystal Structures 
Interscience, New York, 1963). 

(Wil:ey, 

bPredicted value from Eq. (1). 



The fact that ~E~ depends on d in such a simple 
way for the homopolar crystals suggests that it 
is a strong function of overlap and could serve 
as a covalent fiducial point. The fact that the 
group V semimetals fall on the "universal curve;' 
of Ref. 9 suggests that th~ ionicity of the 
ANBlO-N as well as the ANB8-N crystals might 
well be included in an XPS-derived scale of 
ionicity. 

We are now in a position to decompose our 
measured splitting of the "s-bands", llEfS into an 

ionic and a covalent contribution. ~E~ is arrived 
at by simply inserting d(A) of the crystal under 

• analysis into Eq, (1). To obtain the ionic 
contribution, ~E§ , we suggest that the relation
ship 

~EXPS s (2) 

be employed. Now an ionicity number can be simply 
defined as 

~i s 
- LlliXPS 

s 

For example let us consider the isoelectronic 
.series Ge, GaAs, and ZnSe, the members of which 
have nearly constant d . Germanium with d 
2.44 A , is of course purely covalent and 

(3) 

·j~8 (Ge) = 0.0 . GaAs also has d = 2.44 A and 

Eq~ (1) yields ~E~ = 2.6 eV .. ~E~S was measured 

to be 4.8 eV, which yields ~E~ = 2.2 and 

:f~8 (GaAs) = 0.46. In a similar manner for 

Z~e (d = 2.45 A), ~E~ = 2.6 eV, ~E~S 7.8, 

~E~ = 5.2 and "Ji = 0.67. 

Table 2 summarizes the structures, the 
various parameters used, the the derived ~~S(AB) 

1 
for the crystals used in this study. Before 
discussing the results in detail, let us compare 
this empirical ionicity scale with the dielectric-

based scale of Phillips. Our ~E~, ~E~, and ~E~S 
are analogous to the C , Eh and Eg , respec
tively, of Phillips. His Eg is the gap between 
bonding and antibonding states. Here Eh is the 
homopolar energy and is equal to E for homopolar 
crystals and determined by the empi~ical relation
ship 

for heterpolar 
contribution to 

ANB8-N 
Eg . 

crystals. c is the ionic 

, Phillips has discussed in detail the corres
pondence between ionicity and coordination for 
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Table 2. Nearest-neighbor distances, enerXP of XPS 
splitting of lowest two valence bands ~B.~. the co
v~lent splitti~s ~E~, ionic splitting 8E~ and ~oni
C1 ty number ';1 . S (AB) • These parameters are explamed 
in the text. Ail energies are given in eV. 

crystal 

GaSb 

ZnTe 

ia 

In As 

Cds• 
InP 

CdS 

RbC1 

AlSb 

Nat 

NaBr 

GaP 

ZnS 

KC1 

ZnO 

l<F 

MgO 

NaF 

PbS 

PbSe 

PbTe 

SnTe 

2. 44 

2.45 

2. 81 

2.Bi 

2.65 

2.64 

3.53 

2.61 

2.63 

2. 54 

2.53 

3.29 

2.66 

3.24 

2.99 

2.36 

2.34 

3.15 

1.95 

2.67 

2.10 

2.32 

2.97 

3.06 

3.25 

3.14 

PbO.BSn 0 . 2Te 3.23 

Pb0 . 4 sn0 _6Te 3.18 

Pb0 _2sn0 . 8Te 3.16 

LiF 2.01 

KBr 3.30 

NaCl 2.82 

CdSnAs
2 

2.64e 

ZnGcP
2 

2.37e 

CsCl 3. 51 

CsP 3.00 

CsBr 3. 71 

HqTe 2.76 

SrO 2.57 

Sf.itit:tureb 

w 

w 
R 

R 

R 

z 
R 

w 
R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

zf 

zf 

CsCl 

CsCl 

R 

M;XPS 
s 

4.8 

7.8 

4. i 

j.6 

6. 5 

8.3 

4.7 

'1.. s. 7 

4.3 

"' s.s 
10.7 

4.3 

8.1 

9.9 

3.8 

7.5 

11.8 

9.1 

20.9 

13.5 

21.1 

4.4 

4.3 

3.5 

4.4 

3.1 

3. 5 

4. 3 

19.7 

15.0 

10.0 

"' 5 
4.8 

10.6 

20.9 

9.6 

"' 3.5 

"' 13 

. cc 
M:s 

2.6 0.46 

2.6 5.2 0.67 

1.8 2.3 0.56 

1.8 "' 3.4 ~ 0.65 

2.2 1.4 0.39 

2.2 4.3 0.66 

o.2 8.i o.97 

2.3 2.4 0.51 

2.2 "' 3.5 0.61 

2.4 1.9 0.44 

2.4 "'3.1 "'0.56 

0.7 10.0 

2.2 2.1 

0.9 7.2 

1.4 

2.8 

8.5 

1.0 

2.9 4.6 

1.1 10.7 

3. 7 5.4 

2.1 18.7 

3.4 

2.9 

1.5 

1.3 

0.9 

1.1 

10.1 

18.3 

2. 9 

3.0 

2.6 

3. 3 

0.94 

0.49 

0.89 

0.86 

0.26 

0.61 

0.91 

0.59 

0.90 

o. 75 

0.86 

0.67 

o. 70 

o. 74 

o. 75 

0.9 2.2 0. 70 

1.0 2.5 0. 71 

1.1 3.2 o. 74 

3.6 16.1 0.82 

0.7 }4.3 0.95 

1.8 8.2 0.82 

2.2 "' 2.8 "'0.56 

2.8 2.0 0.42 

0.3 10.3 0.97 

1.4 19.5 0.93 

-0.2 9.6 1.00 

1.9 1.6 "'0.46 

2.4 10.6 "'0.82 

13 

i3 

ij 

1J 

13 

13 

15 

13 

13 

13 

13 

15 

15 

13 

13 

15 

13 

15 

15 

12 

12 

12 

q 

q 

q 

15 

15 

15 

14 

14 

42 

42 

42 

13 

8 a. w. G. Wyckoff, Crystal Structures (Wiley-Interscience, Inc., New York, 1963). 

bz - zinc-blende, R - rocksalt, w - wurtzite, CsCl - cesium chloride. 

cFrom Eq. (1). 

'\-r0111 Eq. (3). 

eA. s. Borschevskii, N. A. Goryvnova, and F. P. Kesamanly, Phys. Stat. Sol. 

B ~, 9 (1967). 

fChalcopyrite structure is analogous to zincblende structure with the cation 

site being occupied alternately by group II and group IV cation. 

gUnpubl ished work of this laboratory. 

he. J. Veseley, c. L. Kingston, and o. w. Langer, Phys. Letters lli• 137 (1973) · 

the ANB8-N crystals.5,7 In his study of seventy 
ANB8-N crystals Phillips found a critical ionicity 
Fi such that for~i < Fi the crystals are four
fold coordinated and for ~i > Fi the crystals 
are six-fold coordinated. With Fi = 0.785, 
Phillips' scale had 100% accuracy in predicting 
crystal structure, far superior to any other then 
available quantitative scale of ionicity. In 



0 0 0 "":/ 0 ' 
'! !,;~ 
'=·"' ' • v 

Fig. 2, we have plotted the ionicities of several 
ANB8-N crystals common to studies for each scale, 
with the structure noted by symbols. We have 
added to both scales several ANB10-N crystals, 
the lead salts and SnTe, which have the rocksalt 
structure. We have also added to our scale 
several Pb:xSnl-xTe alloys and two ternary semi
conductors. If for the dielectric scale we keep 
Fi = 0. 785, the ~~T (AB) scale will make four , 

di . 'th h . 1 . f th ANBlO-N wrong pre ct1ons w1 t e 1nc us1on o e 
crystals. If we lowered Fi to 0. 71, ~fCAB) 
would make two errors but would no longer have 
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Fig. 2. Co~Sison of the XPS-derived scale of 
ionicity, 5 1 (AB) from Table 2 and the Phillips
Van Vechten ionicity, :J~T(AB) (Ref. 5)_ illustra
ting the ab~lifit to pred1ct structural phase trans
formation. ~ (AB) for crystalline materials of 
average V valence was obtained from P. J. Stiles, 
Solid State Commun. 11,1063 (1972). Vertical line 
indicates critical ionicity, Fi. Dashed vertical 
line for JDT(AB) is the Fi derived in Ref. 5. 
Crystals with diamond, zinc-blende or chalcopyrite 
structure are indicated by +, wurtzite structure 
by • and rocksalt structure by o. (XBL 745-3032) 

,:: ·T~J 8 0 ~~ 
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a perfect score for the 70 ANB8-N crystals of 
Ref. 5. The~XPS(AB) scale with Fi = 2/3 is 

l -

able to predict 100% of the structures correctly. 
However, within the accuracy of the data 

~~S(ZnSe) and~~S(PbS) should be considered 

equal; thus ~~S (AB) makes one error. Thus 
l 

cjfPS (AB) appea~s to be superior to cjl!f (AB) 
l l 

when IV-VI crystals and ternary alloys are in
cluded. The lead salts present an interesting 
case because they can indicate whether the 
,-.,.-iXPS · . N 8-N 
<J· (AB) scale can be general1zed beyond A B 

. l 
crystals and because both ionic and covalent 
bonding have been proposed for them.lO 
<j-~S (AB) predicts the lead salts to have the 

l 

ionic rocksalt structure; which is correct. Recent 
charge density calculations on PbTe strongly 
support an ionic interpretation.ll 

The cesium halides have the eight-fold co
ordinated CsCl structure. Citrin and Thomas have 
reported XPS data for several of these compounds.12 
If we apply our treatment to these data we obtain: 

~s(CsF) = 0.93 , cJ~s(CsCl) = 0.97 , and 

~~S(CsBr) = 1.00 . All these values are in the 

upper range of the alkali halide data. In Fig. 2 
' we have also plotted data from two AIIBIVc¥ (chal

copyrite-type) crystals. These are ternary analogs 
of the binary AIIBV crystals, i.e., ZnGePz is the 
analog of GaP, and CdSnAs2 of InAs. 

We shall not discuss the other scales of 
ionicity in detail since this has already been 
done by Phillips.5 The major problems with the 
other scales, notably Coulson's molecular orbital 

13 ctCRS . approach, J i (AB) , and Paulmg' s thermo-

chemically based scale,14 ~i(AB) , derive from 

the lack of symmetrical treatment of ionic and 
covalent contributions. Both Pauling's and 
Coulson's scales tend to bunch groups of crystals 
with respect to ~Z; i.e., III-V crystals are 
clustered at one value and II-VI at another. 
Phillips stated that his dispersion theory does 
not work too well for crystals such as alkali 

halides with c:f ;(: 0. 9 , which is where Pauling's 
l 

scale is best because the covalent contribution is 
very small. The Phillips-Van Vechten theory uses 
optical and dielectric data. Optical data are 
not always straightforward to interpret and this 
approach includes some approximations. ~~SCAB) 

l 

appears to have wider applicability than the 

other scales. It appears that~~S(AB) needs a 

correction factor for the anion size in the case 
of the alkali halides. There is need for further 
work especially in the expansion of classes of 
crystals studied. This study shows promise in 
the application of XPS to study of the problem 
of the nature of the chemical bond in solids. 
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X-RAY PHOTOEMISSION SPECTRA OF THE 4d LEVELS IN 
RARE EARTH METALS* 

S. P. Kowalczyk, N. Edelstein, F. R. McFeely, L. Ley,t and D. A. Shirley 

The photoemission spectra of core levels in 
materials possessing unpaired electrons often 
exhibit satellite structure. This phenomenon, 
which is usually attributed to multiplet splitting, 
was first observed in x-ray photoemission spectra 
(XPS) of solids by Padley et al.l,2 It is inter
preted as arising from the multiplicity of final 
states formed by the coupling of an open core 
shell with partially filled outer shells. Rare
earth metals and rare earth compounds, with their 
large number of unpaired 4f electrons, should 
present particularly interesting cases for study 
of multiplet structure. 

Figure 1 shows the 4d spectra of La and Lu, 
which have a completely empty and a completely 
filled 4f shell, respectively. These spectra 
exhibit only well-defined spin-orbit split doublets 
with separations of 2.85(10) and 10.0(2) eV, 
respectively, in reasonable agreement with theo
retical values of 3.2 and 10.2 eV.3 Also shown 
is the 4d spectrum of Yb, which is a divalent 
metal with a 4fl4 ion-core configuration. Here 
again the 4d spectrum consists simply of a 

'4d5/2 - 4d7/2 spin-orbit doublet split by 8.90(15) 
eV. The simple spin-orbit doublet character of 
the 4d doublet in Yb is interpreted as further 
confirmation of the 4£14 configuration in this 
metal. 

Figure 2 shows the XPS spectra in the 4d 
region of Ce, Sm, and Eu. These spectra are 
typical of the rest of the rare-earth series in 
exhibiting complex structure due to the 4d94fn 
interaction. We shall discuss only the 4d94f7 
cases, Eu and Gd, as only these have as yet been 
analyzed in detail. The discussion below applies 
particularly to Eu. The Gd spectrum has not been 
as well resolved as yet. For these two metals 
the initial open-shell configuration and level 
is 4£7; 8s. Thus emission of an n.t electron can 

4t+l 7 9 lead only to the two terms nt 4f ; L and 
4t+l 7 7 nt 4f ; L , where ILl = ltl • For the 

t = 2 case of interest here, each term consists 
of five levels with J ranging from IS-21 to 

IS+21. The configuration f 7(8S)d1 was treated 
by Judd.4 By reversing the sign of the d-shell 
spin-orbit coupling constant c:; , we can use his 

discussion essentially verbatim for f 7(8S)d9 , 
noting that the d-f exchange terms require no 
modification because the 4f shell is exactly half 
full. Figure 3 is a plot of the level ordering 
within the 9D and 7D multiplets using the reduced 
variables nand~ defined by Judd4 (cf his Fig. 5). 
The parameter n scales as energy for any parti
cular value of ~. which is, itself, an index of 
the degree of j-j coupling in the 4f shell: 
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Fig. 1. XPS spectra of the 4d levels of La, Yb, 
and Lu metals, showing only spin-orbit doublets. 
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Fig. 2. XPS spectra of the 4d regions of Ce, 
Sm, and Eu metals exhibiting structure due to 
final-state coupling. The Eu spectrum has been 
analyzed as discussed in text. (XBL-746-3514) 
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Fig. 3. Levels of the configuration f 7d9 that 

derive from the core level 8s712 • The axes are 

labeled as follows: n = (E (J) - ~~ G) [G
2 

+ 
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5 p)2 1-1/2 ,· ~ X h 5 /G 

"' = 1 + I X I ' w ere X = 2 z:; 

The matrix elements were calculated for the f 7d 

configuration so, for our case, z:; .;;;; 0, G;;;. 0 , and 

therefore -1 .;;;; ~ .;;;; 0. The LS extreme is given 
for·~= 0 on the left, and the Jj extreme is 

given for~= -1.0 on the right. (XBL-746-3551) 

~ = 0 for pure L-S and -1 for j-j coupling. 
The five-peak fine structure on our 9D peak in 
the Eu spectrum (Fig. 2) shows excellent agreement 
with this interpretation, while the 7n fine · 
structure is unresolved. Judd attributed a similar 
effect in the Gdl spectrum to a contraction of the 
7n multiplet through interaction with an excited 
term 7n of f7d, derived from the level 6p of the 
core. 

We can qualitatively explain the difference 
in appearance and structure of the 7n and 9n 
terms but cannot account quantitatively for the 
contraction of the 7n term on the basis of our 
simple model. However we can set a lower limit 
on~ of -0.47 (Fig. 3). The main uncertainty 
is in the value of G for which we can set a 
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lower limit G;;;. 4.4 eV. Energies calculated 
on Judd's model are compared with experimental 
values in Table 1. The derived value of the 
effective 4d spin-orbit coupling constant within 
the 9n manifold is sd = 1.4(2) eV. This is 
somewhat smaller than estimates based on theory 
(z:;d = 2.2 eV) or obtained by interpolation using 
~1e La, Yb, and Lu experimental values (z:;d = 
1.8(3) eV). Again this contraction within the 9n 
manifold is probably attributable to interaction 
with excited states. 

Table 1. T,he 4d94f7; 9n multiplet energies in 
Eu metal (in eV). 

Level E(expt) E(fitted)a 

9D 
b 

6 0 0.1 

9D 
5 o. 78(04) 0.8 

9D 
4 1.52(04) 1.4 

9D 
3 2.22(04) 2.2 

9D 
2 2.85(08) 2.9 

7Dc 6.33(10) 6.3 

aAfter Ref. 4. 

bThe binding energy of 9D6 relative 
to the Fermi energy is 127.70(15) eV. 

~ean energy only. 

A noteworthy feature of the Eu spectrum is 
the apparent reduction in multiplet separation 
between the 7n and 9n terms. According to simple 
theory,4 this separation would be given by 

G = 24 G1(4d 4f) + ~ G3(4d 4f) 
35 ' 105 ' 

528 5 
+ 1524.6 G (4d,4f) 

or 18.91 eV, using Mann•s5 exchange integrals. 
The lower limit we give for G is 4.4 eV, cor
responding to a reduction factor of 0.23. A 
large reduction factor is expected for multiplet 
splitting cases involving two subshells with the 
same principal quantum number, because of the 
large intrashell correlation energy. A factor of 
0.6 has previously been observed for 4s 4f 
multiplets in rare-earth salts6 and metals. 7 
Closure of the multiplet energy gap arises pri
marily through configuration interaction of the 
low-spin term (7D in this case) with excited 
states of the same symmetry. This should lead 
to two other observable spectral features: the 



0 0 

7Dj9D intensity ratio should be less than the 
multiplet value of 7/9, and "correlation peaks" 
should be present at higher binding energies, as 
observed8 in Mn2+ . Large background intensities 
in our spectra, arising from elastic scattering, 
preclude a really quantitative interpretation, 
but both of the above features appear to be 
present. 
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MULTIPLET SPLITTING OF THE 4s AND 5s CORE LEVELS 
IN THE RARE EARTH METALS 

F. R. McFeely, S. P. Kowalczyk, L. Ley,* and D. A. Shirley 

Since the first observation of multiplet 
splitting of core levels in x-ray photoemission 
spectra (XPS) of solids by Padley et al.l,2 many 
interesting applications have been made3-7 and a 
deeper understanding of this phenomenon has de
veloped.S-11 In this Letter, we report the 
observation of multiplet splitting of the 4s and 
5s core levels in the rare earth metal series La 
through Lu. 

Our measured 4s and 5s splitting of the 
metals are given in Table 1 and compared with 
earlier work on several trifluorides.5 The values 
for the splittings were obtained by least-squares 
fitting of Lorenztian or Gaussian functions to 
the spectra. The good agreement of the metal 
results with those of the trivalent ions is 
not surprising, since it has been shown earlier 
that the XPS spectra of the 4f region of the 
metals compare well with optical data of the tri
valent ions and with XPS results on the tri
fluorides.l2 

The simplest estimate of the splitting 
~E(ns) is obtained by invoking Van Vleck's 
theoreml3 which yields 

(2S + 1) 
7 

3 
G (ns ,4f) (1) 

where S is the initial-state spin. These 
results are given in Table 1 and plotted in Fig. 1 
along with the experimental results. The use of 
Mann•sl4 atomic Slater integrals, G3 , is justi
fied because the 4f states are essentially core
like. Equation (1) reproduces ~(5s) quite well; 
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Fig. 1. Comparison of the experimental values of 
the 4s and 5s multiplet splitting with the Van 
Vleck theorem values (Eq. (1)). Filled circles 
are for the metals (this work), while open circles 
are trifluoride values (Ref. 5). 

(XBL 746-3504) ' 



,, 

326 

Table 1. Experimental and calculated 4s and Ss splittings (eV) of the rare earth metals and trifluorides. 

25+1 L\E(4s)a i'IE(4s)b llE (4s)c liE(Ssla liE(Sslb liE (Ss)c 
vv vv 

Full xo.ss 

La 0.0(2) 0.00 0.00 0.0(2) 0.00 

Ce 2 1.4 (3) 2,85 1. 56 1.0(3) 0.0 0.93 

Pr 3 2.0(3) 4.14 2.26 1.4 (2) 1.2 1.46 

Nd 4 2.7(3) 5.78 3.16 1.6(2) 1.7 1.92 

Pm 5 7.52 4.11 2.38 

Sm 6 5.4(3) 9.35 5.10 2.9(2) 2.8 2.83 

Eu 8,7 7.4(3) 12.88,11.27 7.03,6.15 3.8(3) 3.76,3.29 

Gd 8 7.8(2) 8.2 13.91 7.59 3.6(2) 3.7 3.62 

Tb 7 d 7.5 12.17 6.64 3.2 (3) 3.4 3.16 

Dy 6 d 6.4 10.51 5.74 2.8(2) 2.7 2.78 

Ho 5 d 5.6 8.98 4.90 2.4(2) 2.32 

Er 4 d 4.3 7.35 4.01 d 1.85 

Tm 3 d 3.4 5.51 3.01 d 1.39 

Yb 1,2 0.0(3) 0.0,3.84 0.0,2.10 0.0(1) 0.0,0.93 

Lu 0.0(2) 0.00 0.00 0.0(1) 0.00 0.00 

aThis work. 

bReference 5. 

cEquation 1. 

dThese values could not be obtained due to intense Auger transistions in the energy region of interest. 

however, it systematically predicts a value that 
is 80% too high for liE(4s). This result is 
analogous to that in the 3d metal ion series, 
where it has been theoretically shownlO and 
experimentally verified8 that intra-shell correla
tions are extremely important, while inter-shell 
correlations are much smaller because elections 
in different principal shells are already spa
tially correlated. The reason for the overesti
mate of liE(4s) by Van Vleck's theorem is quite 
simple. In the high-spin final state, the 4s 
and 4f elections are spatially separated by the 
antisymmetry requirements of the Pauli Principle. 
Thus-inclusion of correlation will lower the 
energy of the low-spin final state more than of 
the high-spin final state, reducing the splitting. 
To obtain an accurate theoretical value for 
liE(4s), it would be necessary to do a configuration 
interaction calculation on the final state as 
was done for the transition metal ions.lO 

Figure 1 confirms the divalent character of 
metallic Eu and Yb cores, and demonstrates that 
at room temperature Ce is trivalent rather than 
tetravalent. 
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CRYSTAL AND MOLECULAR STRUCTURES OF THORIUM AND 
URANIUM TETRAKIS (HEXAFLUOROACETONYLPYRAZOLIDE) COMPLEXES 

K. Volz, A. Zalkin, and D. H. Templeton 

Polymeric pyrazolide compounds of the type 
M(Pz)n can be formed in the reaction of pyrazole 
(Pz) with ions of transition metals, lanthanides, 
and actinides. In 1966, Mahlerl discovered that 
hexafluoroacetone (hfa) can react with the pyra
zolide compounds in a 1:1 ratio to yield metal ion 
pyrazolide-hexafluoroacetone complexes [M(hfaPz)n1· 
Several actinide tetrakis(hfaPz) compounds were 
synthesized by Andruchow and Karraker.2 We have 
studied two of these with x-ray diffraction methods 
to verify their composition and to establish their 
molecular structure, which can be represented: 

HC-01 
II II 
N rn 

/ ".._N/ 

\ I 
0-C-CF I 3 

CF 3 

Crystalline samples of Th(C6H30N2F6) 4 and 
U(C 6H~ON2 F6 ) 4 were kindly provided by D. G. 
KarraKer. The thorium crystals were well-formed 
colorless prisms. The dark violet uranium crystals 
after recrystallization from toluene were fragile 
hexagonal plates. X-ray diffraction experiments 
with MoXa radiation showe~ that both are triclinic, 
_space group Pi, with the following lattice 
dimensions : 

Th(C6H30N2F6)
4

, 

a= 11.282(5), b 16.245(7), c = 10.836(5) X, 
a= 90.14(5) 

' 13 108.75(5) 
' 

y = 107.07(5) 0 

U(C6H3)N2F6) 4 I 

a= 11.302(5), b = 16.377(8)' c = 1Looo(5) X, 
a= 87.85(5) 

' 13 = 111.02(5) ' y = 109.95(5) 0 

X-ray diffraction data for both crystals were mea
sured with a scintillation counter and an automatic 
diffractometer. Absorption corrections were made 
using the analytical formulas with crystal dimen
sions which were calibrated by comparisons of the 
same reflection measured for various values of the 
azimuthal angle. The structures were solved by · 
Fourier and least-squares methods and were refined 
to R= 0.026 for 2,966 unique reflections for the 
thorium compound and R= 0.027 for 4,125 unique 
reflections for the uranium compound. Coordinates 
of all the atoms including in each case the twelve 
hydrogen atoms were found by these calculations. 

The molecular structure of the thorium com
pound is shown in Fig. 1. The thorium and uranium 
compounds have essentially the same structure 
except for an average difference of 0.06 A in the 

actinide-ligand bond lengths because of the acti
nide contraction. The compounds crystallize as 
discrete molecular complexes which are sufficient2 ly volatile to be sublimed at 140°C under vacuum. 
The struct~re of one of the ligand grotzi>s is shown 
in more detail in Fig. 2. Each metal atom has four 
oxygen neighbors and four nitrogen neighbors at 
average distances Th-O= 2.291(4), Th-N= 2.637(5), 

; U-0=2.237(3), U-N=2.574(5) X. In each case the 
eight neighbors are at the corners of an irregular 
dodecahedron. 

Footnotes and References 

1. W. Mahler, U.S.Patent 3,265,705 (August 9, 
1966), assigned to E. I. duPont de Nemours and 
Co., Inc. · 

2. W. Andruchow and D. G. Karraker, Inorg. Chern. 
12' 2194 (1973). 

Fig. 1. Stereoscopic view of the molecular struc
ture of the thorium complex. The hydrogen atoms 
have been omitted for clarity. (XBL 738-1019) 

Fig. 2. Stereoscopic view·of one of the ligands. 
(XBL 738-1016) 
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THE CRYSTAL STRUCTURE AND ABSOLUTE CONFIGURATION OF A 
BROMOHEXAACETYL DERIVATIVE OF VITEXIN* 

F. A. Jurnak and D. H. Templeton 

Although the C-glycosyl flavone compounds 
occur widely in nature and were isolated as early 
as 1851, the elucidation of the chemical structure 
was hampered by the nature of the C-glycosylic 
side chain. The resistance of the c-c bond to 
acid hydrolysis prevented the identification of 
the sugar moiety. In 1964, Horowitz and Gentilil 
first overcame these obstacles when they deduced 
the basic structure of vitexin from chemical and 
NMR data. Later Eade, Hillis, Horn, and Simes2 
inferred the existence of two rotational isomers 
of acetylated vitexin from temperature-dependent 
NMR studies. We undertook a study of a bromo
hexaacetylated derivative of vitexin to test these 
predictions and to investigate some new procedures 
for solving a difficult crystallographic problem 
which had been studied without success in another 
laboratory. Our study confirmed the chemical 
structure of vitexin but showed that our crystals 
were a mixture of two chemical derivatives con
taining respectively one and two bromine atoms. 
We also showed that an acetyl group of the original 
heptaacetate was lost somewhere in the recrystal
lizations. 

The derivative, of material isolated from the 
wood of Vitex Zucens, was made available by R. 
Horowitz of the Fruit and Vegetable Chemistry 
Laboratory, Pasadena, California. Pale yellow 
crystals, obtained from methanol-acetone solution, 
were given us by K. Palmer of the Western Regional 
Agricultural Laboratory, Albany, California. We 
obtained diffraction data with MoKa radiation for 
3,512 reflections of which 2,669 were significantly 
above background. The latter included 1,104 
Friedel pairs which permitted unambiguous deter
mination of the absolute configuration of the 
structure. 

It had been expected to exploit the anomalous 
dispersion effects to determine the structure, but 
this became unnecessary when more conventional 
Fourier and least-squares methods yielded the 
solution. The disorder concerning the bromine 
atoms, and large thermal motion of some of the 
side chains, caused the refinement to be laborious. 
The final result reduced R to 0. 099, a value close 
to the estimated accuracy of the data. 

The molecular formula is shown in Fig. 1. The 
bromine atom indicated as Br(2) is estimated to be 
present in 30% of the molecules. Figure 2 shows a 
stereoscopic view of the molecular structure. 
Figure 3 shows how these molecules are packed into 
the unit cell, in space group P6 5 , with dimensions 
a = 21.602(7) and c = 13.869(7)K. It is confirmed 
that the sugar ring is a 8-D-glucosyl moiety, 
attached through c-c bonds to the eight position 
of the flavone nucleus, and is approximately per
pendicular to the flavone plane. 

Footnotes and References 

*condensed from LBL-2335. 
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Fig. 1. Molecular formula of the vitexin 
derivative. (XBL 735-664) 

Fig. 2. Stereoscopic view of the molecular 
structure. (XBL 735-665) 

Fig. 3. Crystal structure of the vitexin 
derivative. (XBL 7311-1409) 
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CRYSTAL STRUCTURE AND CONFORMATION OF A MULTI-SULFUR HETEROCYCLE 

H. Ruben, D. H. Templeton, and A. Zalkin 

On the basis of nuclear magnetic spectroscopy 
it is known that some substituted tetrathianes 
exist in solution as equilibrium mixtures of chair 
and twist conformations, with slow rates of inter
conversion.! To complement this work we deter
mined the crystal structure of 3,3:6,6-bis(penta
methylene)-s-tetrathiane to learn its structure 
and conformation in the solid state. Because of 
the high quality of the crystals, an exceptionally 
accurate result was obtained. 

The crystals are triclinic, space group Pi, 
with cell dimensions a= 6. 632 (6) , b = 8. 462 (6) , 
c=6.446(6) 1\, a=93.92(6), (3=103.23(6), and 
y= 96.90(6) 0

• The structure was solved by statis
tical phasing of the strongest reflections from a 
data set including 2,715 independent observed 
reflections. After least-squares refinement, R 
was reduced to 0.025. The model that was used in 
the calculations makes an allowance for polariza
tion of the bonded hydrogen atoms, so that the 
hydrogen coordinates represent the actual position 
of the proton rather than the center of the elec
tron density. The molecular structure, shown in 
Fig. 1, is centric with all three rings in chair 
conformations. Average bond distances are S-S = 
2. 035 (2), c-s = 1. 842 (2) , c-c = 1. 525 (1) , and c-H = 
1.05(1) X. The bond angles at C(l) deviate from 
regular tetrahedral in such a way that the molecule 
is more extended and the cyclohexane rings are 

farther from the center than if these angles were 
tetrahedral. This bending of the molecule brings 
C(6) closer to sulfur than is C(2), and it is 
noteworthy that the C(l)- C(6) distance [1.537(2) 
1\] is longer than the other c-c bond lengths. 

Reference 

1. C.H. Bushweller, G. Bhat, L.J. Letendre, J.A. 
Brunelle, H.S. Bilofsky, H. Ruben, D.H. Templeton, 

~~ and A. ·Zalkin, J. Amer. Chern. Soc., 97, 65 (1975). 

Fig. 1. Molecular structure of 3,3:6,6-bis(penta~ 
methylene)-s-tetrathiane. (XBL 717-1196) 

CRYSTAL STRUCTURE OF AMMONIUM HYDROGEN MALONATE 

G. Chapuis, A. Zalkin, and D. H. Templeton 

Recent developments in 13C nuclear magnetic 
resonance spectroscopy make is possible to find 
the chemical shielding tensors of crystalline sub
stances and to correlate the orientations of these 
tensors with respect to the molecular structure 
determined by x-ray diffraction. The results may 
give better understanding of the relation between 
electronic structure and magnetic shielding. If 
consistent results are found for the same groups 
in various crystals, then the NMR technique may 
be used with confidence as a probe of orientation 
in other phases. 

We studied the crystal structure of ammonium 
hydrogen malonate by x-ray diffraction to comple
ment an NMR study by Chang, Griffin, and Pines.l 
The combined study yields orientations for the 
tensors for carbon in the methylene group and in 
two independent carboxyl groups, and shows that 
the latter orientations are significantly affected 
by the non-equivalence of the oxygen, one of which 
is involved in strong hydrogen bonding. 

The diffraction data, recorded with a scint
illation counter and MoKa radiation, showed the 
crystals to be monoclinic, space group C2/c, with 
cell dimensions at 22°: a=ll.214(3), b=8.647(3), 
c=ll.507(4) A, (3=107.29(2) 0

• The structure was 

solved by statistical phasing. It was refined by 
least-squares to R= 0.042 for 794 independent 
observed reflections. 

The configuration of the malonate, Fig. 1, is 
similar to that found in malonic acid with the two 
carboxyl groups nearly perpendicular to each other. 
In contrast, these groups are nearly coplanar in 
the potassium acid salt. In both the ammonium and 
potassium salts, the ions are connected by strong 
symmetrical hydrogen bonds into infinite chains. 
The result is that the two crystallographically 
independent carboxyl groups in our crystal are 
chemically equivalent, and each can be regarded as 
half ionized. The bond distances clearly differ
entiate the carbonyl oxygen atoms (C-0 = 1.232 or 

Fig. 1. Structure of the malonate ion in ammonium 
hydrogen malonate. (XBL 741-240)' 



1.223 K) from those bonded to hydrogen (C-0 = 
1.284 or 1.288 K). In the hydrogen bonds the 0-0 
distances are 2.487 and 2.476 K. Other average 
bond distances are C-C = 1.51, C-H = 1.05, and 
N-H = 1.00 K. The ammonium ion is hydrogen bonded 
to four neighboring oxygen atoms with N-0 distances 
ranging from 2.80 to 2.99 A. 
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The relation of the shielding tensors to the 
geometry of the molecule is described by Chang, 
Griffin, and Pines.l 

Reference 

1. J. J. Chang, R. G. Griffin, and A. P1lles, J. 

Chern. Phys., in press (1975). 

BACKBENDING AND OTHER DEVIATIONS FROM IDEALITY IN 
EXTRACTION SYSTEMS* 

J. J. Bucher and R. M. Diamond 

Slope analysis is an often-used method for in
terpreting and analyzing data from extraction equi
libria in order to obtain information on the nature 
of the extracting species. Central to the applica
tion of this method is the assumption that any devi
ation from the law of mass action is due to the for
mation of a new chemical species. But as has been 
pointed out,l,2 it is unreasonable to ignore allnon
specific non-idealities of the extracted species and 
blame all deviations on new chemical species. 

The extraction of a strong acid, H+X-, by a solu
tion of trilaurylamine (TLA) in a low dielectric
constant medium that induces association of the re
sulting salt to an ion pair or higher aggregate can 
be written 

+ log ifLA/y (TLA · HX) · 
n (1) 

Thus, a log-log plot of the stoichiometric concen
tration of the organic-phase amine-salt vs the prod
uct [TLA] 0 (~X-) should yield a curve whose tangent 
is the value of n at that point, if the activity
coefficient ratio is a constant. 

The results of the present study of the TLA ex
traction of HCl04 into 1-brornooctane and into CCl4 
and of HCl04 and HI into cyclohexane are shown in 
Fig. 1. When determined at low amine-salt concen
trations the log-log plots are straight lines with 
unit slope, indicating predominantly ion pairs and 

108 10"6 

[TLA] •OHX 

Fig. 1. Total_arnrnonium salt concentration [TLA·HX]
0 vs [ TLAI 0 (~X ) for various diluents. Curve 1 is 

the TLA·HCl04, 1-brornooctane system; curve 2 is the 
TLA•HCl04, CC14 system; curve 3 is the TLA·HCl04, 
cyclohexane system; and curve 4 is the TLA·HI, cycl~ 
hexane system. (XBL 751-2017) 

the validity of the assumption that the organic
phase activity-coefficient ratio is constant. But 
at higher concentrations, the curves deviate upward 
from the line of unit slope. This is the region 
that has been of most interest in the literature,3 
and this behavior has almost always been ascribed to 
a further association of the ion pairs. The average 
value of this aggregation, n·, at any point, can be 
determined by the tangent of the curve, or the whole 
curve can be fitted to a small number of oligorners, 
if the activity-coefficient ratio of the various ol
Igorners are still assumed constant. But as can be 
seen in Fig. 1, with "poor" diluents the curves for 
these TLA salts actually "backbend" for concentra
tions above O.lM, yielding negative values for the 
slope. This behavior is completely unexplainable 
in the context of an aggregation model with ideal 
activity coefficients for the salt associations. 
The simplest, and we believe the correct, explana
tion is that at these large concentrations of amine 
salt we are dealing with a new diluent, consisting 
of amine salt and solvent. This new more polar phase 
has properties more favorable for the extraction o£ 
the salt. The value of the organic-phase activity
Y(TLA·HX)n decreases -with the increase in amine-salt 
concentration. However, no amount of tinkeringwith 
the amine-salt coefficient alone can yield the re
sults of Fig. 1. One must take into account another 
component too. And we think it is the amine coeffi
cient that is important. The activity coefficient 
of TLA should increase with increasing salt concen
tration in the mixed diluent, and both activity co
efficient changes should cause a very marked lower
ing in the ratio Y(TLA·HX) !J¥~· Even though the 
molar concentration of aming in the organic-phaseis 
small (lo-2-lo-~). so that one might think its ac
tivity coefficient would not vary much, the change 
in the nature of the diluent can cause large change& 

Are there other types of extraction systems 
that do not allow for simple slope analysis, and if 
so treated, lead to wrong conclusions? The answer 
appears to be yes. Consider the extraction of 
HRe04 by trioctylphosphine oxide (TOPO) solutions in 
isooctane. The equilibrium constant for extraction 
as an ion pair can be expressed 

l('l 
n 

+ -
[H ·nTOPO·. ·Re04 ]oynTOPO · HRe04 

(H+Re04-)[TOPOl¥oPO 

To determine the value of n, the number of TOPO rno~ 
ecules coordinated to the extracted acid, one can 
study the dependence of the extracted acid on the 
TOPO concentration. To exclude the possibility of 
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aggregation beyond the ion pair, tracer concentra
tions of HRe04 can be used. Figure 2 shows the dis
tribution of 1xlo-~ HRe04 in l.OM HCl with TOPO 
in isooctane. The initial slope drawn is two (n=2), 
but the raw data show deviations from this line even 
at TOPO concentrations as low as 2-3xlo-~. The o~ 
ganic-phase HRe04 concentration at these TOPO con
centrations is 1o-8M, so no aggregation beyond the 
ion pair is expected. Extension of the line of 
slope two is shown by a dashed line, and the subtrac
tion of this line from the raw data is indicated by 
the dashed line connecting the filled triangles. 
This resultant line has a slope of three. By all the 
normal rules of slope analysis this indicates that 
at the initial low TOPO concentrations there are two 
TOPO molecules coordinated per extracted acid, but 
that over most of the TOPO concentration range stud
ied the slope of three indicates a three-to-one com
plex. 

Yet infrared spectroscopic results4 over the 
whole TOPO range studied indicate that the species 
is a 2TOPO·HRe04 complex like the one known in other 
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Fig. 2. Variation of distribution ratio, D, with 
TOPO in isooctane for lxlo-~ HRe04 in l.OM HCl. 
The dashed lines are drawn with either slope two or 
three (A). (XBL 751-2016) 
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diluents.5 In this case, dependence on simple slope 
analysis leads to the wrong result (although there 
are warning inconsistencies). What can be the cause 
of this .error in the simple mass-law analysis? We 
believe it is due to the presence of the polar TOPO 
molecules when dissolved in very inert t"poor") di
luents. That is, the addition of the polar TOPOmol
ecules makes the inert diluent isooctane into a new 
and more polar solvent. It is surprising, however, 
at least to us, what a small amount of TOPO is nec
essary to cause deviations from the line of slope 
two. Figure 2 shows sig:r}ificantly enhanced extrac
tionat as low as 2-3x1Q-3M TOPO. At such a concen- • 
tration there is only one TOPO for approximately 
4000 isooctane molecules; to have any marked effect 
the TOPO must selectively solvate (b~ in the vicin
ity) of the even rarer H+ (TOP0)2Re04·species. This· 
process leads to a lowering of the extracted acid 
activity coefficient, but without the formation of a 
higher TOPO complex or aggregation of the Hr(TOP0)2 
Re04 species. 

In this paper we have described several exam
ples of systems that do not follow the behavior ex
pected for extraction models based on the simple ap
plication of mass action to step-wise equilibria. 
Types of studies included are the formation of high
er complexes with the extractant molecule, as the 
extractant concentration is increased, and stepwise 
aggregation of the extracted amine salt, as the salt 
concentration is increased. In the former.case,neg
lect of possible organic-phase activity coefficient 
variations leads to the suggestion of higher com
plexes than actually exist. In the latter case, ig
noring possible activity coefficient variations sug
gests a greater degree of ion aggregation and higher 
types of ion aggregates than really exist, especially 
with "poor" solvents. We believe that the origin of 
the difficulties experienced in applying simple mass
law slope analysis to these systems comes from not· 
giving consideration to the change in the properties 
of the diluent as it goes from the initially pure 
solvent to a mixture of extractant and/or extractant 
complex and solvent. 
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1. Y. Marcus, J. Phys. Chern. 77, 516 (1973); Y. 
Marcus,_ Pure Appl. Chern., 2085-rl969). 

2. W. Muller and R. M. Diamond, J. Phys. Chern. 70, 
3469 (1966). 

3. See for example: Y. Marcus and A. S. Kertes, 
"Ion Exchange and Solvent Extraction of Metal Com
plexes" (Wiley-Interscience, N.Y., 1969) pp. 737-
815. 
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LUMINESCENCE FROM THE PEPTIDE GROUP* 

M. Danielst and M. E. Jayko 

Previous work in the excited states of proteins 
has concentrated exclusively on absorption and emis
sion by the "aromatic" group, phenylalanine, tyro
sine, and tryptaphane, and the properties of the 
peptide group have been studies in absorption only. 
We report now the detection of emission character
istic of the peptide group using apparatus con
structed specifically for this purpose. The excita
tion source was a 1 kw hydrogen discharge (Hintereg
ger type), dispersed by a McPherson Model 22S 1 me
ter scanning vacuwn UV monochromator. The exciting 
beam was monitored by a sodiwn salicylate screen 
and an RCA 6199-Keithley 417 picoammeter-Speedomax 
recorder combination. Excitation wavelengths be
tween 1900 A and 2400 A were used at a bandwidth of 
3.3 nm. The emitted radiation was collected by a 
SO mm Spectrosil lens system and analyzed by a 
Jarrel-Ash 0. 2S meter scanning monochromator 
equipped with a grating blazed at 3000 A, also at a 
bandwidth of 3.3 nm. The dispersed radiation was 
detected by an EMI 62S6 photomultiplier, cooled with 
liquid nitrogen and operated in the photon counting 
mode. Signal counts were then transferred to a 400 
channel analyzer (RIDL 32-1213) operated in the mul
tiscaling mode. At 17SO A a dark count rate of 12 
counts/sec was observed. Emission spectra have 
routinely been measured from 200 nm to 612 nm and 
excitation spectra from 200 nm to 280 nm. 

Very similar spectra have been observed for 
N-acetylglycine, N-acetylalanine, acetamide, and 
N-methylacetamide. Apart from obvious scatterpeaks, 
the spectra are complex. Most prominent is an emis
sion obtained on exciting at 240 nm and hence is 
tentatively assigned to an nn* state. At lower en-

.. ergies a broad shoulder is observed from 32S nm-
380 rtm (3.8 eV-3.2 eV) and a clear but weak peak at 
480nril (2.6 eV). On exciting at higher energies 
(19SO A) a stronger, narrower peak is observed at 
240 nm. Present data do not allow l:lS to determine 
the head of this emission which indeed may be struc
tured but its position and intensity is consistent 
with it originating from a nn* state. 

No emission has been observed from N-diethyl
acetamide. 

Footnotes and References 
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RADIOPOLAROGRAPHIC STUDIES OF Cf, Es, AND Fm 

F. David* and K. Samhount 

The radiopolarography proposed by Love in 
19S81 is a developed technique using radioactive 
isotopes. In this technique the diffusion current 
i measured in the classical polarography is replaced 
by the radioactivity reaching the dropping mercury 
cathode after the electroactive ions have been re
duced to the metallic state. The variation of this 
radioactivity with the negative potential imposed 
during a given time constitutes the radiopolarogram. 

Since the diffusion current is not measured in 
this method the reduction of hydrogen ions, if it 
interferes with the studied reduction, has no effect 
on the measurement of the radioactivity of the amal
gam. It follows from this that potentials of half
wave more negative than-1.6 V/SCE could be measured 
for elements in very low concentration even attracer 
scale. Ir is clear therefore that radiopolarography 
is a convenient method for studying redox properties 
of Sf elements. 

Principles 

Since the number N of reduced ions to the metal
lic state during a time e is a related with the 
m~an diffusing current i by N = i/nF x ex ;t (,4' is 
tne Avogadro's nwnber) the fundamental equation of 
Ilkovic giving the limiting diffusion current is 
easily transformed as follows: 

where Ad is the radioactivity of the mercury collect
ed during e seconds. It is found by measuring the 
height of plateau of the radiopolarogram A= f(E). 
As is the voJwne radioactivity of the solution, and 
D and t have the same significance as in classical 
polarography. 

In addition to this, the linear d~pendence of 
the mean diffusing current on the square-root of the 
height of the mercury head, Ad = K'~, is still the 
principle criterion to verify the Ilkovic equation. 
On the other hand the nwnber n of electrons ex
changed in the electrode process disappears in the 
modified Ilkovic equation. However, this could be 
determined from the polarographic wave equation, 
which is: 

for a reversible electrode process, and 
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irreversible electrode process. E~ is the ~tandard 
potential including the energy of amalgamat1on, ~ 
denotes· the heterogeneous rate constant of the elec
trode process at the standard potential E0

, ex-. 
pressed in em sec-1 and a is the transfer coeffl
cient. In order to compare the measured value Ad 
and the calculated one for ~. R is defined as fol
lows: 

* * Ad (measured) Ad 
R = Ad(calculated) = ~ 

Experimental Procedure 

An automatic apparatus of radiopolarography has 
been b¥ilt in the Institut de Physique Nucleaire in 
Orsay. The same apparatus slightly modified has 
been set up at LBL (Fig. 1). 

Three ml of radioactive solution are introduced 
in the small cell (A) where the reference electrode 
compartment and the platinum anode are literally con
nected. The aqueous solution remains on carbon tet
rachloride occupying the canalizations of Section 
(B). The drops of mercury flow through the radio
active solution and are stored in the inert medium 
of CCl4. No effect of CCl4 on the stored amalgam 
was noticed. The drops of mercury already polar
ized are mostly surrounded with a thin film of aque
ous solution. In order to eliminate this parasite 
radioactivity, the drops are shaken when flowing 
through column (D) by two rotating magnets. In ad
dition, a pump (P) ensured a permanent circuit of ' 
CCl4 through Section (B) in the direction shown in 

v 

Fig. 1. (XBL 751-2035) 
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Fig. 1. The mercury is stored at an electromagnetic 
gate (V) during a time e. Through this time the op
erating apparatus (E) orders simultaneously the 
opening of (V) and the change of potential, so that 
the mercury collected at a fixed potential is taken 
down in a test tube and its radioactivity A is mea
sured. The apparatus was tested with a solution of 
54Mn and Licl 0.1 Mat pH 2.85 and t = 25°C. The 
potential of half-wave was -1.47 V/SCE, which . 
iz in agreement with the known standard potentialof 
Mfi+/MP (3). The Ilkovic equation_w~s verifie~ ~d 
R = ~/Ad = 100% with a value of DMfi+= cm2 s- . , 
The standard deviation of the experimental points 
at the plateau is 2%. The background of the radio
polarogram is 3% of the height of plateau. 

Experiments on Cf, Es, and Fm 

3.4 x lOS a/min/2n of 254- 255Es, 9.4 x 104 a/min/2n 
of 249-250-252cf and 3.4 x 102 a/mn/2n of 255Fm are 
mixed in 3 m1 of Hcl 4 x 1o-3M and Licl 0.10 M. 
54Mn was added to this mixture, so that its radio
polarogram is used to standardize those of Es and 
Cf and to check the normal functioning of the appa
ratus. The radiopolarogt-ams obtained at 25° C are 
presented in Fig. 2. The potentials of half-wave

0 are m~asured and standardized using -1.470 Vas E 
of Mn +I l>!O(Hg). It follows from this that E 1/2 
(Cf) is -1.770 V/SCE which

4
is in agreement with pre

vious preliminary results. E 1/2 (Es) = -1.713 V 
and E 1/2 (Fm) = -1.70 v. The potentials of Cf and 
Es are measured with ± 1 mV. E 1/2 for Fm was less 
precise. It is due to the fact that the ratio 
Fm/Es by activity was only 1/1000 in the mixture 
and its measurements was disturbed by the decay of 
255Es. A precise ~~lue for Fm requires a pre~im
inary separation 2 Fm/Es. The Ilkovic equat1on 
was verified so that~= f(~fl) is a linear func
tions (Fig. 3) . The ratio R = Ad/ Ad for 54~111 was 
100%. 

Since R = 100% for Mn in the mixture of Cf and 
Es and the standard deviation at the plateau is less 
than 2% the determination of the diffusion coeffi
cient D seems to be possible by fitting the measured 
height of the plateau Ad in the Ilkovic equation. 
The diffusion coefficient for Cf iz f6.26±.4)xlo-6 
cm2s-1 and fpr Es (6.5±.4)xlo-6 em s- . Thesevalues 
are practically so close to those measured or calcu
lated for trivalent ions of lanthanidesS that Es3+ 
and cf3+ are assumed to be diffusing at the dropping 
mercury cathode. 
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The mechanism of the electrode process and its 
reversibility require more experiments, which are in 
progress. · 
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STUDY OF SOME THERMODYNAMIC PROPERTIES OF Sf ELEMENTS 

F. David,* K. Samhoun,t R. Guillaumont,+ and L. J. Nugent§ 

Nugent, Burnet, and Morss recently published! 
the values of the sublimation enthalpies ~s and 
the values ~f the formation enthalpies ll~ f for the 
aquo ions M + for each member of the 4f and Sf se
ries. The ~~ta were obtained through theoretical 
considerations and by correlation of P(M) and MJO* 
functions. s 

P(M) is defined by P(M) = ll~ - ll~ if liE(M) <0 

and P(M) = ll~- ~ +liE(M) if liE(M) > 0. 

Mfs* is defined by Mf* = lll-f if liE (M) s s 

< 0 • lll-f'* = lll-f' + liE (M) if liE (M) > 0. s s 

liE(M) is the difference between the lowest elec
_tronic energy level of the tns2dl configuration and 
the lowest energy level of the tn+ls2 configuration 
in the neutral gaseous atom. 

, We have examined these functions for the Sf 
series using new experimental data and estimating 

~ for fermium, mendelevium and nobelium from amal
g~tion data.2-4 Although P(M) = f(Z) varies lin
early and parallel for the first seven terms of the 
4f and Sf series it looks different for the last 
terms (Fig. 1). 

For lanthanides P (M) = f (Z) is represented by a 
"V" curve with a minimum at gadolinium while P(M) 
seems to decrease linearly with Z throughout the Sf 
series. In both cases however P(M) is a slow-vary
ing function of Z as expected.! 

By taking into account this observation, new 
values of ~ and ~ are estimated for each element 
of the Sf series (TaBle 1). On the other hand the 
estimation of the entropy of formation liSQ of M3+ t aq 
ions (Table 1) allowed the determination of the free 
energy change and tR~ redox potential E0 correspond
ing to the couple Maq/M (Table 1). With this basic 
result E0 (M(X)/M) for all known X redox state are 
derived. The comparison of redox stabilities from 
Fig. 2 predicts the relative stability of Pa(III) 
(E0 [ Pa(IV)/Pa(III)] "'-1. 9 V), Cm(V)(E0

[ Cm(V)/CM(IV] 
"' +1.3V) and Cf(V) (E0 [Cf (V)/Cf(IV)] "'+0.8V). 
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literature. 0 estimated data, this work. 
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Table 1 

M -Eo 
n3+jM 

Ac 104±2a 157±5a 2.22±.09a 

Th 142.6b 89±4a 1.16±. 07a 

Pa 141.5±5b 110±8a 1. 56± .13a 

u 128±2b 122.6b 1. 79±.03b 

Np 110±2b 137±5a 1.95±.09 a 

Pu 83.3b 141.7b 1. 99±. 03b 

Am 57.5±2.5b 147.4b 2.05±.03b 

Cm 94±2b 147.lb 2.07±.03b 

Bk 76±2a 142±5a 1. 99±. 09a 

Cf 47±2a 141±5a L97±.09a 

Es 38±2a 141±5a 1.97±.09a 

Fm 35±2a 141±8a 1. 94±. 09a 

Md 33±2a 118±12a 1. 63±. 09a 

No 32±3a 89±15a 1. 21±. 09a 

Lr 84±2a 147±5a 2.05±.09a 

~is work. 

-t;,.So 
f 

a 
11.5 

6.9 
6.9 
7.3 

8.6 

11.2 

16.9 

14.2 

15.2 

15.5 
15.8 

15.8 

16.0 

15.0 

16.2 

bExperimental data of the literature t;,.HPs and t;,.H{ 
are given in kcal mol-l, t;,.S~ is in e.u and E0 1s 
in V/N·H·E. 
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THE MAGNETIC SUSCEPTIBILITY OF 249ct METAL 

D. K. Fujita, T. C. Parsons, J. R. Peterson,* 
M. Noe, * and N. Edelstein 

Magnetic measurements of the transplutonium 
metals are of great importance because it is in 
this region of the actinide series that the metals 
exhibit the localized magnetic behavior character
istic of the lanthanide metals. It should then be 
possible to correlate the chemical valences of the 
transplutonium elements with their structural prop
erties as determined by crystallographic studies. 
Such correlations have been proposed by Zachariasenl 
and modified by Cunningham and Wallman2 for the first 

• half of the actinide series. The basic assumption 
inherent in this model is that the f electrons in 
these metals are non-bonding and do not contribute 
to the formation of chemical bonds between metal 
atoms. This assumption as applied to the early ac-

. tinide metals has been questioned.3,4. However the 
model may be applicable to the transplutonium met
als. 

Very few magnetic measurements have been re
ported for the transplutonium metals because of the 
major experimental difficulties encountered in ob
taining pure, well-characterized samples and the 
small amounts of materials available. In this paper 
we report the first magnetic susceptibiz!~Y measure-
ments on two different preparations of Cf metal. 

The two 249cf metal samples were synthetized 
and characterized by x-ray powder diffraction tech
niques at ORNL. Both samples were the expanded fcc 
phase. The mass of the first sample LI-48-A was 
8.85±0.15 ~g. This mass was determined after the 
magnetic measurements by dissolution of the sample 
and a subsequent alpha assay. This number agreed 
with an earlier determination of the mass obtained 
by a gamma ray assay. The mass of the second sam- · 
ple Li-54 was 6.12±0.14 ~g obtained only by a gamma 
ray assay. 

The apparatuS used for the magnetic measure
ments was a Faraday balance of the type first sug
gested by Cunningham, 5 which has been described pre
viol.lsly. 6 The temperature was varied by flowing 
cold N2 or He gas around the sample chamber, which 
was filled with the He exchange gas. The temper
ature was monitored by a calibrated GaAs diode in
stalled in the sample chamber less than 1 em below 
the sample. The apparatus was calibrated with 
HgCo(NCS)4 used as a standard. 

The reciprocal deflections of the two samples 
as a function of temperature at various magnetic 
fields are shown in Figs. 1 and 2. From this data 
the magnetic susceptibility of the samples at each 
temperature may be obtained. The data showed no 
magnetic field dependence over the entire temper
ature range measured. Plots of the reciprocalgram 
susceptibility vs temperature for the two samples 
are shown in Figs. 3 and 4. As can be seen from 

·these plots the7data for both samples follow the 
Curie-Weiss law 

\i= c 
T + D. 
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Fig. 3. Reciprocal gram susceptibility vs 
temperature of 249cf metal (sample LI-48A). 

(XBL 751-2005) 

Since ~ is small we may calculate the effective mag
netic moments for these samples by7 

- 1/2 
~eff- 2.828(C) BM. 

These results are shown in Table 1. 

The two likely valance states for Cf metal are 
5fl0, Cf2+, or 5f9, Cf3+.we may estimate the free ion 
Lande g values for the ground term and then calcu
late the effectiv2 free ion magnetic moments for 
Cf2+ J = 8 and Cf + J = 15/2. The results are also 
shown in Table 1. 

Table 1. 249 Cf metal. 

Sample Phase Mass (~g) ~eff (BM) ~ l K) T 

LI-48 fcc 8.85 9.84 -3.24 28° K - 298°K 
* LI-54 fcc 6.12 9.32 3.00 22° K - 298°K 

Calculation: 3+ 
~eff(Cf ) 10.22 BM 

2+ 
~~ff(Cf. ) 10.18 .!J.1· 

9 9 I 

7 Californium- 249 metal 

(Sample u- 54) 

6 'If= 
3.50 
KOe. 
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Fig. 4. Reciprocal gram susceptibility vs 
temperature of 249cf metal (sample LI-54). 

(XBL 751-2006) 
ence could be due to different impurities in the 
samples. We estimate the reliability of each mea
surement to be about 2%. The samples were of iden
tical phases as determined by x-ray crystallography 
but the diffraction pattern could not be obtained 
from part of the sample while another part could be 
amorphous. The measured effective moments are lower 
than calculated for which we have no explanation. It 
is unfortunate that for this particular case themag
netic susceptibility measurements do not differen
tiate between the dipositive and tripositive ion due 
to their effective moments being accidentally the 
same. Therefore we can reach no conclusion from 
these measurements about the correlation of the struc
ture (ionic radius) with valence state. 
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THE EPR OF Ct3+ IN OCTAHEDRAL SYMMETRY AND THE 
NUCLEAR DIPOLE MOMENT OF 249ct 

N. Edelstein and D. G. Karraker* 

3~e diamagnetic compounds Cs2NaMCl6 (M = Y3+ 
or Lu ) provide an excellent lattice for magnetic 
and optical investigations of the trivalent 4£fi and 
5fn ions.l,2 The octahedral coordination about the 
fD ion (MC16)3- particularly simplifies the analysis 
of the experimental results.3 We report in this 
paper thz gle~tron paramagnetic resonance (epr) spec
trum of 4 Cf + diluted in Cs7NaLuCl6. The spin 
Hamiltonian parameters of Yb3~ present in our sample 
as an additional impurity are also given. From ~ 
analysis of the spin Hamiltonian parameters of Cf + 
~2~ value of the nuclear magnetic dipole moment of 

The epr spectrum of the polycrystalline Cf3+ in 
cs2NaLuC16 sample is shown in Fig. 1. Thz4gen hype~ 
fine lines confirm the nuclear spin I of Cf as 
9/2. The measured parameters of the applicable spin 
Hamiltonian 

(1) 

where the effective spin S' = 1/2 and I = 9/2, are 
given in Table 1. The only other strong lines in 

Cf is determined. This work ~~ the first report 
of the magnetic properties of Cf in a well defined 
symmetry site. 

Cs2NaLuCl6, doped with 249cf, was prepared by 
adding stoichiometric amounts of CsCl, NaCl, and 
LuCl6·XH20 to 6M HCl, adding a 6M HCl solution of 
249cf, evaporating to a solid, drying this material 
in quartz to 400°C, and then fusing by lowering in 

Ct 3+ in Cs2 NoluCis 

r---100 gauss ---.j 

a sealed quartz tube at 2 mm/hr through a 950°C ver
tical furnace. The product was a polycrystalline 
material; the sample used for2~~r measurements con
tained approximately 0.5 wt% Cf. The epr spectra 
were measured at 4.2°K and at a frequency of approx
imately 35GHz with the equipment previously de
scribed.4 Fig. 1. EPR spectrum of Cf3+ in Cs2NaLuCl , 

T = 4.2°K~ the frequency is approximately ~5GHz. 
Table 1. Spin Hamiltonian parameters of 249cf3+ and various 
Yb3+ isotopes diluted in Cs2NaLuCl6. 

Ion I lgl I~\ I 
(gauss) 

249Cf3+ 9/2 6.273±0.010 25.7±0.7 7.52±0.2 

Yb3+ 0 2.586±0.004 

Yb3+ 
a 

0 2.584±0.002 

17~3+ 
a 2.584±0.002 5/2 157.4±0.5 18.99±.06 

171Yb3+ a 
1/2 2.584±0.002 577 .4±1 69.66±.12 

aFrom unpublished measurements at 4.2°K at a frequency of 
- 9.2 GHz. 

(XBL 744-2905) 
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the sample appeared at high magnetic fields and 
were assigned to Yb3+ from the measured g value 
(Table 1) and_the characteristic hyperfine patterns. 
For the Yb3+ 1on the effective spin is S'= 1/2 and 
I = 0 for the even-even isotopes which are 69.56% 
abundant, I= 1/2 for 171Yb (14.31% abundant), I= 
5/2 for 173 Yb (16. 31% abundant). 

Let us consider an isolated J level for an f 
trans~ tion ion in D}l synnnetry. The energy levels 
and e1genvectors then depend only on the ratio and 
sign of the sixth order crystal field term to the 
fourth order term.3 Lea, Leask, and Wolf3 have 
tabulated these eigenvalues and eigenvectors for all 
J manifolds of t~e fll series (n = 1-13) and predict-, 
ed the crystal fleld ground states for the rare · 
earth ~ons in cub~c and octahedral synnnetry. We may 
use th1s formulat1on of the problem for actinide 
ions; however we have to calculate the effects of 
intermediate coupling on the fourth and sixth order 
operator equivalent factors, S andy and on the 
free i~n Land~ g value, g3 . These p~rameters are 
shown 1n Table 2. We have used the electrostatic 
and s~in orbit parameter values obtained by Carnall 
et al to ca1culate these numbers. We did not use 
their configuration interaction parameters which 
will not greatly affect the ground state wave func
tion. As can be seen from Table 2 the signs of the 
operator equivalent factors are not changed by the 
inclusion of intermediate coupling effects. There
fore the crystal_fiel~ sta~e shou~d be either a r 6 
or r7 doublet wh1ch w1ll g1ve an 1sotropic epr spec
trum. 

. The calculated g valu~ for the r 6 state, -sg3 , 
1s equal to -6.395 for cf3 . The calculated g value 
for the r7 state is s:667gJ. Therefore we assign 
the epr spectrum to the r6 state which allows us to· 
set a limit on the ratio of the sixth to the fourth 
order crystal field parameter B6/B~ < 1.32.6,7,8 
This ratio is consistent with tRe limits found by 
Hendricks et al.l 

If we use the relationship 

we find the free ion hyperfine coupling constant 

!a! = 1.50 ± .04 MHz. 

Table 2. Operator equivalent factors and free ion 
g values for the ground state of the f9 ions. 

Ion sxlo6 yx106 g 

4f9 Dy3+ 
a 

-.5920 1.0350 1.333 

sf9 c£3+ -.5602 0.4494 1.279 

aFrom Reference 3. 

"· '} 9 2 

_The nucle~r dipole moment is related to the 
free wn hyperf1ne coupling constant by9 

where ~B and ~ are the Bohr and nuclear magneton 
respe§t1vely, ~ is the nuclear dipole moment, and 
( 1/r.> the expectation value of the radial wave 
tunct1on. 

.w~ have assumed the c~re polarization term is 
negl1g1ble. The operator Ni is defined.8,9 

where ii and si are th~ spin and orbital angular mer 
mentum vectors and c(2J is a second rank tensor. 
We calculate 

where ~e have corrected the ii part of the tabulated 
N mat:1x element for the effe§ts of intermediate 
coUJ?llllg. ~U value of ( 1/r ) was obtained from 
Lew1s et al. The error is estimated from uncer-
tainties in the parameters used. 

The 249cf nuclear ground state has been as
signed to 9/2-[734) Nilsson level.ll The formalism 
for calculating nuclear dipole moments for single 
neutron states from Nilsson wave functions is well 
knol¥.12 If we use for effective g valuesl3 
g~e = -2.4, geeff= -0.03, gR = 3.5, and a deforma
twn parameter n = 4 we find 

249 
~ ( Cf) = -0.49 ~N. 

' 
The absolute value calculated for nuclear moment de
pends to some degree on the deformation parameter 
chosen. The agreement between the experimental and 
the theoretical result is fair. 
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REACTIONS OF DITHIOLATE LIGANDS WITH URANIUM (IV) HALIDES 

Introduction 
R. Gradl and N. Edelstein 

During the past decade there has been consider
able interest in d transition metal -1, 2- dithio
lene complexes, particularly because of their appli
cation to

1
analytical, industrial, and bio-organic 

problems. The unusual chemical properties of the 
dithiolene chelates have been thoroughly studied 
both theoretically and experimentally by several 
groups and the results have been 3ummarized by Mc
Cleverty2 and Hoyer and Dietzsch. 

In contrast to the d transition series, very 
little is known about actinide 1, 2- dithiolene com
plexes. The anionic uranyl (VI) chelates, (R4N)2 
U02(mnt)2, where R is C2Hs or n-propyl, mnt =maleo
nitriledithiolate dianon, have been prepared.4 Con
tradictory results existed about a U(IV) dithiolene 
complex until Dietzsch and HoyerS synthesized 
[As(C0Hs)4l[U(mnt) 4J from the reaction of UCl4 with 
Na2mnt. They also found that neither the reaction 
of UCl4 in methanol with the disodium salt of 1,2-
dimercaptoethylene or with 4,5- dimercapto.-o-xylene 
led to stable compounds. Very recently the synthe
sis of cc5H5)2U(tdt), tdt = toluenedithiol dianon, 
has been 1solated from the reaction of (CsHs)2U(NetR 
and H2tdt.6 The proton NMR data indicate a monome~ 
dimer equilibrium below room temperature. 

We present here the details of the reactions be
tween UC14 and UI4 and the ligands 3,4 -dithioto
luene CH2tdt) and bis-trifluoromethyl 1,2 dithietene 
(S2c4F6). 

Results and Discussion 

Reactions with 3,4- toluenedithiol 

UI4. Uranium tetraiodide reacts with 3,4 -tol
uened1thiol ip refluxing hexane to give a red~rown 
compound which is insoluble in methylene chloride, 
benzene, or toluene. It is very soluble in TIIF or 

.DMF giving a yellowish-red solution, but it cannot 
be recovered from these solvents. The compound im-

mediately decomposes in air and dissolves completely 
in water giving a green solution. Total elemental 
analysis of the compound shows its composition tobe 
U2I4(tdt)2CH2tdt). In agreement with this formula
tion the infra red spectrum shows a v5 _H absorption 
at 2425 em- which, when compared witfi ~he free li
gand (H tdt: vs-H = 2545 cm-1), corresponds t~ a 
weaker S-H bond. Sublimation at 160°C and 10- torr 
gives a yellow-brown product which does not show any 
IR absorption bands characteristic of the H2tdt li
gand. 

The proton nmr spectrum exhibits two different 
bands corresponding to two sets of ligands, as shown 
in Table 1. The upfield resonances contain the 
H(CH3) and H(CH :i. ) bands of two tdt ligands. This 
large upfield sh1¥~ relative to TMS shows these pro
tons ar~ strongly affe~ted by the param~gneti~ U(IV) 
ions which have the Sf open shell conf1gurat1on. 
The low field group (2.3 to 7.33 ppm downfield from 
TMS) exhibits two H(S-H) peaks in addition to the 
H(CH3) and H(CHriu ) peaks. These reso~ances are at 
the same frequenc1~s as in the spectrum of the free 
ligand. We suggest the u2I4(tdt) 2CH2tdt) complex 
partially dissociates upon dissolving in TIIF due to 
a replacement of the H2tdt ligand by two THF mol
ecules. Note that in Table 1-the H(S-H) resonances 
of the free ligand in d8-THF and CDC13 are differ
ent wh~l~ the H(C~3) and 1-!(CHring) resonances are 
very S1ll1lar, Th1s fact may be due to hydrogen 
bonding of the protons in the S-H group by TIIF. 

A possible structure for u2I4 (tdt)2 (H2tdt) is 
given in Fig. 1 .. In this structure eacfi uranium 
ion is surrounded by four sulfurs and two iodines in 
a distorted octahedral configuration. 

An appropriate reaction mechanism can be pos
tulated which would lead to this structure. One 
molecule of H2tdt reacts with UI4 to give an inter
mediate Uiztdt by replacement of two iodide ions as 
2HI. The 1nsufficient coordination about the U(IV) 
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Table 1. H-NMR frequencies of 3,4-tolueneditiol and 
Uzi4(tdt)zCHztdt). 

Assignments 
3,4-toluenedithiol Uzi4(tdt)zCHztdt) 

In d8-THFa In CDC1
3
a In d8-THFa 

CH3 -Z.l6 -Z.30 -Z.30 

S1H -4.00 -3.50 -4.10 

SzH -4.40 -3.66 -4.ZO 

ring H1 -6.60 -6.66 -6.76 

-6.73 -6.80 -6.83 

ring Hz -7.06 -7.03 -7.13 

-7.16 -7.18 -7.33 

ring H3 -7.03 -7.06 -7.10 

CH3 9.35 

ring H1 11.64 

11.72 

ring Hz 56.69 

56.85 

ring H3 56.45 

aunits are ppm referenced to TMS. 

Fig. 1. Proposed structure for Uzi4(SzC7H6)Z 
(HzSzC7H6)· The curved line represents the C5H3CH3. 
backbone of the 3,4-toluenedithiol ligand. 

(XBL 7 411- 8303) 
causes a dimerization with another molecule of 
Ulztdt, with one sulfur of each ligand bridging be
tween the two U ions. However, a third ligand is 
needed to give each uranium ion the favoredsix fold 
coordination, but this ligand cannot be reduced to 
a dianion without giving the uranium ions a formal 
oxidation state (+V). therefore the third ligandis 
easily replaced. The lability of the neutral Hztdt 
ligand is the main cause of the thermal instability, 
the reactivity towards air, and the reason the com
pound cannot be recrystallized from THF or DMF due 
to its reactions with these solvents. 

The proposed structure is supported by the re
port of a monomer-dimer equilibrium for CpzU(tdt).6 

9 '1 :· 3 

The n~bonded cyclopentadienyl ion is a much better 
coordinating ligand than I- so at room temperature 
the complex is monomeric. At lower temperatures the 
dimer becomes stabilized. By contrast, the iodo 
complex even at room temperature coordinates a neu
tral ligand in order to become coordinatively sat
urated. 

¥Cl4 . Uranium tetrachloride reacts with Hztdt 
in re luxing CCl4 or ethylcyclohexane to give a 
brown compound. Total elemental analysis showed the· 
main part was unreacted UCl4 and decomposition proa
ucts of the ligand. Part of the material dissolves 
in THF to give a green solution leaving a brown re
sidue. A red complex is precipitated from the green 
solution after several days at -l0°C but in insuffi
cient quantity for characterization. 

Reactions with bis (trifluoromethyl -l,Z dithietene) 

U~}4· Uranium tetrachloride was treated with 
bis(tr1 luoromethyl) -1,1-dithietene in boiling 
ethylcyclohexane for several days to give a dark 
brown material of the empirical formula UzC14SzC4F6 
as determined by total elemental analysis. The mass 
spectrum only exhibited bands with very low inten
sity in .. the range between 840 and 860 mass units 
(molecular weight of UzC14SzC4F6 = 844). The 
stretching frequency of the C = C bond (1607 cm-1) 
showed shift is similar to that found in various di
nuclear species containing a bridging dithiolene 
ligand, M-L-M; M = Fe,7 M = V, Cr, Mo8 and suggests 
the dithiolene ligand in this U complex may also be 
bridging. The material UzC14SzC4F6 is very slightly 
soluble in THF and DMF but slowly decomposes in 
showed only a small shift of -14 cm-1 from the free 
ligand. This small shift is similar to that found 
in various dinuclear species containing a bridging 
dithiolene ligand, M-1-M, M = Fe, 7 M = V, Cr, Mo8 

and suggests the dithiolene ligand in this U complex 
may also be bridging. The material UzC14SzC4F6 is 
very slightly soluble in THF and DMF but slowly 
decomposes in these solvents. Sublimation of this 
material yielded only UC14. We are presently un
able to suggest a plausible structure for this 
material but it is possibly polymeric. 

UI4. Uranium tetraiodide was treated with 
SzC4F6 in ethylcyclohexane at 130° for several days 
to give a brown material which was insoluble in cornr 
mon solvents. Total elemental analysis showed this 
material had an empirical formula U3F3I(SzC4F5)z. 
The excess of fluorine in this material indicates 
some of the ligand decomposed. The stretching fre
quency of the C = C bond (1618 cm-1) is similar to 
that found for UzCl4SzC4F6. This material appears 
polymeric and no reasonable structure can be sug
gested for it. 

Conclusion 

Uranium tetrachloride and uranium tetraiodide 
react with the ligands bis(trifluoromethyl) -1, Z 
dithetene and 3,4 toluenedithiol in a very specific 
fashion which is dependent on the particular halide 
and:ligand used. In the reactions studied no an~ 
iQnic species were found and no general formula can 
be given for the different reaction products, The 
only common feature of the reactions is that dinu
clear or polynuclear species were formed. 
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SOME REACTIONS OF NEPTUNIUM HEXAFLUORIDE AND THE 
SYNTHESIS OF Np0F4 

R. D. Peacock* and N. Edelstein 

The discove:J 2f Np (VII) in complex oxides and 
similar compounds ' has led to renewed interest in 
the possibility that other Np(VII) compounds, for
mally analogous to well known Re(VII) and Te(VII) 
entities, might be synthesized. The most likely 
route to such compounds, lies in the oxidation of 
Np oxides, fluorides or oxide fluorides under dras
tic conditions. In the present work the oxidation 
of a neptunium oxide fluoride by krypton difluoride 
was attempted, and the opportunity was taken to 
study the stability of other high-valent neptunium 
compounds. The programme was divided into sections 
as follows: 1) the attempted synthesis of CsNpF7 
(with a view to ultimate oxidation to CsNpF3), 2) 
the exchange reaction NpF6 with BCl3 (with a view 
to isolating a chloride of Np higher than the known 
NpCl4), 3) the partial hydrolysis of NpF6 and the 
attempted oxidation of the hydrolysis product. 

Discussion 

Although uranium salts of the types Na3UF9 
K2UF3 and CsUF7 have been known for some time, 3,4,5 
the corresponding Np salts have not been isolated, 
and it appears that the reaction of NpF6 with alkali 
metal fluorides generally leads to Np(V) salts.6 
However, strong colorations have been observed on 
previous

7
occasions during the reaction between NpF6 

and NaP, and the reaction between NpF6 and NOF at 
-80° ,8 which may be ascribed to the formation of 
Np(VI) salts. From the present work it is evident 
that although the dry reaction between NpF6 and CsF 
leads to CsNpF6, the reaction in ClF3 is more com
plicated and the initial product is probably an 
Np(VI) complex fluoride. Comparison with the U(VI) 
system suggests that the material initially formed 
is CsNpF7, which then reacts with SiF4 impurity in 
the system: 

Unfortunately the presence of the adventitioUs SiF4 
means that the solution experiments do not give pre
cise information about the stability of the initial 
Np(VI) compound. Nevertheless, it is clear that 
CsNpF7 is not stable at 25° , and it must also be 
·concluded that any Np (VII) complex fluoro-anion will 
also prove to be very unstable indeed. 

The highest certain chloride of neptunium is 
'NpCl4, though there is some slight evidence for 

NpCls in the vapor ~tate. Exchange reactions have 
proved successful in preparing tungsten and uranium 
hexachlorides from the corresponding fluorides and 
boron trichloride,9,10 while the action of boron 
trichloride on rhenium hexafluoride certainly gives 
the pentachloride and just possibly a hexachloride 
as well.11,12 The present work indicates that a 
competing reaction to give the tetrafluoride, which 
is also shown to some extent by uranium hexaflu
oride,lO becomes exclusi¥e with neptunium hexaflu
oride, even in the presence of chlorine and chlorine 
trifluoride. 

The reaction of the NpF4 with excess of BCl3 leads 
to a change of phase, and it is likely that Np(IV) 
chloride fluorides, analogous to the known uranium 
compounds, 3 are formed. It is interesting that 
NpFs, which has been fully characterized by x-ray 
photography,14,15 is not isolated at any stage in 
this exchange reaction. 

The hydrolysis of UF6 has only recently been 
re-examined after early reports had suggested that 
UF6 ·did not react with water tg the vapor phase to 
give the oxide tetrafluoride.! However, two sets 
of workers have now independently shown that in an
hydrous hydrogen fluoride solution the carefully 
controlled hydrolysis of UF6 does give UOF4, for
mally analogous to the well-known oxide tetraflu
orides of Mo and W. Unlike U02F2, this is an ex
tremely reactive material; the structure is quite 
different from the 6-coordinated MoOF4 and WOF4, 
and in fact two different phases are known, one of 
which is isostructural with S-UF5 and both of which 
contain uranium in high co-ordination. 

In the present work it has been shown that a 
reactive material almost insoluble in anhydrous 
hydrogen fluoride is the first product of the hydrol
ysis of NpF6. This reactive material has been iden
tified by x-ray diffraction as parameters the

1
7ri

gonal form of NpOF4. A least squares fitting of 
the trigonal unit cell parameters to the observed 
data gives the lattice constants shown in Table 1. 
The more compressed unit cell for NpOF4 as compared 
to UOF4 follows the expected trend due to the de
creased ionic radius of the higher Z element. When 
the NpOF4 was allowed to stand in capillaries in in
completely dry conditions, it led to decolorization 
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Table L Lattice constants for UOF 4 and NpOF 4. 

Lattice Parameters 

a(A) 

c(A) 

UOF a 
4 

13.22 

5. 72 

NpOF4b 

13.17 ± 0.02 

5.70 ± 0.02 

~rigonal space group R3m (hexagonal setting), 
Ref. 4. 

bAbsorption corrections were made by the Nelson and 
Riley extrapolation procedure. 

and the appearance of a further unidentified crystal
line phase. The attempted oxidation of NpOF4 with 
krypton difluoride did not lead to the hoped for 
NpOFs (which one might expect to be volatile), but 
only to the partial re-formation of NpF6, perhaps 
according to the equation 

The residue was almost unchanged starting material. 

It is now evident that a Np(VII) fluoride or 
oxide fluoride will not be easily prepared. To iso
late NpF7, or NpOFs will require stronger oxidizing 
conditions than those used, and it is difficult to 
see how these can be accomplished with materials , 
presently to hand. Np02F3 could have resulted from 
the direct fluorination of Np02 (cf Re02F3), and the 
only remaining change here would be to attempt the 
oxidation of the rather unreactive Np02F2. There 
appears on the surface to be a marginally better 
change of getting Np03F, since, with manganese and 
technetium, coumpounds of similar stoichiometry may 
be isolated without great difficulty.16,17 Unlike 
Mn03F and Tc03F, however, it is not likely that an 
Np03F would prove to be volatile, so that the reac
tion conditions which might result in its isolation 
would need careful selection. It seems likely in
deed that further progress in this field will have 
to await the isolation of complex oxides of Np(VII) 
more tractable than the presently known compounds 
towards fluorination. 
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RECOIL TRITIUM REACTIONS WITH METHYLCYCLOHEXENE. 
A TEST OF THE ASSUMPTION OF ENERGY RANDOMIZATION 

PRIOR TO UNIMOLECULAR DECOMPOSITION* 

D. C. Feet and S. S. Markowitz 

The reactions of recoil tritium atoms with 
the three methylcyclohexene isomers have been 
studied in the gas phase at 135°. T was produced 
by 3He(n,p)T. Recoil tritium atom abstraction, 
addition, or T-for-H substitution reactions ac
counted for 90% of the gas-phase products. Fol
lowing activation by T-for-H substitution, the 
unimolecular decomposition of 4-methylcyclohexene-t 
(to give propylene-t or butadiene-t) and the uni
molecular decomposition of 3-methylcyclohexene-t 
(to give ethylene-t or 1,3-pentadiene-t ) was 
established from the pressure dependence of the 
product yield in the 300-1200-Torr pressure range. 
The apparent rate constants for these unimolecular 
deCOmpOSition prOCeSSeS Was determined as 1 X 107 
and 3 x 106 sec-1, respectively. The rate constants 
for the unimolecular decomposition of cyclohexene-
1-t and cyclohexene-3-t (formed by T-for-methyl 
substitution on 1-methylcyclohexene and 3-methyl-

cyclohexene, respectively) were nearly equivalent. 
In addition, the average energy of excitation 
following T-for-methyl substitution is the same 
in cyclohexene-1-t and cyclohexene-3-t, namely, 
6.0 to 6.5 eV. It was concluded that the RRKM 
(Rice, Ramsperger, Kassel, and Marcus) assumption 
of energy randomization prior to unimolecular 
decomposition is valud for the recoil tritium 
initiated unimolecular decomposition of cyclohexene. 

Footnotes 

* Condensed from Journal of Physical Chemistry, 
~. 4 (1974). 

t Present address: Argonne National Laboratory'· 
Argonne, Illinois. 

RECOIL TRITIUM REACTIONS WITH CYCLOHEXENE AND ALKENES. 
DETERMINATION OF RATE PARAMETERS* 

D. C. Feet and Samuel S. Markowitz 

Kinetic rate parameters can be determined 
from recoil tritium reaction studies although the 
energy distribution of the reacting tritium atoms 
is not known. T is produced by 3He(n,p)T. Recoil 
T-for-H substitution on cyclohexene gives excited 
cyclohexene-t molecules. The dependence of product 
yield on pressure (in the 300 - 1500 Torr pressure 
range) showed that the excited cyclohexene-t 
molecules decomposed unimolecularly to give ethyl
ene-t and butadiene-t with an apparent rate con
stant (at 135°) of 5 x 106 sec-1. The s parameter 
in the RRK (Rice, Ramsperger, and Kassel) treat
ment of the unimolecular decomposition of cyclo
hexene was determined as s = 24 . Similarly, 
the pressure dependence of product yield showed 
that cyclohexyl-t radicals which are formed by 

recoil T atom addition to cyclohexene decomposed 
unimolecularly to give n-hexene-t, 1-butene-t, 
and methane-t with rate constant 8 x 103, 3 x 104, 
and 5 x 102 sec-1, respectively. The relative 
rate of abstraction vs. addition of radicals in 
alkenes was determined from the scavenger depen
dence of the yields of products with a radical 
precursor. 

Footnotes 

* Condensed from Journal of Physical Chemistry, 
78, 347 (1974). 

tPresent address: Argonne National Laboratory, 
Argonne, Illinois. 

ION-MOLECULE REACTIONS IN RECOIL TRITIUM CHEMISTRY* 

D. C. Feet and S. S. Markowitz 

The possibility of ion-molecule processes in 
recoil tritium reactions has been dismissedl,2 
through application of the adiabatic principle.3 
However, the energy defect was incorrectly evaluated 
from the unperturbed energy levels of the isolated 
particles.4-6 Experimentally, Rowland and co
workers have established an upper limit of 10% 
for the contribution of excited electronic states 
in T-for-H substitution.? Experimentally, the 
yield of HT is higher in the presence of helium 
(versus other noble §ases). To explain this, 
?eewald and Wolfgang proposed that 6% of the total 
tritium reacted as unneutralized T+ because of the 
high ionization potential of helium while Urch and 
Malcolme-Lawes9-10 proposed greater stabilization 
pf highly excited HT by helium. 

Unexplained by Urch and Malcolme-Lawes is the 
higher yield of "polymer-t" accompanying the higher 
HT yield in helium (versus xenon) moderated T + 
cyclohexene reactions.ll "Polymer-t" is back
flushed from the chromatographic columns and 
washed from the walls of the sample capsule in 
which the recoil tritium reaction took place.l2,13 
Recently; "polymer-t" has been characterized by 
Filatov and co-workers using thin layer chroma
tography ,14 Table 1 shows some "polymer-t" data. 
Irradiations and sample analysis are discussed 
elsewhere.l5,16 The key feature of Table 1 is 
that the "polymer-t" yield is non-zero with H2S 
scavenging. The "polymer-t" yield was zero in an 
irradiated blank containing 3He and scavenger but 
no hydrocarbon. The 35S activity (due to 
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Table 1. T + alkene reaction dataa at 25°C. 

Yields 
Parent Scavenger 

Phase-tb "Polymer-t" Alkane-t Gas 

Cyclohexenee H2S 37 109 200 

(Alkane-t = cyclohexane-t) none 75 32 96 

so2 174 1 44 

1-Butened H2S 22 135 304 

(Alkane-t = butane-t) none 61 21 195 

so2 139 4 150 

aTritiated product yields relative to yield of tritiated parent compound as 100. 
Results of two samples that agreed to within 10%. 

bSum of all tritiated products monitored by radio-gas-chromatography except HT and 
the tritiated parent compound. For material balance of products with a radical 
intermediate, the decrease in gas phase product yields between H2S and S02 scavenger 
should be accompanied by an identical increase in the "polymer-t" yield. The 
smaller change in the "polymer-t" yield indicates that "polymer-t" recovery is 
[(174- 37)/(200- 44)] x 100% = 88% complete forT+ cyclohexene reactions (77% 
forT+ 1-butene). 
eSample composition (ern Hg): 

dSample composition (ern Hg); 

3He_l.6, cyclohexene 5.6 (6 mole% scavenger). 
3He 1.7, 1-butene 14 (7 mole% scavenger). 

34s(n,y)35S from H2S) is less than 5% of the 
"polymer-t" yield with H2S scavenging. Filatov 
et al. showed that "polymer-t" in unscavenged 
r-+ cyclohexene reactions was formed by chain 
addition initiated by cyclohexyl-t radicals. 
However, calculations show that radical-molecule 
(and radical-radical) routes to "polymer-t" forma
tion are eliminated by H2S, which donates a hydro
gen atom to the radical. Rate constants used 
(units of crn3 rnole-1 sec-1) were for methyl radicals 
reacting with H2S 17 (3.0 x 109), with trans-2-
butenel8 (for cyclohexene, 2.6 x 105), and with 
methyl radicalsl9 (2.4 x 1012). In the H2S scav
enged T + cyclohexene system, the estimated steady 
state concentration of: (1) tritium labeled 
radicals (chiefly cyclohe~l-t radicals, see Table 
1) is 7 x l0-19 moles crn-3; (2) unlabeled radicals 
(formed at one ion pair per 30 eV energy deposited• 
by the 3He(n,p)T reaction) is 6 X ro-14 moles 
crn-3. The rate of reaction of tritiated radicals 
with H2S is estimated to be three orders of 
magnitude larger than the rate of reaction of 
tritiated radicals with either 1) cyclohexene or 
2) unlabeled radicals. Experimentally, the 
scavenger plateau of the cyclohexane-t yieldl5 
shows that cyclohexyl-t radicals react solely 
with H2S rather than cyclohexene or unlabeled 
radicals in competition with H2S. 

The "polymer-t" yield not scavengeable by H2S 
is 6% of the total yield of tritiated products 
(HT + parent-t + other tritiated gas phase products 
+ "polymer- t") in T + cyclohexene reactions ( 4% 
in T + i-butene reactions). We propose that the 
"polymer-t" yield that is unscavengeable by H2S 
results from ion-molecule processes. Typical 

ion-molecule reaction rate constants20 are 1014 
to 1015 crn3 more-l sec-1; which is larger by two 
orders of magnitude than radical-radical rate 
constants. In addition, tritiated ion chains, 
unlike tritiated radical chains, are not ter
minated by reaction with H2s.20 
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DETERMINATION OF LEAD IN ATMOSPHERIC AIR AND IN ALUMINUM 
BY HELIUM-3-INDUCED NUCLEAR REACTIONS* 

B. Parsat and S. S. Markowitz 

Helium-3 activation analysis has been applied 
to develop a very sensitive means of trace lead 
analysis. The procedure involves the bombardment 
of samples with 3He particles to induce a Pb + 
3He + 207Po reaction on lead isotopes. The 992-keV 
y-ray ·of 5.84-hr 207Po is used as the "signal" 
for lead detennination. Only milligram amomts of 
sample are required. The excitation function for 
the production of 207Po from the reaction of 3He 
with lead of natural isotopic composition is pre
sented. If necessary, destructive analysis may be 
carried out, and a radiochemical separation pro
cedure to plate polonium onto a silver foil is 
discussed. The accuracy of the measurement is 
about 3 to 5% for comparative analyses. For 

absolute detenninations, the error is estimated 
to be 9 - 12%. Under reasonable irradiation and 
comting conditions, the detection limit is ap
proximately 50 pgjcm2~ corresponding to 0.5 ppb 
in a matrix 100 mg/cmt thick. 

Footnotes 

* Condensed from Analytical Chemistry 46, 186 (1974). 

tVisiting Fulbright-Hay~s Grantee. Pennanent 
address: Tehran University Nuclear Center, Tehran, 
Iran. 

HEAVY ION IRRADIATION OF SOLID GLYCINE 

T. L. Tung, H. A. Sokol, W. Bennett-Corniea, 
G. P. Welch, and W. M. Garrison 

To date, most of our detailed knowledge of In the y-radiolysis of solid glycine the 
the chemical actions of ionizing radiations has oyer-all radiation induced step may be represented 
been derived from studies involving fast electrons in the terms 
produced either directly by an accelerator or 
secondarily through absorption of x- or y-radia
tion. Recent interest in the possible biological 
and medical applications of heavy-ion beams has 
emphasized the need for more information on the 
effects of linear energy transfer (LET) in radia
tion chemistry. Relatively little systematic work 
has been done in this area of research -- particu
larly with reference to biochemical compomds in 
aqueous solution and in the solid state. We have 
initiated such a program at LBL using the 88-inch 
cyclotron as the radiation source. It is anti
cipated that this work will provide basic informa
tion that can also be applied in later studies 
using high-energy heavy-ion beams from the Bevalac. 
We report here preliminary findings of the effects 
of LET in the radiolysis of solid glycine. This 
is a well defined biochemical system and one that 
~as been studied extensively with y-rays.l 

(1) 

followed by the proton stripping reaction 

(2) 

Withy-rays (i.e., at low LET) the electron es
capes the parent ion and subsequently is removed 
via 

(3) 
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+• • 
The radicals NH3rncoo- and CH2COO interact on 
dissolution of the solid in de-aerated water 

(4) 

to give the imino acetic acid derivative an~ acetic 
acid. The imino acid then hydrolyzes spontaneously 
to give additional ammonia and glyoxylic acid 

Under y-rays, charge recombination, i.e., the 
reverse of reaction (1) 

appears to be of relatively minor importance. The 
stoichiometry of reactions (1) - (5) gives 
G(NH3) ~ G(CH3COOH) + G(CHOCOOH) ~ 5 and 
G(CH3COOH) ~ G(CHOCOOH) ~ 2.5 where G represents 
the number of product molecules formed per 100 eV 
absorbed energy. Column 1 of Table 1 summarizes 
the experimentally observed product yields ob
tained in the y- radiolysis of solid glycine. 

Table 1. Product yields (G) in the radiolysis of 
solid glycine with light and heavy particles.a 

Radiation Y (GoCo) H+ He+ 2 c+G 

LET(eV/A)b 0.1 1 4 30 

Radicalsc 5.2 4.7 3.2 1.7 
Ammonia 5.0 4.4 3.8 3.7 
Acetic Acid 2.3 2.3 2.1 1.3 
Glyoxylic Acid 2.0 1.9 1.2 1.0 
Methyl Amine <0.2 0.4 0.6 
Formaldehyde <0.1 0.17 0.4 
Formic Acid <0.1 0.2 0.4 

aHeavy particles at -9 MeV per nucleon. 

bAverage overall value as given by energy 
range. 

cNormalized to give G = 5.2 for the yield 
of long-lived free radicals in glycine 
under y-rays as reported in Ref. 4. 

We have now measured the contribution of 
reactions (1) - (5) in solid glycine under heavy
ion irradiation at energies corresponding to - 9 

. MeV per nucleon. The beams were wholly absorbed 
in the glycine which was irradiated in a circular 
Lucite cell having a diameter of - 6 ern. The 
glycine powder (10 g) was hydraulically compressed 

. into the cell under an inert gas atmosphere. The 
cell was covered with a 1 mil Mylar film and sealed 

9 '1 6 

before removal from the inert atmosphere. 

The heavy-ion beam as it exited the cyclotron 
vacuum was focused to a diameter of - 1 an and 
then passed through an electromagnetic "beam
sweeper" so that the entire circular target area 
(- 6 an diameter) was uniformly irradiated. Dose 
was monitored with a secondary emission monitor 
located within the beam vacuum line. Calibration 
of the secondary emission monitor was by Faraday 
cup and electrometer. The beam current was 
approximately 10 nano amps to give an absorbed 
does of 1.55 x 1020 eV/grn in each case. 

With the proton beam, as shown in Table 1, 
the yields of major products, including the long
lived radicals, are essentially the same as those 
obtained with y- rays. However, as the LET of the 
particle increases above - 1 eV/A there begins a 
steady decrease in the yields of free radicals and 
of glyoxylic and acetic acids, which products are 
derived from the charge separation reaction se
quence given Eqs. (1) - (5). At the same time, 
however, the ammonia yield does not decrease to 
the same extent. We are' exarnining the possibility 
that radical dimerization, e.g., 

CH2COOH 

2rn2cooH-I 
CH2COOH 

becomes important at high LET. 

(7) 

Formic acid, formaldehyde, and methyl amine 
appear as the major products of new reaction modes 
which set in at high LET. It is of significance 
that these compounds are also formed as ,the major 
characteristic products of the photochemical de
composition of the simpler amino acids such as 
glycine and alanine ,and their peptide deriva
tives.2,3 In radiolysis, the yield of excited 
molecular states formed via the charge-recombina
tion step (6) would be expected to increase with 
increasing LET since the ion-pairs of reaction (1) 
would be produced closer and closer together. 
Although the above qualitative explanation for 
the observed effects of LET in the radiolysis of 
solid glycine appears to be self-consistent, it is 
clear that much more information both direct and 
indirect must be obtained before the role of 
excited-molecule reactions in the heavy-ion radio
lysis of glycine is firmly established. 
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SULFUR DETERMINATIONS ON SMALL BIOLOGICAL SAMPLES* 

A. J. Hebert 

Total sulfur contents of a series of toxic 
protein samples were determined with a recently 
described non-dispersive vacuum soft x-ray fluor
escence spectrometer.l The spectrometer features 
six anodes which provide characteristic x-rays for 
sample excitation and determinations of the elements 
from oxygen to iron. The present experiments were 
primarily aimed at a sulfur determination and only 
a cursory examination was made to determine the 
presence of Na, Mg, Al, P, Cl, K, and Ca at the 
parts per million levels in several samples of 
protein. 

An important consideration in performing vacuum 
soft x-ray analyses is the amount of incident radia
tion that may be converted to heat in the sample. 
This is especially true of biological samples that 
may contain easily decomposed or volatile components. 
The present spectrometer operates at anode power 
levels of 2 watts or less and the amount of ex
citing radiation reaching the sample after filtra-
tion is estimated to be less than 1 milliwatt Fig. 1. 
per cm2. 

Prepared samples and blank disks. 

Repeated analyses with several of the present 
protein sample disks over periods of hours, and 
then again after several weeks, revealed no ob
servable sample deterioration or decline in sulfur 
conteht. 

Sample and Calibration Standard Preparation 

Sample preparation requires 50 )1!1. of aqueous 
solution or homogeneous suspension containing 
roughly 1 mg of sample per ml H20. The present 
group of unknowns were prepared with from 14 to 
53 )lg protein per sample. 

A 50 )1!1. portion of unknown solution or cali
bration standard (58.3 )lg sulfur/ml) was pipetted 
onto the center of a 0.02 em thick Lexan disk. 
(Lexan is an aromatic polycarbonate plastic.) The 
disks were made from sheet stock with a 2.54 em 
diameter punch. Each has a 9 mm diameter circular 
scratch handscribed on center. When a disk was 
placed on a leveled hot plate surface at 60°C 
(circular scratch down), it took the shape of a 
very slightly dished flat-bottom saucer. A pipette 
rinse and sample fixing solution (1.20 g spectro
scopic grade LiB02 plus 1.00 g acetic acid per 
liter) was then taken up and added to the sample 
droplet. The sample fixing solution also contains 
two drops (approximately 80 mg) of water soluble 
glue,2 added to a SO ml portion of the solution 
just prior to use. 

The resulting dry-sample spots on the Lexan 
disks have an area of 0.7 cm2 and a thickness of 
2 to 5 )lffi. Several prepared samples and some 
blank disks are shown in Fig. l. Each sample disk 
was placed in the spectrometer with an additional 
disk of Lexan as backing along with a disk of 0. 5 mm 
pure aluminum and one of 0. 2 mm copper also added 
as backing to provide a low noise background 
spectrum. 

(XBB 7 45- 3564) 

Results 

Examples of some typical observed spectra 
using the silver anode (L x-rays) for excitation 
are shown in Fig. 2. The silicon neak (Si) was 

(a l 

(b) 

(c) 

0 

Fig. 2. Some typical four-minute spectra for 
(a) LiS04 standard solution (58.3 y sulfur/ml), 
(b) Protein fraction 10-3, (c) H20 rinse solution. 
The larges t peak is due to scattered exciting 
radiation at E = 3 keV from silver L-X rays. 
The vertical scale corresponds to 10 4 x-ray pulses 
per channel at full scale. (XBB 757-4737) 
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caused by the Lexan. The observed sensitivity for 
sulfur was of the order to SO ng in a typical 
four-minute run. Each sample was fluoresced for a 
total of 12 minutes or more. 

Absorption corrections were applied to the 
observed sulfur intensities to correct for dif
ferences between the standard Li2S04 solution and 
the various estimated sample weights and composi
tions. A variation in weight of protein in the 
sample of a factor of 3 (lS ~g to SO ~g) resulted 
in a correction of about 3%, which in most cases 
is less than the estimated uncertainty in the 
analyses. The corrections were estimated using 
the coefficients tabulated by McMaster et al.3 
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ALASIYA OF THE AMARNA LETTERS 

M. Artzy, F. Asaro and I. Perlman* 

The exact geographical Jocation of the ancient 
kingdom or city-state of Alasiya is unknown but 
it is in the general area of the eastern Mediter
ranean. There is considerable controversy about 
this locationi with one thesis arguing that it 
was on crrrus (or Cyprus itself), and the other 
that Alasiya was located on or near the north 
Syrian coast.2 

The king of Alasiya wrote a number of letters 
on clay tablets, including some to the Egyptian 
Pharoah which were found at the ancient site of 
Tell el-Armarna in Egypt. The purpose of the pres
ent work was to determine if the chemical composi
tion of the clay of these "letters" might be homo
geneous enough to identify the source of the 
clay, and hence the location of Alasiya. 

The procedure for attempting to establish 
the provenience of clay products by means of 
neutron activation analysis has been described 
elsewhere3 and will be reviewed here only in a 
cursory way. The analysis provides quantitative 
values for the abundances of many chemical ele
ments, most of which may be classed as trace 
elements because of their very low concentrations. 
If one analyzes a considerable number of pottery 
pieces from a particular site, and finds that they 
are closely similar in composition, one may take 
as a working hypothesis that these came from local 
clays. The data are grouped element by element, 
and this results in a chemical profile or "finger
print" for local ceramics. Finally, any other 
piece of clay product may be compared with this 

• reference group to see whether or not the "finger
prints" fit each other. A discussion of compli
cations and uncertainties which sometimes arise 
in the assignment of provenience is best left to 
~1e body of the report where the data on this 
particular problem are presented. 

This report is concerned with two of the 
Amarna letters numbered 29788 and 29789 from the 
British Museum, which we sampled with the kind 
permission of Dr. Richard Barnett, the Keeper of 
the Asiatic Department. 

The two tablets have chemical composition 
patterns which are very similar, and the agree
ment between them is as good, or even better than 
is usually found among a collection of sherds 
from one place (see Table 1). This indicates 
that the parts of the clay source from which these 
tablets were made were rather homogeneous, and 
other ceramics made from the same clay in the same 
way should have about the same composition. 

Chemical abundance profiles for clays from 
a number of areas in Cyprus were available from 
pottery investigations. Some of these reference 
groups from ancient Enkomi in eastern Cyprus are 
shown in Table 1 along with the two Amarna letters. 
From Fig. 1, which shows some of the data as bar 
graphs, it can be seen that the two Amarna sherds 
are very much alike and different from the Enkomi 
material. Figure 2 shows the same type of informa
tion for three other sites on Cyprus and Fig. 3 
shows comparisons with Egyptian reference groups. 
Thus none of our existing chemical profiles from 
Cyprus, or a meager sampling from Syria (not 
shown), or Egypt match that.of the Amarna tablets. 

The excellent agreement in chemical composi
tion patterns of the two Amarna letters, however, 
indicates that further work developing additional 
chemical profiles of clay artifacts (or soils) 
in the eastern Mediterranean may be very fruitful. 

Footnotes and References 

* Now at the Institute of Archaeology, The Hebrew 



354 

Table 1. Chemical composition patterns of tablets and sherds.a The numbers for the respective elements 
are group mean values CMO and the standard deviations (±a). All are in units of parts-per-million unless 
designated %. 

ELAM 13 

Al% 5.18 

Ca% 12.3 

Mn 559 

Na% 0.507 

u 1.66 

La 27.0 

Ti% 0.328 

Lu 0.278 

Co 14.16 

Sc 11.45 

Fe% 3.01 

Cs 4.52 

Cr 93 

Th 7.36 

Hf 2.91 

Ta 0.790 

Ni 73 

Rb 90 

EIAM 14 

5.20 

10.4 

592 

0. 586 

l. 74 

27.5 

0.346 

0.292 

16.03 

11.76 

3.21 

4.37 

100 

7.73 

3.25 

0.830 

116 

83 

ENK a 
(30 pes.) 

M±a 

6.40 ± o.sob 
9.1 ± 1.5 

1065 ± 85 

1.40 ± 0.19 

d 

16.7 ± 1.3 

0.441 ± 0.043 

0.313 ± 0.021 

29.50 ± 2.70 

24.20 ± 1.30 

5.67 ± 0.35 

3. 72 ± 0. 36 

301 ± so 
5.50 ± 0.37 

2.73 ± 0.20 

0.548 ± 0.043 

201 ± 27 

62 ± 16 

~lAM 13 is El-Arnarna tablet #29789. 
ELAM 14 is El-Arnarna tablet #29788. 

ENK f3 
(18 pes.) 

M±a 

6.58 ± 0.38c 

8.6 ± 1.6 

1067 ± 124 

1.20 ± 0.14 

d 

20.5 ± l. 5 

0.465 ± 0.030 

0.321 ± 0.016 

31. so ± 2.60 

23.13 ± l. 53 

5.69 ± 0.27 

4.64 ± 0.60 

334 ± 42 

6.76 ± 0.25 

3.18 ± 0.22 

0.677 ± 0.036 

261 ± 41 

76 ± 14 

ENK a is a group of mixed local LB sherds from Enkomi. 
ENK f3 is a group of mixed local LB sherds from Enkomi. 
ENK y is a group of Proto White Painted sherds from Enkorni. 

bO£ the 30 pieces, aluminum was measured in only 7 samples. 

cO£ the 18 pieces, alumimnn was measured in only 4 samples. 

~ese sherds had been contaminated with silver, gold, and uranium. 

ENKy 
(14 pes.) 

M±a 

6.43 ± 0.48 

11.3 ± 1.3 

1034 ± 103 

1.12 ± 0. 29 

2.07 ± 0.27 

20.1 ± l. 5 

0.441 ± 0.025 

0.310 ± 0.026 

30.10 ± 2.60 

22.73 ± 2.33 

5.40 ± 0.45 

4.07 ± 0.66 

398 ± 64 

6.63 ± 0.49 

3.12 ± 0.23 

0.658 ± 0.079 

208 ± 21 

67 ± 24 
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2. G.A. Wainwright, "Alashia-Ala5a and Asy," Klio 
14, 6 (1914-1915); H.W. Catling, Cyprus in the 
Neolithic and Bronze Age Periods, Cambridge Ancient 
History, 43 (Cambridge: Cambridge University 
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Fig. 1. Chemical abWldance patterns of Amama 
tablets and Enkomi pottery. The bars represent 
elemental abWldance values for the individual 
Amama sherds or mean values for pottery groups. 
The hatched zones reflect for each element the 
standard deviation in the abundances for all of 
the sherds in that group. 

Elam. 13: Tell el-~ama tablet #29789. 
Elam. 14: Tell el-Amama tablet #29788. 
Enk: a: A group of 3o pieces of White Painted 

Ware, Plain White Ware, Mycenaean Ware 
excavated at Enkomi. 

Enk. 13: A group of 18 pieces of White Painted, 
Plain White Wares excavated at Enkomi. 

Enk. y: A group of 14 pieces of Proto White 
Ware excavated at Enkomi. 

(XBL 742-2423) 
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Fig. 2. Chemical abundance patterns of Elam. 13 
and Cypriot pottery groups from Palaepaphos, 
Kalopsidha, and Kition. The bars and hatched 
zones have the same meaning as in Fig. 1. 

Elam. 13: See Fig. 1. 
Ppap Nfc.IIICl: A group of 19 pieces of Mycenaean 

IIICl excavated at Kouklia. 
Kal.: A group of 20 pieces of Plain 

Ware excavated at Kalopsidha. 

Kit.: A group of 15 pieces of Plain Ware 
excavated at Kition. 

(XBL 742-2424) 
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Fig. 3. Chemical abundance patterns of Elarn. 13 
and Egyptian pottery groups. The bars and hatched 
zones have the same meaning as in Fig. 1. 

Elarn. 13: See Fig. 1. 
Nile Mud: A group of 32 pieces of Egyptian 

Wares excavated in Upper Egypt 
(El Ahaiwah, Nag-ed-Deir, Ballas). 

Demd. local: A group of 3 pieces excavated at 
Deir el-Medineh. 

Elarn. 2: A faience mold from tell el-Amarna. 
Asut. 1,2,3: 3 pieces of Egyptian Wares excavated, 

at Assuit. (XBL 742-2422) 
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CHRONOLOGY OF THE 0. B. JAMES PLUTON 

R. Drake,* H. R. Bowman, and A. J. Hebert 

Odette B. James concluded that the ultra
mafic rock suite in the Emigrant Gap area of 
northern California was the result of fractional 
crysta~lization of a single magma. This complex 
may represent a classic example of a differentia
tion sequence of rock types resulting from frac
tional crystallization. 

In the present work, the ages since the last 
melting of four fractions in the suite were de
termined by potassium-argon dating. The ages 
since the last differentiation had been measured 
by D. Noblel previously for three samples, using 
isotopic dating. The three whole-rock Rb/Sr 
analyses of the OBJ pluton agree closely with a 
290-million year isochron and have an 87srj86Sr 
initial ratio of 0.7044. This age .is nearly 100 
million years older than the oldest recognized 
plutons in the Sierra and for this reason K-Ar 
age determinations were made on minerals separated 
from these whole-rock specimens. The results of 
the first four analyses are listed in Table 1. 

Although these dates vary by almost 30 mil
lion years, the ages are compatible with the 
general regional chronology. Other minerals from 
each of the whole-rock samples are being run to 
determine whether argon has been lost or inherited 
and to explain the different K-Ar ages. 

We believe the whole-rock Rb/Sr isochron 
represents the age of differentiation and initial 
crystallization of the body, while the K-Ar ages 

Table 1. K-Ar age determinations. 

Sample Mineral Age x 10 6 years 

OBJ-21 plag. 179.2 ± 1 

OBJ-22 plag. 152.1 ± 2.8 

OBJ-23 biotite 152.5 ± 6.3 

OBJ-24 biotite 160.7 ± 0.4 

represent the remobilization and recrystallization 
of minerals during final emplacement 152 - 180 
million years ago. Thus we would predict that 
mineral groups from any single whole-rock sample 
would yield Rb/Sr isochrons of 150 - 180 million 
years. This interpretation implies that the Rb/Sr 
distribution in the body as a whole remained fixed 
after differentiation and layering, while during 
emplacement the mineral phases were re-equilibrated 
with respect to their immediate whole-rock environ
ment. To achieve this, the body must have remained 
essentially solid and reached metamorphic equili
brium during emplacement. 

Footnote and Reference 

* Department qf Geology, U.C., Berkeley. 

1. D. Noble, private communication. 

TWENTY·FOUR MAJOR ELEMENT XRF ANALYSES OF LATE 
CENOZOIC VOLCANIC ROCKS FROM THE CHILEAN ANDES, 35- 36°S LATITUDE 

R. Drake* and A. J. Hebert 

Twenty-four major element analyses of late 
Cenozoic volcanic rocks from the Chilean Andes 
at 35 to 36°S latitude are reported here. Analy
ses were made using x-ray fluorescence techniques.! 
Results of the analyses are shown in Table 1. 

A plot of wt% KzO vs wt% SiOz (Fig. 1) shows 
a narrow range of KzO values for given SiOz con
tent, which might be expected of samples repre
senting a small volcanic province and time interval. 
The basic end-members of this suite are charac
teristically basaltic-andesites with about 55% 
SiOz and 1.5% KzO. Few rocks from this region 
have less than 52% SiOz and all have greater than 
1% KzO. This volcanic suite is significantly 
higher in KzO than corresponding island arc 

Fig. 1. Plot of wt% KzO vs SiOz of samples of 
late Cenozoic volcanics from the Chilean Andes 
between 35 and 36°S latitude. Dots are for 24 XRF 
analyses. Squares are for chemical analyses from 
same region by other workers. (XBL 757-3546) 
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Table 1. X-ray fluorescence,analyses of Chilean volcanics. 

OXIDE 

Si02 CaO MgO MnO 

68.3 3.64 4.92 14.8 . 2.13 0.85 2.35 0.36 - 0 - 0.06 

65.5 2.98 4.09 16.7 4.30 2.35 3.90 0.51 0.01 0.07 

' 55.8 1.51 3.26 16.4 7.08 4.77 6.41 0.74 0.03 0.12 

59.0 2.18 4.36 18.0 6.03 3.34 5.66 0.68 0.04 0.12 

67.5 3.09 3.67 15.8 3.58 1.85 3.46 0.43 - 0 - 0.08 

54.3 1.25 4.17 18.1 7.83 4.00 8.66 1.18 0.04 0.16 

57.3 1.67 4.22 19.0 5.82 4.61 7.32 0.90 0.02 0.12 

55.8 1.80 4.66 17.6 7~32 4.87 7.09 0.94 0.03 0.11 

52.0 1.42 4.26 18.5 7.41 3.57 7.16 1.07 0.03 0.14 

57.1 1.60 3.76 18.1 7.32 4.44 6.87 0.92 0.04 0.15 

49.5 1.22 3.15 19.3 8.56 3.17 7.37 1.09 0.02 0.15 

60.1 2.59 3.70 17.4 5.41 2.08 4.74 0.81 - 0- 0.11 

53.2 1.60 3.69 19.7 7.45 4.08 8.84 1.31 0.04 0.18 

56.0 1.85 3.86 17.5 7.17 3.22 9.37 1.37 0.03 0.22 

51.1 2.09 4.38 19.3 6.56 3.82 8.49 1.19 0.04 0.16 

55.7 1.29 4.04 17.4 8.08 4.88 8.08 0.95 0.05 0.17 

55.1 1.52 3.39 18.0 7.60 5.28 7.85 1.00 0.06 0.16 

54.9 1.90 2.76 17.1 8.04 5.05 7.44 1.11 0.05 0.14 

68.4 3.87 6.54 16.1 1.78 1.14 2.55 0.53 - 0- 0.09 

64.5 3.40 4.82 16.2 4.03 2.81 4.56 0.66 0.02 0.10 

54.0 1.29 4.00 18.8 7.13 4.18 6.64 0.76 0.02. 0.14 

63.3 2.46 5.22 15.9 4.31 1.78 5.33 0.89 0.01 0.13 

55.9 1.79 5.27 18.4 5.72 3.35 6.89 0.82 0.02 0.14 

55.1 1.57 2.66 17.5 8.01 4.93 8.37 1.04 0.04 0.17 

TOTAL 

97.5 

100.4 

96.1 

99.4 

99.4 

99.7 

100.9 

100.2 

95.6 

100.2 

93.6 

96.9 

100.0 

100.6 

97.1 

100.7 

100.0 

98.5 

101.0 

101.1 

96.9 

98.4 

98.3 

99.3 

tholeiites but is markedly lower than Quaternary 
volcanics in northern Chile and southern Peru, 
which almost always have greater than 2% K20 and 
55% SiOz. 

crustal thickness, depth to the Benioff Zone, 
and· degree of crustal participation in magma 
genesis. 

Since very few analyses have been made on 
young volcanic rocks from the south-central 
Chilean Andes, these analyses provide important 
• new information about the chemical variations that 
occurred within a small region during a short 
period of time. Once the range of chemical varia
tions has been established, significant compari
·sons can be made with other regions to determine 
differences that may relate to such factors as 

Footnote and Reference 

* Department of Geology, U.C., Berkeley . 

1. A. J. Hebert and ]<. Street, Jr. , A Nondisper
sive Soft X-Ray Fluorescence Spectrometer for 
Quantitative Analysis of the Major Elements in 
Rocks and Minerals. Anal. Chern. 46, 203 (1974). 
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SOFT X-RAY ANALYSIS OF THE GRIZZLY PEAK VOLCANICS, 
BERKELEY HILLS, CALIFORNIA 

R.N. Lambe,* D. G. Kosco,* A. J. Hebert, and G. H. Curtis* 

Major oxide analyses of twelve flows of the 
Grizzly Peak Volcanics were made by nondispersive, 
soft x-ray, fluorescence analysis. Samples of 
approximately one-kilogram weight were ground to 
a particle size of less than 0.1 rnrn. The sample 
powder was mixed with spectroscopic grade LiB02, 
in a 1:10 ratio, fused, cast into a metal ringed 
pill, and annealed at 250°C for several minutes. 
Analyses were carried out on a nondispersive soft 
x-ray spectrometer.l The results are presented 
in Table 1, arranged in a tentative chronologie 
sequence of eruption, and represent the first 
modern analyses of the Grizzly Peak Volcanics. 
Previous analyses were made by C. Paluche (1896), 
using wet chemical techniques. 

Samples GPV-1 through GPV-7 were collected 
from fresh exposures along California Route 24, 
and represent the complete sequence of andesitic 
flows in the Grizzly Peak Formation. GPV-11 rep
resents a rhyolite averaging 20 feet in thickness, 
which separates the lower and upper units of the 
Grizzly Peak Formation. In almost all locations 
the rhyolite is pervasively altered to chlorite 
and clay minerals. GPV-11 was determined to be the 
least altered of all the rhyolite samples inspected. 
GPV-8 was sampled from a volcanic body in the 
Siesta Valley south of Route 24. The body measured 
approximately 305 by 390 meters and seems to cut 
the local structure suggesting that it may be some 
type of volcanic vent. GPV-9 was sampled from the 
Bald Peak Formation off Grizzly Peak Boulevard, a 
complex of flows younger than the Grizzly Peak 
Volcanics. GPV-10 was sampled from the uppermost 
flow in the Grizzly Peak volcanics off Grizzly 
Peak Boulevard and should be stratigraphically 
correlative to GPV-7. Sample GHC-374 
represents one of the basaltic components of the 
Round Top Complex, for which there is good evidence 
indicating it is one of the volcanic vents supplying 
the Grizzly Peak Volcanics. 

Plotting of the analyses on (FeO + Fe203) -
MgO - (Na20 + K20) and K20 - CaO - Na20 triangular 
diagrams suggests that the flows of the Grizzly 
Peak Volcanics form two genetic groups- The lower 
flows (GPV-1,3,4) demonstrate a progressive en
richment in CaO and MgO with decreasing age, re
flecting the progressive accumulation of calcium
magnesian pyroxenes with depth in the magma chamber, 
and a calcium enrichment in the plagioclase re
flecting the compositional change from An30-50 
to An50-70· The lowest flow, GPV-1, has been 
dated at 9.93 M.Y. and the fourth flow, GPV-4-, 
at 8.85 M.Y. The chemical variation and geo
chronology seem to strongly suggest that the lower 
flows are genetically related, 

The flows of the upper Grizzly Peak Volcanics 
q_long California Route 24 have been dated between 
9.65 million years to 8.35 million years (M.Y.). 
The chemical variation seems to be oscillatory but 
reflects a general trend of enrichment in CaO, 
MgO and (FeO + Fe203). The general trend toward 
enrichment in (FeO + Fe203) is most obvious. 
GPV-9, sampled from the Bald Peak Flow (7.7 M.Y.) 

seems to fall on this trend. GPV-10 which should 
be stratigraphically correlative to GPV-7 appears 
to be chemically unrelated. Most noticeable are 
significant increases in K20, Na20, Si02, Al203, 
and decreases in MgO and CaO. It is seen in 
Figs. 1 and 2, that GPV-10 does not appear to be 
chemically compatible with the general trend dis
played by the upper flows. The preliminary evidence 
suggests that the upper flows possess a more complex 
history than the lower flows. • 

The rhyolite, GPV-11, would plot off the dif
ferentiation trends of the lower and upper flows 
and does not appear to be petrologically or chemi
cally related to the andesitic flows. It appears 
from mapping the rhyolite in the field that its 
source is to the west of the Grizzly Peak fault 
and presently several miles to the north of Round 

Fig. 1. Chemical variation in the Grizzly Peak 
Volcanic Series. (XBL 757-3544) 

FeO + Fe 2 0 5 

Fig. 2. Chemical variation in the Grizzly Peak 
Volcanic Series. (XBL 757-3548) 
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Table 1. 

Sample NtDIIber 
Oxides 

GPV-1 GPV-3 GPV-4 GPV-11 GPV-5 GPV-6 GPV-7 GPV-10 GPV-8 GPV-9 GiC-374 

Si02 50.509 50.974 48.278 69.063 57.420 57.770 so. 717 58.259 51.999 50.281 60.376 

no2 1.130 1.339 1.116 0.414 0.866 0.820 1.126 0.890 0.813 1.004 0.6!:6 

Alz03 16.229 17.810 18.264 13.126 17.060 17.004 17.914 15.155 18.303 16.106 15.456 

FeO 7.659 7.820 6.862 2.017 5.794 5.742 7.024 7.456 6.863 7.607 5.026 

MnO 0.139 0.142 0.129 0.042 0.124 0.136 0.151 0.130 0.136 0.155 0.096 

MgO 6.243 7.366 6. 742 1. 459 5.251 4.584 6.325 1.475 8.280 11.497 4.834 

CaO 9.462 10.172 li.089 3.142 7.237 7.850 1L498 3.723 i0.668 8.736 5.224 

Nap (3.1799) 2. 522 1.444 5.109 3 .. 196 5.485 1. 798 (5.1807) 3.560 (4.3850) 3.052 2.963 4.704 1.243 

K2o ( .6435) 0.528 0.427 1. 542 1.464 1.457 0.608 (2.0713) 0.510 (0.6372) 1.421 0.856 1.874 0.448 

crp3 0.050 0.054 0.038 0.004 0.046 0.031 0.060 0.019 0.043 0.111 0.037 

TOTAL 95.25 98.73 94.78 95.92 9.8.46 100.92 97.22 93.64 101.18 97.19 96.21 

Values in parentheses are values determined by G.H. Curtis for K~Ar geochronology. 

Top, the suggested source of the lower Grizzly Peak 
Volcanics. 

The conclusions presented here are based on 
preliminary results and are subject to refinement. 
Further chemical analyses will be made in an attempt 
to obtain a better definition of the genetic rela
tionships of the upper flows and to determine more 
accurately the differentiation trends presented here. 

Footnote a~d References 

* Department of Geology, University of California, 
Berkeley, CA. 

1. A.J. Hebert and K. Street, Jr., A Nondispersive 
Soft X-Ray Fluorescence Spectrometer for Quantita
tive Analyses of the Major Elements in Rocks and 
Minerals, Anal. Chern. 46, 203 (1974). 
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EVIDENCE IN SUPPORT OF SIMILAR SOURCE MATERIAL IN THE 
GENESIS OF ALKALIC BASALTS . 

H. R. Bowman, F. Asaro, I. S. E. 'Carmichael,* 
R. K. Mark,t and H.-U. Schmincke+ 

Basalts exhibit a wide range of composition, 
from those that are tholeiitic (alkali ppor) to 
those that have substantial amounts of alkali 
elements (called alkalic basalts). Precise abun
dance measurements for a large number of trace, 
minor, and major elements have been made on ba
salts from different geological environments: 
Quaternary basalts from behind the active Aleutian 
volcanic arc (Nunivak & Pribilof Islands, Alaska); 
Recent basalts from northern Baja California 
(erupted through continential crust, but also 
associated with subduction); and in contrast, the 
basalts of the Azores, east of the spreading mid
Atlantic ridge. 

Earlier work by others had indicated a rough 
coherence in the Nunivak Island rocks between the 
overall alkali content and Rb, Ba, and Sr. In 
the present work with neutron activation analysis, 
the trace-element abundances were found to have a 
remarkable coherence when measured at high preci
sion. 
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Fig. 1. The abundances of Ce, U, La, Th, Hf, 
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6 

and Rb plotted against Ta in basalts from Nunivak 
Island in the Bering Sea. The lowest Ta abundances 
on the first five graphs are for a megacryst from 
one of the other lavas. The Rb abundances are 
by R. Mark.3 (XBL 753-2469) 

In the most rigorous of the coherences of 
the trace-element abundances, two elements, U and 
Ta (Fig. 1), were nearly proportional to each 
other in the less alkalic Nunivak basalts, with 
some deviation in the more alkalic members. The 
general coherence between abundances extended 
over many of the trace elements for all the samples 
examined. The Rb abundances in Figs. 1 and 2 
are from previous measurements by other workers . 
and are plotted against neutron activation analysis 
Ta values. 

Three of the four different locations studied 
in this work are widely separated. The trace
element abundance patterns, particularly when 
related to the tantalum abundance, are similar 
and agree much better with each other than with 
any tholeiitic-type basalts from the continents 
and island arcs that we have studied. 

This study reinforces the concept that alkalic 
basalts from various geological environments ex
hibiting a range of chemical compositions all 
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lavas. The Rb abundances were measured by Bacon, 
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behave __ in _a.pre~ietabie~and', syste!nati-~ wa,y; ~ •. _~- 1 regards _ the1~ ~no_r ,,Wtd i ~r~cei ely~~n1f~· ~ll) y. ~ 
suggests that m thiUteg~s' ·m wlhch these lavas 
were generated, they.wete formed by ftision of 
similar mantle material at similar pressures and 
temperatures. 

The Nunivak lavas were erupted ov_er a 6-
rnillion year period, and there is a high degree 
of correlation between tantalum and the ages of 
these lavas. 

In Fig. 2 the Baja California trace-element 
results are plotted using the same elements as 
Fig. 1. Similar plots have been made in Fig. 3 
for histotic Azorean lavasl from five islands 
jus~ east of the mid~Atlantic ridge. The Azorean 
each case the vertical and horizontal scales are 
the same so that absolute abundances tan be com
pared. 

Many alkalic basalts contain isolated crystals, 
or assemblages of crystals, that have grown during 
the ascent of the lava to the surface. Often 
these are large, and are called megacrysts. In 
addition, the lava may have incorporated foreign 
rock (often mantle) fragments plucked from the 
wall of its conduit, and these may have become 
disaggregated, to form xenocrysts, as they react 
with the hot lava. tn Figs. 1 and 2 the rocks 
with the very low Ta abundances are pyroxene 
megacrysts . No rnegactys ts have been analyzed 
!torn the Azores. 
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Fig. 3. The abundances of Ce, U, La, Th, and Hf 
plotted against Ta in basalts from 5 Azorean 
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megacrysts have been analyzed from this area. 
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0•.~ -f~- C~atison of_the trace-elements_ composition 
· of'lthe ~gacrysts and the related lavas leads to 

the partition coefficients for each o£ these 
.elements; under the conditions of formation of 
the crys;tals at high temperature and pressure. 
Osing experimental data on the temperature de~ 
pendence of the partition coefficients, we can 
obtain the pressure dependence of the partition 
coefficients if the pressure·temperature condi
tions of the precipitation of the megacrysts is 
known. Estimates of these can be calculated from 
thermodynamic arguments using the major element 
composition of the megacrysts.Z 

FigUre 4 shows the partitioning coefficients 
(megacryst. abundances/lava abundances) for 23 
elements of Baja California plotted against selected 
i~n~c radii. This ~urve is e~sentially a compati
bility curve where 1ons the s1ze of Mn2+ are ac
cepted readily into the pyroxene lattice sites, 
and the smaller and larger ions are less compatible 
and tend to collect in the residual magmas. 
Ta, La, U; and Ce are quite incompatible (Fig. 4) 
in this sense, and the near proportionality 
of their abundances when plotted vs. each other 
is consistent with the crystalization process or 
subsequent partial melting. The coherence between 
trace elements and major elements found in lavas 
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places major constraints on the composition of the 
source material, for the stability of various 
minerals at depth is fundamentally controlled by 
the concentration of the major elements. By 
identifying coherences such asK, Th, Ta, etc., 
it is plausible to suggest that whatever mineral 
at depths held K (e.g., phlogopitel) also con- · 
tained the coherent trace metals. Only in this 
way can the chemical composition of the mantle, 
on a fine scale, be obtained. 

Footnotes and References 

* University of California, Berkeley, Department 
of Geology and Geophysics. 
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OCEAN RIDGE-LIKE THOLEIITES IN THE NORTHERN GREAT 
BASIN OF NEVADA 

H. R Bowman, F. Asaro, R K. Mark,* C. Lee Hu,* 
E. H. McKee,t and R. R. Coatst 

The trace element abundances of five rocks 
from the northern Great Basin of Nevada were 
measured by neutron activation analysis. The 
rocks were dated by the Rb-Sr and K-Ar methods. 

These rocks were selected because previous 
petrographic studies and major element analyses 
had indicated they were rather primitive material 
(Olivine-tholeiites) and similar to basalts from 
the Snake River Plain in Idaho. In addition, 
they were all much younger (- 8 - 10 million years 
old) than the usual Basin and Range formation in 
Nevada(- 30 million years old). In the present 
work the quantitative abundance measurements on 
trace elements were made at LBL in Berkeley, Rb
Sr isotopic dates were determined at U.C.L.A. in 
Los Angeles, and the K-Ar dates were determined 
at the Isotope Geology Laboratory of the U.S. 
Geological Survey in Menlo Park, CA. 

Neutron activation analyses were performed 
on samples made from 100 mg of powdered rock mixed 
with 50 mg of cellulose pressed into pellets. . 
The samples were irradiated along with a composite 
standard in the Berkeley Triga Reactor once for 
ten minutes and later for eight hours. A detailed 
description of the method along with a description 
of the standard material has been given by Perlman 
and Asaro.l In this procedure 50 elements are 
searched for and 40 are usually found in rocks. 
The abundances of about 30 of these are measured 
with good precision. The abundances of the trace 
elements that we measured are shown in Table 1. 
Major element abundances (not shown) agreed well 
with previous work. 

Samples were spiked with 84Sr, 87Rb, and 41K 
for isotopic dilution measurements of concentration. 
The isotopic analyses were performed at UCLA on 
a single-filiment, 9-in., 60° mass spectrometer 
with a digital data acquisition system. 

The rocks were dated by the K-Ar method 
(Menlo Park) by standard procedures.2 

On the basis of rare earth element (REE) 
contents the basalt samples fall into two groups 
(Fig. 1). In one group (samples labeled E-15, 
6238-2J, 54NC93 are referred to as "low REE"), 
the chondrite normalized REE pattern shows only 
minor light REE enrichment and about ten times 
chondritic concentrations. Such a pattern over
laps those reported for ocean ridge basalts,3 (ORB) 
although lacking the commonly occurring light REE 
depletion. The pattern is almost identical to 
those reported for island arc tholeiites.4 The 
other group ( 61NC18, 62NC133; referred to as "high 
REE") show a marked light REE enrichment typical 
of continental plateau tholeiites (e.g., Schilling3). 
The other LIL elements generally correlate with 
the REE, but Ba is an exception. Barium concen
trations are variable, with no correlation to 
other LIL elements. The Ba concentrations are 
much greater than those commonly reported for ORB 
and some are even high for island arc tholeiites 
(e.g., Jakes and Gill,4 and Philpotts et al.5). 

The 87srj86sr range for the Nevada tholeiites 
in this work is almost identical to the range 
reported by Leeman and Manton6 for the tholeiites 

·from the adjacent Snake River Plain to the north. 

The samples in the present work are chemically 
distinct from (i.e., less alkalic) but Sr-isoto
pically similar to olivine tholeiites from the 
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Fig. 1 Chondrite normalized rare earth element 
patterns plotted against atomic number. 

(XBL 756-1582) 
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Table 1. Concentrations of Ba, REE, and other trace elements by instrumental neutron activation analysis. 
Standard Rock (BCR-1) is included for comparison. 

El5 6238-ZJ 54NC93 61NC18 62NC133 Typical 
a 

BCR-1 

Ba 781.0 152.0 105.0 427.0 373.0 14.0 690 ± 33 

La 6.4 6.6 5.2 13.5 16.4 0.4 25.3 ± 0.5 

Ce 12.8 14.8 12.2 30.1 33.9 0.7 55.5 ± 1.6 

Nd 10.1 8.2 10.3 20.2 19.8 1.5 30.5 ± 2.2 

Sm 2.43 2. 72 2.37 4.50 4.61 0.02 6.37 ± 0.13 

Ev 1.06 1.12 0.98 1.61 1.64 0.02 2.00 ± 0.05 

Tb 0.48 0. 52 0.50 0.91 0.73 0.03 0.99 ± 0.13 

Dy 3.82 4.27 4.09 5.86 5.14 0.20 6.33 ± 0.33 

Yb 2.36 2.81 2. 77 3.15 2.68 0.05 3.64 ± 0.08 

Lv 0.358 0.424 0.368 0.481 0.364 0.019 0.538 ± 0.026 

Hf 1.64 1.83 1.90 3.32 2.77 0.11 5.19 ± 0.38 

Cr 342.0 306.0 427.0 369.0 539.0 8.0 15 ± 5 

Mn 1350.0 1370.0 1420.0 1480.0 1435.0 30.0 1399 ± 35 

Co 50.0 44.4 53.2 50.0 48.4 0.7 38.02 ± 0.46 

Ni 150.0 120.0 200.0 105.0 ~20.0 25.0 15 ± 10 

Sc 40.5 45.2 47.2 39.4 38.5 0.2 34.53 ± o. 58 

u 0.152 0.302 0.122 0.330 0.384 0.023 1.65 ± 0.06 

Th 0.47 0.56 0.51 1.06 1.08 0.13 6.07 ± 0.20 

v 320.0 340.0 365.0 350.0 320.0 50.0 480 ± 60 

Ta 0.257 0.284 0.204 0.585 0.508 0.004 0. 717 ± 0.020 

Zn 100.0 95.0 95.0 135.0 130.0 9.0 150 ± 21 

The typical a involves only the precision of the measurements. The errors on the 
BCR-1 Standard Rock include the calibration errors introduced by our standard as well 
as the statistical error introduced by counting radioactivities. All elements were 
calibrated against the same elements in Standard Pottery, except Zn which was cali
brated against a Sc flux monitor. 

adjacent Snake River Plain, and contain distinctly 
more-radiogenic Sr than the basalts from the 
adjacent Great Basin. The mean measured Rb/Sr 
(-0.02) of these samples would require about 
10 billion years in a closed system to generate 
the radiogenic Sr they contain. The geochemistry 
of these basalts makes crustal contamination seem 
unlikely. If the magma is uncontaminated, the 
time-averaged Rb/Sr of the source material must 
have been?: 0.04. Thus, a significant decrease 
in Rb/Sr of the source material (~ a factor of 2) 
most probably occurred in the relatively recent 
(~ 109 y) past. Such a decrease of Rb/Sr in the 

. ' mantle could accompany LIL element depletion pro
duced by an episode of partial melting and magma 

extraction. By contrast, the source material of 
the ocean ridge basalts appears to have been 
depleted early in the earth's history. 
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RARE EARTH AND TRACE ELEMENT PATTERNS IN HISTORIC AZOREAN LAVAS 

H. ·R. Bowman, M. F. J. Flowers,* and H.-U. Schmincke* 

Analysis of rare earth element (REE) concen
trations in volcanic rocks has become an important 
means of defining chemical differences that are 
produced by differentiation processes other than 
crystal fractionation at shallow depths. Within 
the north Atlantic region, as in other ocean 
basins, notable chemical differences exist between 
abyssal or ocean floor tholeiites. In a recently 
published petrogenetic model, Schillingl, using 
REE concentrations, has further distinguished so
called 'primary mantle' plume material as a source 
for oceanic island magmas, and a low velocity 
layer deleted in large cations as a source for 
abyssal tholeiitic magmas. He has postulated that 
magmas of intermediate composition form by mixing, 
either of the magmas themselves or of the solid 
differentiated upper mantle fractions. 

The Azores platform is one of the largest 
single topographic features of the Atlantic Ocean 
floor and is currently receiving considerable at
tention from geophysicists and geochemists. Within 
this region, the American, Eurasian and African 
plates come together at the Azores triple junction, 
formed by the intersection of the Azores-Gibraltar 
fracture zone (locally known as the East Azores 
fracture zone or EAFZ), and the mid-Atlantic rift 
(MAR). The Azores archipelago lies just to the 
north of the EAFZ, straddling the MAR from WNW 
(31°W, 40°N) to ESE (25°W, 37°N), with the islands 
Flores and Corvo to the west and Fayal, Sao Jorge, 
Pico, Graciosa, Terceira, Sao Miguel and Santa 
Maria to the east. Of the latter group, Graciosa, 
Terceira and the western part of Sao Miguel are 
believed to be associated with a WNW-ESE-trending 
trench known as the Terceira Rift.2 The sub
parallel location of Fayal, Pico and Sao Jorge, 
and the strong evidence of tensional faulting, 
on Fayal and Sao Jorge especially, further suggest 
that the Terceira Rift is part of a larger zone 
of dilation which includes all of the central and 
eastern Azores. 

In view of the interest in this region as a 
possible surface manifestation of a thermal plume 
in the upper mantle3 we have initiated a geo
chemical study of the historic eruptions in the 
Azores archipelago. This is part of a larger 
study of historic lavas from islands in the eastern 
central Atlantic. Historic volcanism is parti
cularly amenable to the detailed investigation 
of the geochemistry of low and intermediate pres
sure differentiation processes, which are often 
overprinted on more deep-seated processes taking 
place in the upper mantle. A study of historic 

eruptions from several volcanoes is also useful 
in making distinctions between chemical differences 
resulting from the sampling of a single time hori
zon in volcanoes at different stages of evolution 
(i.e., of different initial age), and those due 
to the regional heterogeneity of the mantle. 

Rare earth and other trace element data have 
been obtained for 16 lava specimens of which 14 
are historic and 2 are prehistoric eruptions from 
the islands of Pico, Sao Jorge, Terceira, Fayal, 
and Sao Miguel. The system of analysis used 
neutron activation analysis and has been described 
in Refs. 4 and 5. In brief, gram amounts of each 
rock were ground by hand into a powder. One 
hundred mg aliquots of these powders were mixed 
with cellulose, pressed into pills and irradiated 
along with calibrated composite standards in the 
Berkeley triga-type reactor. 

This method is capable of qualitatively 
analysing for in excess of 50 elements in a sample. 
In rock samples, more than two dozen elements can 
be determined with precision of less than 5% and 
a number of these are determined to better than 
1%. 

All analyzed samples are characterized by 
highly fractionated, light REE-enriched patterns 
(Fig. 1), in strong contrast to the light REB
depleted basalts that characterize mid-ocean 
ridges.6-9 

Model calculations by Va~e and GrahamlO 
and Gast9 indicate that liquids with such contras
ting rare earth patterns as these are unlikely 
to have been produced by different degrees of 
partial melting of a single peridolitic source 
material. There is, therefore, strong evidence 
for chemical fractionation of the upper mantle 
in the vicinity of the mid-Atlantic ridge. 

In Fig. 2 the La, U, Th and Hf are plotted 
against the Ta concentrations for the 15 dif
ferent volcanic eruptions. The lines drawn thru 
the lower abundances demonstrate the average 
elemental-ratios of these samples. A simple model 
which involves the addition or subtraction of 
crystals, devoid in these elements, to a common 
source material can be used to explain these co- · 
herences. These elements are in.general referred 
to as incompatible since they are not readily 
accepted into many crystal sites;ll This rejection 
or acceptance is based on the ionic radii and is ~ 
the general cause of the different rare-earth 



0 u '' 
~-li 4 

~, 

0 I •.} v v 
367 

patterns shown in Fig. i. The average U/ta and 
Th/Ta ratios of Fig. 2 are within 3% of those ratios 
measured at Nunivack in the Bering Sea, where a 
similar coherence is observed. 
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Fig. 1. Rare earth patterns (rock/chondrites) 
for historic and two prehistoric alkalic lavas 
from the Azores plotted against ionic radii. 
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SuperHILAC 1974 OPERATIONS 

E. L. Kelly 

The SuperHILAC was operated at 15 shifts per 
week January through July, at 21 per week in 
August, and because of budget restriction at only 
18 per week for the balance of the calendar year. 
The distribution of time is shown in Table 1. 

There were three scheduled shutdowns for a 
total of ten weeks: April 27 - May 13 to install 
additional magnets in the experimental area and 
make high voltage tests on the 2.5 MV injector, 
June 23 - July 22 to install pulsed magnets in five 
drift tubes and other magnet changes in prepara
tion for time-share operation, and December 5 -
January 6 for major work on the line-item-funded 
SuperHILAC modifications, magnet changes in the 
experimental area, and installation of shielding. 

The first quarter was largely devoted to 84 Kr 
(791 hours) and an on-target current of 0.1 parti
cle~ average was obtained. An 180 on-target 
beam of 2.1 particle~ average was also achieved. 

In the second quarter there were only 190 
hours of 84 Kr due to troubles with the 2.5 MV 
injector. However, 132Xe was·obtained for the 
first time and used for 50 hours; intensities of 
5 x 10 8 pps at the target were reached. The inten
sities of 180 were increased to 3.6 particle~ 
on target. 

At the end of July the first Bevalac beam was 
obtained using 12C+ 6 at 8.5 MeV per nucleon 
supplied by the SuperHILAC with an intensity of 
29 ~ (peak) at the start of the transfer line. 
Bevalac Ne beams were obtained in August and the 
first week of October saw completion of the first 
successful 40Ar Bevalac run with 1.8 ~ (peak) 
Ar+ 18 at the entrance to the transfer line. 
During the third and fourth quarters 173 hours 
of C, 368 hours of Ne, and 61 hours of Ar were 
supplied to the Bevalac. 

Because of the failure of numerous scheduled 
runs with the 2.5 MV injector it was decided in 
September to take this injector off line. A group 
was formed to evaluate and make recommendations on 
the performance of the injector. December 24 was 

set as completion date for these studies. During 
this period many things were done. The acceler
ating tube was removed for cleaning and repair, 
and the electrode geometry was modified. HV tests 
were carried out while the accelerating tube was 
removed: operation for 1~ hours at 2. 7 MV with 
infrequent sparking was demonstrated after modify
ing the rectifier structure which also greatly 
reduced diode board failures; several failure 
mechanisms of the 100 kHz oscillator coils were 
identified showing the way to improved coil design. 
Weaknesses still remain in the ion source telem
etry system and power supplies. 

Authorization to begin the line item modifi
cations was received November 20, 1974 and work 
started immediately. However, FY-75 funding was 
only 850 K$, instead of the 1400 K$ expected, 
requiring delay in many items including the build
ing addition, so that completion is not scheduled 
until FY-77. 

A SuperHILAC Program Advisory Committee was 
established and held its first meeting on November 
25, 1974. 

TABLE 1. Operating time distribution for Super
HILAC, 1974. 

Total research time (4014 hours) 62% 
Setup 11% 
Tune up 11% 
Target time 40% 

Machine studies (260 hours) 4% 
Total maintenance (2198 hours) 34% 

Scheduled maintenance 19% 
Unscheduled maintenance 15% 

Total operation time ( 64 72 hours) 100% 
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88-INCH CYCLOTRON OPERATION, DEVELOPMENT AND STUDIES 

J. Bowen, D. J. Clark, P. E. Frazier, D. L. Hendrie, 
W. R. Holley, and D. Morris 

During 1974 the cyclotron was scheduled for 
20 eight-hour shifts per week for experiments in 
nuclear chemistry and physics, isotope production, 
and beam development. The time distribution is 
shown in Table 1. The particle distribution 
history is shown in Fig. 1. Table 2 shows most 
of the ions run and their energies, through Decem
ber 1974. New beams in 1974 include C4 +, 1804 +, 
F4 +, Ne 6+, and S7 +. 

Trim coil solutions are calculated now for 
each new ion or energy run on the cyclotron, to 
give more reliable set-up parameters than existing 
approximate solutions. 

TABLE 1. 88-Inch Cyclotron operation time distri
bution, 1974. 

Tune-up 
Beam optics 
Experiments 

Beam development 

Operating time 

Planned ~intenance 

Unplanned maintenance 

Total maintenance 

Total work time 

(6383 hours) 

(1889 hours) 

(8272 hours) 

6% 
5% 

57% 
9% 

77% 

17% 

6% 
23% 

100% 

The heavy ion source change time has been 
reduced significantly by preparing and checking 
out a source and shaft while an alternate one is 
running. A facility has been constructed for 
separating 180 from H

2
180 by electrolysis, and 

loading it into bottles. 

A cryogenic vacut.im plUIIping system was install-· 
ed in the cyclotron acceleration chamber. The 
system Consists of a panel of helium gas at 20°K, 
with liquid nitrogen shielding. A refrigerator 
supplies the cool helium. First tests with beam 
gave a factor of at least 5 increase in intensity 
for sulfur beams,· and 2 - 3 increase for oxygen 
beams. 

A new design of ion source for heavy ions was 
built and prepared for testing. Its larger clear
ances should prevent some failures due to shorting. 
Its smaller bore size will provide a more reliable 
source for production of very high charge states. 
The small bore is presently being provided by 
tantalum insert sleeves which melt and cause main
tenance problems. -

The high power arc pulser was tested and 
proved to meet its design specifications for 10 A 
average current and pulsed current of 20 - 30 A peak 
for pulsed operation. Improvements were_made in 
the regulator of the old filament source. The rf 
crowbar recycle system was redesigned. Design work 
was done on replacement of the rf modulator by a 
new tube to save power. Design and construction 
work was done on a multiplexer system for automatic 

88- inch cyclotron particle distribution history 
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Fig. 1. 88-Inch Cyclotron particle distribution history. (XBL 751-2045) 
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TABLE 2. 88-Inch cyclotron beams, to December 1974 

Ion Energya External 
(MeV) beamb 

p 10-55 100-20 J,JA 

p(pol.) 13-52,55 .15 J,JA 

d 3.5-65 100-20 J,JA 

d(pol.) 15-20,65 .15 J,JA 
3He 25-140 100-10 J,JA 
"He 3-130 100-10 ).JA 
sLiz+ 60-80,93 5J,JA 
7Liz+ 30-80 5J,JA 
9Be3+ 110-120,140 1J,JA 

11B3+ ' 40-115 5].1A. 
12c3+ 50-105 5 J,JA 
12c"+ 90-187 5 ].lA 
14N2+ 34-40 2 ].lA 
14N3+ 50-90 10 J,JA 
14N4+ 60-160 5 ].lA 
14N5+ 250 1 ].lA 
14N6+ 360 10 3 sec 
1603+ 50-78 5 J,JA 
1604+ 80-140 20 ].lA 
1605+ 214-218 2J,JA 
1804+ 99,124 2J,JA 
19F4+ 99,118 . 3 J,JA 
zoNe 4+ 50-108,112 2J,JA 
20 5+ 

Ne 130-150,175 l]JA 
zoNe6+ 170-252 . .5 J,JA 
. 32s6+ 120-150,158 lf,IA. 
32s7+ 163-206,214 • 2 J,JA 
40A7+ _ 130-165,171 • 5 J,JA 
40AB+ 170-214,224 .2 J,JA 
56Fe1o+ 180-220,250 1/sec 
a4Kr1z+a 207,240 1/sec 

~ergies run. Maximum possible shown after comma, 
if higher. First harmonic over 6 MeV/A. Third 
harmonic available down to about 1 MeV/A. 

bElectrical microamps or particles/sec, total 
external. 

aFilament source. Other beams used PIG source. 
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readout of cyclotron operating parameters. Modifi
cations in the cyclotron control desk were started 
to provide additional digital readout of parameters. 
New oscillators were built for one of the polarized 
source rf transition sections. 

Some beam development time was devoted to 
testing computer trim coil solutions and quick 
energy changes. Phase histories were measured on 
several third harmonic beams, and good agreement 
was obtained with computer predictions. Molecular 
ions such as n;, D2H+, and He~ were used to simu
late heavy ions of the same charge/mass ratio, to 
give high intensity and long source life for the 
measurements. This information is being used to 
calculate a system of comprehensive solutions 
which will be adequate to run any requested parti
cle and energy. For small energy changes, it was 
fm.md that trim coil 17 should be varied; rather 
than the main coil. 

Studies were also done on improving beam 
reproducibility of external beam, both directly 
out of the·cyclotron and through an analyzing 
magnet. Several parameters were found to be unre
producible.due to backlash or calibration changes, 
and improvements were made or planned on these 
items. A neutron monitor was very useful to 
distinguish well centered heavy ion beams from 
spurious beam. 
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ION SOURCE DEVELOPMENT* 

S. Chintalpudi, [l J. Clark, C. Ellsworth, 
B. Gavin, R. Gough, H. Grunder, W. R. Holley, 

J. R. Meriwether, and F. Selph 

The continued improvement of heavyion sources 
is of particular importance at Lawrence Berkeley 
Laboratory, as at present four heavy ion injectors 
are used in LBL accelerator operations. Two of 
these serve the SuperHILAcl (a heavy ion Alvarez 
linac), another serves the Bevatron injector (a 20 
MeV Alvarez linac operating in the Z~A mode), the 
fourth is used at the 88-Inch Cyclotron. All of 
these injectors use PIG sources at present, with 
modifications in each case to suit the special 
requirements of the accelerator. At the Super
HILAC the need is for large duty factor (15- SO%), 
long lifetiine sources. The present source supplies 
3.0 ~. average of Kr6 + at 16% duty factor, 
measured after acceleration to 9. 5 MeV. At the 
Z~A Bevatron injector requirements are for very 
high charge state of the lighter ions (up to neon), 
with low duty factor operation. At present 1 ~. 
peak of Ne 6+ is achieved at 2.4 MeV. At the 88-
Inch Cyclotron interest centers on usable beams of 
the highest possible charge state, because particle 
energy in the extracted beam varies as the square 
of the char~e state. Currently 0.2 ~. average of 
214 MeV Ar8 is available.-

The SuperHILAC 

The SuperHILAC will accept beams of 113 KeV/ 
nucleon from either of two injectors. One is a 
pressurized high voltage ~enerator designed to 
accelerate ions to 2. 5 MV of mass A~ 40, while 
the other is a conventional 750 KV Cockcroft
Walton supply used for accelerating the lighter 
mass ions (A~ 40). While Kr4+ (at 2.4 MV) and 
Xe 6+ (at 2.5 MV) satisfy the linac acceptance 
requirements, the high voltage limitation of the 
injector necessitates higher charge states for the 
time being. 

Both injectors use Penning type reflex dis
charges. Since emphasis lies with heavy ion pro
duction, and in as much as the low voltage, low 
mass injection system delivers adequate intensity 
beams (i.e., 03+, Table 1), ion source improvement 
work is directed towards the 2.5 MV source. A 
test faci,lity has been built to study source per
formance in an environment closely approximating 
that in the 2.5 MV source, and some results have 
been reported elsewhere.3 

Recent emittance measurements made at the 
exit of the 2.5-MV injector, using 84 Kr 6+ ions at 
113 KeV/A, showed the areas to be 5.4 ncm-mrad and 
7.0 ncm-mrad in the horizontal and vertical planes 
respectively. 

Titanium cathodes are used in cold mode oper
ation and allow for extended source lifetimes, 
typically, for krypton at 18% duty factor, about 
27 hours. Plans are being made to accelerate 48 Ca 
using a sputtering electrode enriched with this 
metal. As this metal is extremely rare, it must 
be recovered by chemical reduction of the ion 
source. A 90% recovery efficiency is anticipated. 

TABLE 1. Ion sources at Berkeley.a 

2.5-MV 750-KV Super-
Ion Species injector injector HI LAC Target 

(~) (~) exit (nA) 
(nA) 

1803+/7+ 800 30,000 25,000 
4oArG+/13+ 6.5 1,500 200 
4aTi7+/ls+ 6 90 5 
4oAr3+/13+ so 3,200 600 
e4KrG+j21+ 12 1,900 500 
aGKrG+/21+ 

0.9 40 5 (natural gas) 
132Xee+j29+ 2.3 52 2.5 
4oca3+/ 21 

} 48Ti3+/ 25 projected values 
based on test 

93Nb5+/ 23 (hot mode) stand performance 
197Aulo+/ 0.3(hot mode) 

aAverage current values are given. 

·In an effort to simplify isotope separation 
and improve the beam intensity of xenon, the Super
HILAC 2.5 MV source is using enriched xenon gas 
stored in small volume at low pressure. Two sole
noids are pulsed open in unison for 20 msec, at 
rates of 1/sec to 1/min. The minute gas bursts 
are subsequently smoothed out by passing through 
a suitable length of porous metal rod. This gas 
source is in addition to and in parallel with a 
high pressure, high volume commercial proportional 
gas control device. 

SuperHILAC performa~ce data• is shown in Table 
1. The projected intensities of a few metallic 
ions are also included. Titanium, vanadium, and 
iron have also been accelerated from the 750 KV 
injector from cathode sputtering. Their intensi
ties are expected to be increased about SO% upon 
installation of pulsed extractor power supply. 

The 88-Inch Cyclotron 

The LBL 88-Inch Cyclotron is a variable 
energy, multiparticle, sector-focused cyclotron 
that accelerates protons to energies up to 60 MeV, 
and heavier ions to 140 q2/A MeV. It has an . 
external polarized ion source for beams of polar
ized protons and deuterons which uses a quadrupole 
transport line to bring the ions down the pole 
axis of the cyclotron for injection. Heavy ion 
beams are run using a PIG source at the center of 
the cyclotron ("internal source").4 
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Early in the year the test facility on the 
vault roof was used to test a PIG source with a 
filament under the lower cathode, to supply heating 
independent of the arc. With the standard intemal 
PIG source with self-heated cathodes, the arc needs 
at least a kilowatt to sustain itself, and source 
lifetimes are typically 4- 6 hours. Using the 
filament the power can be reduced, and lifetimes 
as long as 40 hours for sources running with 500 
.watts arc power and N2 gas and greater than 100 
hours for 100 watt arcs and H2 gas were determined. 
For beams which do not need high power levels to 
produce adequate intensity, use of a filament
heated cathode should substantially increase source 
lifetime and reliability. Installation in the 
cyclotron of a PIG source with a filament-heated 
cathode is planned. 

Late in the summer; the heavy ion source test 
magnet and associated equipment was moved to the 
basement where a new facility £or development of 
heavy ion sources was successfully put into opera
tion. The test facility includes a magnet for PIG 
source operation and beam analysis, a Faraday cup 
and scanning wires for beam emittance measurements. 
The test facility can be used for testing regular 
internal PIG sources from the cyclotron and also 
for testing modifications and new developments in 
ion sources. A high power pulsed arc supply has 
been designed and built. The power supply has 
been used extensively in the test facility, and is 
being phased into operation on the cyclotron. The 
power supply can deliver a maximum of 30 kW average 
power and 10 A average current (40 A peak). It 
produces square wave current pulses with lengths 
as short as 10 ~sec an~with a duty factor variable 
from 0 to 100% (full DC operation). 

Tests with the new arc supplyshow substantial 
increases in average intensities of high charge 
state beams from a PIG source under high power 
pulsed operation. Improvements by up to a factor 
of 10 in intensity of 14N5+ ions were obtained 
with a wide bore anode. The production of 40A7+ 
and 40A8+ has also been studied using the pulsed 
arc supply and the test facility and beam intensity 
improvements by factors of 2 - 3 obtained. 

Installation was completed and testing began 
of a "Mirror PIG" heavy ion source. The standard 
PIG source in use here and at many other labora
tories has a uniform magnetic field. A mirror 
field shape, stronger at the ends than in the 
middle, is widely used in controlled thermonuclear 
fusion studies to reflect ions from the ends and 
provide longer confinement time. Increased 
confinement time is exactly what is needed to 
produce higher charge state heavy ions. In the 
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present study here, the field at the cathodes can 
be increased to about twice the field at the center 
of the arc, where the ions are extracted. The 
additional field is produced by pole face windings 
in the test magnet. The field without the mirror 
coils being energized drops about 40% from the 
center of the arc to the cathodes, and thus is an 
"anti-mirror" field. This would be expected to 
be a poor situation for confinement. 

First measurements agree with the prediction 
that the high charge states increase as the field 
goes from anti -mirror to uniform to mirror. Higher 
charge states show a greater increase in beam 
intensity than lower charge states. An intensity 
increase by more than a factor of 4 was obtained 
for 40A7+. An interesting observation was that the 
gas flow could be reduced cont1nuously to lower 
values as the mirror field increased. This 
indicates longer confinement time of the ions, 
as predicted. Tests are continuing with the long 
range goal in mind of incorporating the mirror 
field geometry into an external ion source for the 
cyclotron. In addition, the results obtained here 
can be used for sources at other heavy ion accel
erators. 

Some improvements were made on the polarized 
ion source at the 88-Inch Cyclotron. An unbaffled 
oil pump was tried on the first stage, in parallel 
with the blower pump. This greatly increased the 
pumping speed, permitting higher gas flow and 
giving more beam intensity. Contamination of the 
pump oil due to atomic hydrogen reaction was 
observed after a few hours. A cold cap would 
greatly reduce the oil problem, and another type 
of pump with a sight gauge and fill line would be 
more suitable. 

Footnotes and References 

*condensed from LBL-3024. 

1. Since August 1974, the SuperHILAC has been 
used occasionally as an injector to the Bevatron 
(as part of the Bevalac Project). 

2. D. A. Spence, et al., "A 3-l-W Injector for the 
SuperHILAC", 1971 Particle Accel. Con£., (also 
UCRL-20452). 

3. B. Gavin, "Performance Characteristics of 
Second Int. Con£. Ion Sources, Vienna, 1972 (also 
LBL-1219). 

" ' 

4. D. J. Clark, et al. , "Cyclotrons - 1972", A. I. P. 
Con£. Proc. ~. 265 (1972),(also LBL-644). 
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A DIGITAL THERMOELECTRIC BEAM POWER METER 

J. M. Nitschke 

Introduction 

The instrument to be described allows the 
measurement of the power generated in a target by 
a particle beam. This measurement can be perform
ed over a wide power range, with great precision 
and linearity. For a given energy E (in MeV) and 
a measured power P (in watts) the number of par
ticles per second (PPS) impinging on the target is 
given by the simple relationship 

PPS = 6.24 X ~ X 1012 

The number of particles per second is one of the 
most important parameters of any accelerator. 

A prototype of this instrument has been built 
and tested at the Heavy Ion Linear Accelerator 
(SuperHILAC) . 

The Principle of aperation 

_ The principle of operation can best be under
stood by referring to Fig. 1. The particle beam 
strikes a suitable target and generates heat. The 
heat is pumped away on the back side of the target 
by a Peltier-module. (A Peltier module is a semi
conductor device that can act as a refrigerator or 
heat ~ depending on the direction of the current 
that is flowing through it.) The hot side of the 
Peltier module is attached to a cooling block which 

Bridge circuit 

Voltage-to- frequency 

converter 

Pulse generator 

Calibration 

power supply 

Fig. 1. Block diagram of digital beam-power meter. 
(XBL 757~3448) 

in turn is water-cooled. The target 
ing block each contain a thermistor. 
istors are electrically connected to 
cuit and a differential amplifier. 

and the cool
These therm

a bridge cir-

When both thermistors are at the same tempera
ture the output of the bridge and the amplifier is 
zero. This is the case in the absence of any beam 
when the whole assembly assumes the same tempera
ture. 

Even small amounts of beam will increase the 
temperature of the target (in particular since the 
unit is operated in vacuum), unbalance the thermis
tor bridge and produce an output voltage at the 
amplifier. This voltage is converted into a 
frequency and triggers a constant current pulse 
generator which is connected to .the Peltier module. 
The module consequently cools the target until the 
thermistor in the target reaches the same tempera
ture as the reference thermistor in the cooling 
block. 

The fact that the power to the Peltier module 
is supplied in short pulses instead of DC is of no 
consequence for its performance since it has a 
very long thermal time constant. It leads, however, 
to a linear relationship between the frequency of. 
the applied pulses and the cooling power generated 
since every pulse corresponds to a certain amount 
of energy (in watt-seconds or calories for example) 
and the pulse rate therefore corresponds to a cer
tain amount of power (in watts or calories per 
second).l In the prototype instrument 1kHz is 
equivalent to 1 watt of beam power. The beam 
power can therefore be read directly on a frequen
cy meter. 

Calibration 

Since the instrument is linear over a wide 
range, a two point calibration is sufficient. The 
zero point is adjusted with the beam turned off or 
the digital beam power meter pulled out of the 
beam path. The second calibration point is obtain
ed by a precise amount of heat generated by four 
resistors imbedded in the target. The thus simu
lated beam power can be calculated from a current 
and voltage measurement with a digital voltmeter. 

Footnote 

1. A direct De-feedback without conversion into a 
frequency would result in a highly nonlinear 
instrument. 
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EXTRACTION OF 20 Na+ IONS FROMA He JET ION SOURCE 

R. A. Gough, D. Littlejohn, D. J. Vieira and 
J. Cerny 

This report describes a crucial experiment in 
our development of the RAMA facilityl for on-line 
mass analysis of short-lived (~ SO msec) radio
activity at the 88-Inch Cyclotron. An overall 
description of the scope of this project can be 
found in ref. 1. 

In this experiment, the 24Mg(p,an) reaction 
was utilized to produce 20Na, a s+-delayed a 
emitter with a half-life ~ 4SO msec. A 40-MeV 
proton beam from the cyclotron was focused onto 
an 800-~g/cm2 natural Mg foil located in a He jet 
target chamber charged with l.S atm of commercial 
grade He. The He was not deliberately seeded with 
impurities; however, no special care was taken to 
purge the gas system of contaminants prior to the 
run. Activity recoiling from the target was swept 
with a He flow rate of lS- 20 Torr-Vsec into a 
1 mm inside diameter stainless steel capillary 
tube, S.8 m long. The capillary terminated in a 
vacuum chamber maintained at ~ SO microns by a 
high capacity Roots blower/mechanical pump combi
nation. A 1 mm diameter skimmer was located S mm 
downstream from the capillary which allowed 70-80% 
of the 20Na activity to pass through it while 
deflecting most of the He carrier gas into the 
Roots blower to be pumped away. 

Previous measurements1 had indicated that ~ 
70% of the transmitted 20 Na activity was contained 
in a 2° opening cone. The He jet ion source,l 
modeled after the early Sidenius hollow cathode 
type,2 was positioned so the filament (cathode) 
subtended a 2° cone from the end of the capillary. 
A thorough optimization of ion source operating 
parameters was not completed during this experi
ment. Throughout most of the run, however, the 
ion source conditions were: bias voltage V= lO.S 
kV; arc voltage = 240 V; arc current = l.S A; 
filament voltage = 10 V; and filament current = 20 
A. The arc was supported by an auxiliary source 
of He gas whose flow was ~ 0.1 Torr-~/sec. The 
beam was extracted by a grounded puller electrode 
positioned~ l.S mm from the exit hole of the ion 
source. Successful runs were made using exit hole 
diameters of both 1.0 mm and l.S mm. -

An Einzel lens was used to focus the extracted 
beam into a Wien filter (crossed electric and mag
netic fields) designed to provide a crude separa
tion of the extracted beam components (e.g., He+, 
Ta+, 20 Na+). This filter had been calibrated prior 
to the run by feeding various gases (A) into the 
ion source arc and tuning the electric field (E) 
of the device for each gas at constant magnetic 
field (B) so the ion A+ passed through undeflected. 
The beam currents were monitored downstream by an 
on-axis, electron-suppressed Faraday cup. It is 
readily shown that, for ions of mass A and charge 
q to pass undeflected, the electric field must be 

·given by 

Figure 1 shows the linear relation observed between 
E and A-'Y, for several measured ions. 

E 
~ 2.5 
~ 

E = 8 J2qV X A- 112 
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Fig. 1. Calibration of Wien filter at constant 
magnetic field. (XBL 7S7-3443) 

During the 20Na experiment, the Wien filter 
was tuned to direct the activity (20Na+) off-axis 
onto 0.63 micron Ni foil behind which was a well
shielded-fully-depleted phosphorus-diffused detec
tor. This counter/collector foil assembly was 
positioned at a distance from the extraction axis 
equal to ~ 3 standard deviations of a Gaussian fit 
to a previously measured 20Ne+ beam profile. About 
two counts per minute in the 2 .lS MeV a group were 
observed resulting in the spectrum shown in Fig. 2. 
When the ion source filament was turned off 
(thereby extinguishing the arc) zero counts were 
observed in two 10-min counting intervals. The 
counting rate returned to normal when the ion 
source was turned on again. 

II> 

~ 100 
0 
,C 
u 

,! 
c: 
& 10 
u 

0 20 40 
Channel number 

> II> 
::E 
<t 
<t 
.; 

Fig. 2. Alpha-spectrum of 20Na extracted as lO.S 
keV 20Na1+ ions and deflected to an off-axis 
detector. (XBL 7S7-344S) 



Prior to turning on the ion source, but with
out interrupting the operation of the He jet, 
another detector/collector foil assembly was 
positioned to intercept the activity coming out 
of the skimmer. By comparing the yield before and 
after the ion source, the efficiency of the ion 
source was estimated to be ~ 0.1%. 

Present efforts are directed toward improving 
the on-line efficiency of both the He jet and the 
ion source. The installation of a magnetic analy
zer is expected to be completed in 1975 with which 
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on-line mass separation will become possible. 
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A CLUSTER BREEDER FOR He JET EXPERIMENTS 

R. A. Gough, D. Littlejohn, L. Ho, D. Sherman, 
T. Raunemaa, D. Moltz, and J. Cerny 

Until fairly recently, the importance of 
impurities in the He gas used for He jet transport 
syste~s has not been fully appreciated. In the 
last few years, however, many laboratories have 
reported3 various additives that improve (in 
some cases dramatically) the efficiency of the He 
jet method for rapidly transporting radioactive 
atoms. 

The probable explanation for these successes 
is the creation of large (10 3 - 10 8 anru)l molecular 
clusters that are formed when certain substances 
are subjected to ionizing radiation. This occurs, 
for example, when a charged-particle accelerator 
beam passes through the target chamber of a He jet 
experiment if the He has been seeded with an 
appropriate additive. Radioactive atoms recoiling 
from the target appear to attach themselves to 
these clusters. 

If the He is then entrained in laminar flow 
along a suitable length of capillary tube, the 
interactions of the He atoms with the clusters 
will serve to concentrate the heavy clusters in 
the center of the flow stream4 (reducing radio
active losses to the capillary walls). These 
interactions will further serve to accelerate the 
clusters until the axial velocity distributions of 
the clusters and He atoms become comparable. The 
clusters then possess considerable energy and 
momentum. 

When the transported material reaches the end 
of the capillary tube an expansion occurs into 
vacuum. The angle of the expansion cone is very 
small (~ 2°)5 for sufficiently massive clusters 
but may be very large (~ 30°) for the lighter He 
atoms. Thus, the nozzle-skimmer technique4 can be 

used to effect a very efficient separation of the 
He gas from the radioactivity. 

Of particular interest to our He jet program 
were two reports6,7 which demonstrated the use of 
ultraviolet radiation (UV) as a means of cluster 
formation for off-line He-jet studies using both a 
252Cf fission source and a 228Th a source. The UV 
can be generated by a carbon arc discharge or by a 
mercury vapor fluorescent lamp. 

We have constructed a "cluster breeder" 
similar to the apparatus used in ref. 7 for test
ing purposes in our laboratory; it is shown sche
matically in Fig. 1. It has been used with a 
225Ra- 225Ac a source (surveyed at 4xl0 5 dpm) to 
collect samples of 221 Fr (Ea = 6.34 and 6.12 MeV; 
t~ = 4.8 min), 217At (Ea = 7.07 MeV; tk = 32 msec) 
and 213Po CEa = 8.38 MeV; tk = 4.2 ~se~) on an 
aluminum collector foil. ~e foil was transferred 
to a counting chamber to measure the a particle 
yield. In one such test using CCt

4 
as additive 

and a mercury vapor UV lamp to breed the clusters, 
the a-particle spectrum shown in Fig. 2 resulted 
from a 15-min collection, 2-min delay, 10-min 
counting sequence. Data from subsequent counting 
periods on this sample revealed that the 221 Fr and 
2 i 7At decayed with a half-life~ 4.8 min while the 
213 Po group exhibited the half-life of its precur
sor 213Bi (~ 47 min). Zero counts were observed 
if either the UV lamp was turned off or if the 
apparatus was purged of CC1 4 • With similar on
going studies we hope to improve our understanding . 
of the mechanisms necessary for efficient transfer 
of radioactivity as well as for efficient skimming. 
These studies will include the use of other addi
tives and the transport of other activities. 
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Fig. 1. A schematic diagram of the cluster breeder. (XBL 7412-8444) 
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Fig. 2. Alpha-particle spectrum of activity 
transferred from a 2 2 5Ra - 2 2 5 Ac source by a He 
jet using the cluster breeder. (XBL 757-3441) 
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A MODIFIED 8 Se IDENTIFIER 

G. J. Wozniak, N. A. Jelley,* and J. Cerny 

For several years we have been developing a 
general-purpose counter telescope techniquel for 
studying transfer reactions which produce aBe 
nuclei (tk ~ 10- 16 sec) as exit ~articles. Since 
initial irivestigation of the (a, Be) reaction at a 
bombarding energy of ~ 6S MeV was hindered by low 
yields (do/dn < SO ~b/sr) and a large a-a chance 
background, a "modified" aBe identifier has been 
developed2 to improve the signal to noise ratio. 

Figure 1 is a schematic of the modified ident
ifier, illustrating its basic components; a divided 
collimator, twin transmission detectors (11E) and a 
position-sensitive stopping detector (E). The two 
a-particles from aBe decay are detected in subnano
second coincidence in the 11E detectors and, in 
addition, a comparison of their relative energy 
losses is made. The aBe is further identified by 
performing particle identification with the summed 
11E detector signals and the E signal. Finally 
the PSD is used to determine the direction of the 
aBe nuclei. A large solid angle is subtended to 
obtain a high probability of detecting the two 
breakup a-particles, while the energy resolution 
is improved by kinematically correcting the aBe 
energy by its direction. 

When aBe decays, the two breakup a-particles 
have similar energies [I El - E2 1 I (E~ + E2 ) < ~0% l 
and thus similar flight t~es and aifferent1al 
energy losses (dE/dx). The maximum difference in 
the fliiht times of the two a-particles from a 
3S-MeV Be is approximately O.S nanoseconds over a 
12 ern flight path. Thus a aBe event can be char
acterized by a t1TOF ~ 11trnax = ±O.S nanoseconds. 
Similarly the energy loss of a 1 in 11E1 is approxi
mately equal to that of a 2 in 11ER (see Fig. 1). 
By calculating the ratio R = 11E1/(L1E1 + L1ER) , aBe 

I 
Fig. 
ident 
trans1 

Modified identifier 

XE 
E 

+.ic diagram of the modified aBe 
.g the divided collimator, twin 

.ectors and PSD. (XBL 74S-3062) 

events can also be characterized by a ratio signal 
of ;,. 

Figure 2 presents a 11TOF spectrum [L1E1(start) 
- 11ER(stop)] of events originating from the same 
beam burst. The symmetric double peak is due to 
aBe events. Background counts are caused by frag
mentation reactions and random chance coincident 
events associated with the high counting rate of 
2S kHz in each of the 11E detectors (intra-beam
burst rate SOO kHz). The full width at the base 
of the L1TOF peak (~ 1 ns) reflects the minimum 
energy (~ 30 MeV) aBe event that could be detected, 
and the central dip is the effect of collimation 
on the breakup a-particle velocity distribution. 
If the identifier had 100% detection efficiency 
and perfect time resolution, then the 11TOF peak 
would be rectangular with a width of 211tmax· This 
is most closely realized for aBe nuclei emitted 
toward the center of the identifier. However, for 
those emitted off center, the first part of the 
breakup cone that is lost through collimation is 
the edge. Therefore, most of the aBe events 
emitted into the acceptance solid angle, that are 
not detected, correspond to the· breakup a-particles 
having approximately equal velocities, and there
fore equal times-of-flight, hence the central dip 
in the L1TOF spectrum. 

In the spectrum shown in Fig. 2, only events 
depositing more than 10 MeV in the E detector, 
and satisfying a t1E1 - L1ER inter-beam-burst coinci
dence (2T = SOns) and 11E energy SCA's (set to 
eliminate Z = 1 and 3 particles), were recorded. 
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Fig. 2. A 11TOF spectrum, L1E1(start) - 11ER(stop), 
of events originating from the same beam burst. 
The ratio of the total background to aBe events 
decreases from 120% to 1% as various SCA require-
ments are introduced. (XBL 742-2318) 



The total number of intra-beam-burst background 
counts, expressed as a percentage of the number of 
aBe events, is 120% for the above conditions (see 
(a) in Fig. 2). As further SCA requirements are 
made: (b), (c), (d), and (e), the background 
decreases considerably with only a 25% loss in the 
number of aBe events which is almost entirely due 
to the setting of a restricted X gate. The low
est background is achieved when the position signal 
is restricted to fall within the aBe acceptance 
angle (X SCA); the PI falls in the calculated 
region for aBe events (PI SCA); the ratio is close 
to one-half (R SCA); and the ~TOF signal corre
sponds to a time difference~ ~tmax(~TOF SCA). All 
these conditions are characteristic of aBe events. 
With these requirements the total background in a 
aBe energy spectrum is 1% of the number of aBe 
events, at a counting rate of 25 kHz in each ~E 
detector. 
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Fig. 3a) Calculated ~TOF spectra, ~EL(start) -
~ER(stop), showing the effect of the divided col
limator's shape on the relative velocity distribu
tion. b) A ratio spectrum, ~EL/ (~EL + ~ER). 
c) Measured ~TOF spectra routed by the ratio gates 
shown in part b). (XBL 742-2379) 
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A ratio spectrum is given in Fig. 3b. The 
double peaking in this spectrum corresponds to 
that seen in the ~TOF spectrum shown in Fig. 2. 
If the lower velocity alpha from a aBe event tra
verses ~EL and the higher velocity one traverses 
~ER, this corresponds to a negative time difference 
in the ~TOF spectrum. It also corresponds to a 
higher ~EL energy loss (dE/dx cr E- 1

), and therefore 
a ratio greater than one-half. This equivalence 
is demonstrated in Fig. 3c(ii). 

In Fig. 3c(i) a ~TOF spectrum routed by the 
wider R SCA, is shown. The shape of this peak is 
closely predicted as can be seen from the calcu
lated peak shapes for 45 and 65 MeV aBe events 
given in part (a). These ~TOF spectra were calcu
lated with the program EFFICR. (The asymmetry in 
the experimentally observed ~TOF peak of Fig. 3c(i) 
is due to a slight asymmetry in the position gates). 

To reduce the effect of kinematic broadening 
on the aBe energy resolution, three narrow posi
tion gates (XL, ~' XR) were set. Each was equiv
alent to 0.4° and the summed gate (1.2°) had a 
detection efficiency (E) -of 20 - 36% for 35 - 70 MeV 
aBe events. In addition, a thin target (100~g/cm2 ) 
was used and rotated to reduce the combined effect 
of the differential energy loss in the target and 
the beam spot size. 

A aBe ener§r spectrum accumulated in two hours 
from the 11B(a, Be) Li reaction at 8lab = zoo and 
Ea = 72.5 MeV is shown in Fig. 4. This spectrum 
was obtained by summing .the kinematically corrected 
energy spectra corresponding to the three position 
gates. Over 25MeV of excitation in 7Li is observed, 
and strong transitions to the ground and second 
excited states are seen as well as transitions to 
the 7.47 MeV; 5/2- and the 0.48 MeV; 1/2- states3 
(the latter only partially resolved). The 5/2- and 
1/2- states are expected to be less strongly 
excited on the basis of calculated a-structure 
factors.4 The absolute cross section to the ground 
state is 18 ~b/sr at this energy and angle. The 
observed energy resolution is 400 keV and the 
counting rate in each ~E detector was 25 kHz. At 
this counting rate the deadtime (observed with a 
pulser-triggered by a monitor counter) was 35%. 
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Fig. 4. A aBe spectrum from the 11 B(a,aBe) 7Li reaction taken with the modified identifier. The. 
locations of possible transitions to all states below 11 MeV are indicated.4 (XBL 742-2411) 



Using the modified identifier, data could be 
collected at twice the rate and with a lower back
ground level than was possible with the simple 
identifier. The average background level above 
the impurity peak in Fig. 4 corresponds to an 
absolute differential cross section limit of~ 0.1 
~b/sr c.m. Lower cross section limits could be 
achieved if necessary by reducing the counting 
rate. There is no background from 8Be* (2.9 MeV), 
when using a modified identifier, because its 
large breakup Q-value coupled with the restriction 
on the separation angle of the two a-particles 
imposed by the divided collimator causes a 1 and 
a) to have sufficiently different energies that 
the ~TOF SCA and R SCA requirements eliminate 8Be* 
events from the energy spectra. 

The above counter telescope technique was 
developed for the spectroscopic study of low yield 
reactions producing 8Be nuclei in the presence of 
a high chance a-a background. This technique 
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should greatly simplify the study of single and 
multi-particle transfer reactions involving 8Be, 
such as ( 9Be, 8Be), ( 6 Li, 8Be), and (11 B, 8Be). 
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PERFORMANCE OF A SILICON PROTON POLARIMETER 
BETWEEN 19 AND 32 MeV* 

J. Birchall,t H. E. Conzett, W. Dahme,+ J. Arvieux,§ 
F. N. Rad, R. Roy, and R. M. Latimer 

In the past few years interest has grown in 
the measurement of the so-called triple-scattering 
parameters.l These experiments require the scat
tering of a polarized beam from a target and the 
measurement of the polarization of the outgoing 
beam. The polarization is determined byscattering 
the beam from a suitable polarization analyzer and 
by comparison of the scattering yields at equal 
angles to the left and the right from the analyzer. 
Two nuclear scatterings are therefore involved, the 
first at the primary target and the second at the 
polarization analyzer. Count rates are generally 
low and increases in scattering efficiency have 
usually been made at the expense of energy resolu
tion. 

Recent progress in calculations for the three
nucleon system2 and the relatively good agreement 
of the results of these calculations with measured 
cross-sections and analyzing powers3 have spurred 
interest in experiments of the above type, which 
probe further our understanding of few nucleon 
systems. It is expected that precise determination 
of polarization transfer4 and depolarization param
eters for nucleon-deuteron elastic scattering will 
provide a sensitive test of the nucleon-nucleon 
interactions used in the calculations. 

In the field of proton-nucleus elastic scat
tering it has been pointed out that detailed infor
mation on the nucleon-nucleus spin-spin interaction 
can be expected from the study of angular distri
butions of the depolarization parameter D. 5 In 
such experiments good energy resolution isrequired 
to separate elastically scattered protons from 
scattering from low lying states of the target 
nucleus. 

A polarimeter has been designed for experi
ments of the above types, and for other experiments 
where a low yield of protons is expected. The 
polarimeter combines high scattering efficiency 
with good energy resolution. 

As illustrated in Fig. 1, it comprises a 
polarization analyzer, labeled 'analyzer detector' 
and three silicon semiconductor detectors labeled 
'left', 'right' and 'zero-degree'. The analyzer 
material is silicon in the form of a Si(Li) semi
conductor transmission detector of 1-2 mm deple
tion depth. The zero-degree detector is centered 
on the polarimeter axis, while the left and right 
side detectors are positioned at ± 2r to the axis, 
and each subtends a solid angle of 12 msr at the 
analyzer. The side detectors, EL and ER, are 
operated together with the analyzer detector ~E 
as two E-LIE counter telescopes sharing the same 
~E detector. The SUlllllled pulse E + LIE represents 

Analyzer 
detector 

Polarized 
protons 

Zero -degree 
detector 

Right detector 

Fig. 1. Schematic diagram of the polarimeter, CA, 
CL, CR, c0 are collimators. (XBL 733-2368A) 
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the total energy of the particle incident on the 
analyzer detector. The polarimeter therefore has 
the advantage of good energy resolution even when 
the analyzer is made thick and the side detector 
solid angles are made large in order to increase 
count rate. Typically, energy resolutions of the 
order of 100 keV FWHM at 20 MeV are obtainable when 
the polarimeter is operated at analyzer count rates 
below about 5 x 10 4 sec 1 • 

A typical energy spectrum is shown in Fig. 2 
for 9Be(p,p) at~= 25.3 MeV and eLAB = 45°. It 
was obtained with a 1 mm thick analyzer detector 
counting at ~ 10 5 counts per second. The elastic 
peak at channel 320 corresponds to a proton energy, 
of 22.6 MeV. The peak at channel 285 is due to 
the 2.43 MeV state of 9Be, while the small peak 
near channel 295 is from elastic scattering from 
9Be followed by scattering from the 1.78 MeV level 
of 28 Si of the analyzer detector. The cross
section for the 1.78 MeV state is approximately 
4% of the elastic cross-section at 27° at this 
energy, but becomes comparable with the elastic 
cross-section at backward angles. 

The polarimeter was designed with reference 
to recently published data on 28 Si(p,p) from 17 to 
29 Mev.6 Figure 3 shows a contour plot, derived 
from these data, of Ar:/2 where A is the proton- 28Si 
analyzing power and a is the differential elastic 
cross-section. The peak in this figure of merit, 
centered at Ep = 23 MeV and a scattering apgle of 
30°, is quite flat and reaches 5.4 (mb/sr)Yz. The 
figure of merit of the present polarimeter could 
be increased by 5 - 10% of its present value by 
using a mean scattering angle of 30° instead of 
27°. For the present arrangement,with an analyzer 
detector 2 mm thick and side detectors subtending 
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Fig. 2. Spectrum of 9Be(p,p) at Ep = 25.3 MeV, 
eLAB = 45° with a 53.4 mg/cm2 target. 
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merit Ao~ versus laboratory scattering anglr. and 
proton energy. The units of Ao~ are (mb/sr)Yz, 
with A measured as a fraction of 1.0. 
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an angle of± 3.5° at the analyzer, the left-plus
right scattering efficiency Y is ~ 0. 8 x 10- 4 per 
proton incident on the analyzer at 26 MeV. The 
integrated figure of merit AY--2 is ~ 2. 2 x 10- 3 , 

with A measured as a fraction of 1. 

The effective analyzing power of the polarim
eter is determined in a calibration procedure 
which measures the asymmetry s in the polarimeter 
produced by scattering a-beam of polarization p

0 
from a target. s is given by: 

where Pl is the polarization of the beam after 
scatterlng from the target, A2 is the silicon 
polarimeter effective analyzing power and A1 and 
D are, respectively, the analyzing power and de
polarization parameter of the target. For direct 
elastic scattering the D-parameter is a measure of 
the spin-spin interaction occurring between the 
scattered proton and the target nucleus. D then 
takes on its maximum possible value of 1.0 for 
elastic scattering from a spin zero nucleus, such 
as 4He or 12C. A1 is determined from the spin up
spin down asymmetry in the zero-degree detector, 
or from the combined asymmetries in two zero degree 
detectors when two polarimeters are in use, one at 
either side of the beam. Since s, At and Po are 
measured and D is known for 4 He or 2 C, A2 can be 
determined. Results of such measurements are shown 
in Fig. 4. 

The polarimeter has proven to be particularly 
useful in low yield experiments, such as in the 
determination of polarization transfer and depolar
ization parameters. The high efficiency coupled 
with inherently good energy resolution make it 
competitive with other polarimeters for proton 



energies between 17 and ~ 40 MeV. For experiments 
where energy resolution is important, involving 
the measurement of the polarization of protons 
scattered from complex nuclei with closely spaced 
levels or the measurement of polarization in 
breakup reactions, the present type of polarimeter 
is superior to others known to the authors. 
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Fig. 4. Measured values of the polarimeter effec
tive analyzing power versus proton energy for e = 
27°. A 1 mm analyzer detector was used, except 
for the points above 24 MeV where the analyzer was 
2 mm thick. The dashed line is to guide the eye. 
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·A VIEW OF THE PRESENT STATUS AND FUTURE PROSPECTS 
OF HIGH PURITY GERMANIUM* 

W. L. Hansen and E. E. Haller 

The present state of our knowledge of the 
properties of high purity germanium is reviewed. 
The role of excess vacancies, oxygen and high dis
location density in producing trapping in detectors 
is discussed. By the application of Fourier Trans
form Spectroscopy, the major impurities have been 
identified and aluminum has been found to be 
dominant in most crystals. Analysis has shown 
that the principal source of aluminum is the poly
crystalline starting material. The material 
problems related to detector fabrication are 
surveyed and a spectrum taken with a 43 cm3 coax
ial detector is presented. It is concluded that 
the important problems of material development 
are well delineated but that their solutions will 
require intensified effort. 

The development of high purity germanium as a 
detector material has now progressed enough so 
that some general statements can be made about our 
present understanding, and the areas where further 
research is needed can be rather sharply defined. 
The recent application of Fourier Transform IR 
Spectroscopy has led to the identification of all 
the important impurities. Several hundred detec-

tors of all sizes have been made, and in the 
process, crystal properties important to device 
performance have been illuminated. The evolution 
of our present understanding can be divided rough
ly into three areas; 1) the role of excess vacan
cies, 2) impurities and impurity distributions, 
and 3) the concern for dislocations and structural 
defects. 

The Role of Excess Vacancies 

An important acceptor level in high purity 
germanium can be produced by an excess of vacancies 
over the ambient temperature equilibrium value. 
Crystals grown from a melt incorporate a concen
tration of vacancies equivalent to their solubility 
at the melting temperature. As the crystal cools 
it becomes strongly super-saturated unless some 
low energy condensation nuclei are present. In 
germanium the vacancy solubility at the melting 
point is > 1015/cm 3 and at room temperature is 
insignificant. 

If no condensation nuclei are present, (e.g., 
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dislocations), the strong super-saturation of 
vacancies cause their precipitation as vacancy 
clusters or voids. These vacancy clusters, which 
can be revealed by chemical etching (Fig. 1) are 
always accompanied by acceptor centers with an 
activation energy of about 80 MeV and a concentra
tion of 2 to 4 x 10 11 /cm3 (Fig. 2). Centers with 

·this activation energy are efficient traps at 77°K 
and as a result, detectors containing vacancy 

· clusters give completely unacceptable performance . . 

Impurities and Impurity Distributions 

MOst of our crystals have a background donor 
impurity which segregates toward the tail end so 
that this end is usually n-type . Many crystals 
exhibit a uniform net acceptor concentration along 
most of the length with the tail becoming n- type. 
Analysis of these crystals by Fourier Transform 
Spectroscopy (FTS) has shown that the n-type 
impurity is phosphorus and the p-type is aluminum. 

A high concentration is sometimes found at 
the head ends of crystals. FTS shows that this is 
due to boron which always segregates to this end. 
Furthermore, these crystals have all been grown 
from the head ends of zone refined bars. 

Occasionally crystals are found where the 
acceptor concentration increases from the head to 
the tail. FTS shows that this impurity is gallium 
or, in a few cases, indium. 

On the basis of the distribution of the four 
impurities, we can explain all of our resistivity 
profiles. Indeed from an examination of the type 
of profiles, we can usually infer the nature of 
the impurities in a given crystal. 

~ ··J 
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Fig. 1. Photograph of etch pits at the boundary of 
a dislocated and undislocated region of a crystal 
slice. In the upper portion are large pits due to 
dislocations and the lower, small pits due to 
vacancy clusters. The boundary region is free of 
pits. (XBB 7310-6167) 
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Fig. 2. Acceptor concentration vs temperature for a dislocation free 
crystal. The energy level at 79 MeV is associated with vacancy clusters 
and the level at 10.5 MeV has been determined by FTS as being due to 
aluminum. (XBL 7310-1380) 



The Role of Aluminum 

Once having taken into account the effects of 
excess vacancies, the most common type of impurity 
distribution that needs explaining is shown by the 
examples in Fig. 3. As can be seen in this figure, 
the conductivity of the crystals appears to be 
dominated by an acceptor with a segregation coef
ficient very close to 1.0. Low temperature mea
surements give an activation energy near 10 MeV 
for this acceptor. All of the group III and V 
impurities have activation energies near 10 MeV 
but have segregation coefficients far from 1.0 
under our crystal growing conditions. The segre
gation coefficients of other common elements are 
known in germanium, and all are very far from 1. 

Application of FTS to crystals exhibiting the 
non-segregating impurity proved that this impurity 
was always aluminum- even in the purest crystals. 
Since low temperature conductivity measurements 
indicated that the total impurity concentration 
was due to levels near 10 MeV, and FTS showed only 
the single dominant spectrum of aluminum, virtually 
all the electrical activity is accow1ted for with
out the need to invoke other sources such as 
vacancies, dislocations, strain, etc. 

It is concluded then, that with the exception 
of aluminum, all the impurities are presently at a 
low enough concentration for any normal detector 
application. Now that we have an analytical 
technique in Fourier Transform Spectroscopy, we 
can hope that this impurity, too, will soon be 
controlled. We find, though, that even when the 
imp~rity concentration is suffjciently low, trap
ping effects are sometimes seen in detectors which 
can be attributed to structural imperfections. A 
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Fig. 3. A selection of crystal profiles which show 
the common constant impurity concentrations which 
have been shown by FTS as due to aluminum. The n
type portions are not shown. The lower dashed 
profile is of an n-type crystal which apparently 
contains little aluminum. (XBL 7310-1341) 
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more detailed report discussing the relation of 
dislocations and charge collection in detectors 
is in preparation. 

Crystal Perfection and Growing Conditions 

A strong correlation has been observed between 
poor charge collection in detectors and dislocation 
density. When the crystal contains 10 4 /cm2 dis
locations, detectable trapping appears which 
increases with dislocation density. The limits on 
dislocation density for crystals to make high 
quality detectors appear to be about 500 to 5000/ 
cm2 and these must be reasonably uniformly distri
buted. 

The high or uneven distribution of disloca
tions is due to poor thermal conditions in the 
crystal grower. Enough is known historically 
about how to grow high-quality germanium crystals 
except for the fact that we are constrained to 
grow in hydrogen gas as the only ambient which 
will produce crystals free of trapping. Hydrogen 
has a very high thermal conductivity and a low 
viscosity so it is a source of strong thermal 
convection and surface cooling of the growing 
crystal. 

Detectors 

The process of making detectors from high 
purity germanium is remarkably free of art and 
complications when compared with making lithium 
drift devices. Stated simply, good germanium 
makes good detectors -any fussing with the fabri
cation is usually an attempt to compensate for 
some defect in the crystal. 

If a crystal has sufficient purity to be 
depleted at a reasonable voltage, we find the 
device performance to be quite indifferent to 
typeness or even of mixed typeness (e.g., ann
type core in a p-type crystal). Since the field 
at the metal surface-barrier is lower with p-type 
crystals these often make devices capable of 
sustaining higher reverse bias than n-type. This 
may allow using poorer quality p-type than n-type 
crystals, but good quality crystals do not require 
high voltage. On the other hand, effectively 
thinner entry windows in x-ray detectors result 
from using n-type material. 

As larger detectors are made, the crystal 
quality requirements become more stringent. Since 
spectral line widths are much more sensitive to 
differential than absolute charge collection 
efficiency, the inclusion of regions having a 
greater range of efficiencies in large devices 
makes their performance much poorer than small 
devices made from the same material. 

In addition to the problem of material selec
tion, coaxial detector fabrication presents more 
problems than do planar detectors due to the 
geometry of the surface barrier. Despite this, 
our group has made large coaxial detectors. 
Figure 4 shows a full energy spectrum of 6 °Co made 
with a 43 cm 3 coax detector with an external sur
face barrier and a lithium-diffused core. 
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Fig. 4. Portion of a 6 °Co spectrum taken with a 43 cm 3 coaxial high-purity germanium detector. 
Resolution and peak-to-Compton ratio were determined from expanded plots of this spectrum. 

Conclusions 

The principal source of contamination in much 
of our high-purity germanium has been shown to be 
aluminum in the starting material. Fourier Trans
form Spectroscopy permits analysis of polycrystal
line germanium for very low concentrations of 
p-type impurities, so we are confident that the 
aluminum impurity can be controlled in the future. 

Dislocation densities greater than about 10 4
/ 

cm2 result in detectors with noticable trapping; 
consequently crystals used to·make high quality 
detectors should have a dislocation density of SOO 
to SOOO/cm2 with reasonably uniform distribution. 

As to detectors, the fabrication process 
presents no fundamental problems and the particu
lar methods used are not by any means as critical 
as the choice of material. Excellent small 

(XBL 7310-1372) 

detectors can be made from most high-purity 
germanium but routine production of large detectors 
such as coaxial units of > SO cc volume awaits 
sufficient supply of crystals with good structural 
perfection over large volumes. 

While this paper attempts to delineate the 
main problems in producing high-purity germanium 
for high quality detectors, we do not wish to 
imply that the solution of the remaining problems 
will be easy. In fact, we anticipate that consid
erable work will be needed to develop processes 
capable of producing substantial quantities of 
large diameter material suitable for large (SO 
cm3

) detectors. 

Footnote 

*condensed from IEEE Trans. Nucl. Sci. ~. 2Sl 
(1974). 

IMPURITIES IN HIGH-PURITY GERMANIUM AS DETERMINED 
BY FOURIER TRANSFORM SPECTROSCOPY* 

E. E. Haller and W. L. Hansen 

During the last few years a great deal of 
work has accumulated toward characterizing high
purity germanium in respect to detector fabrica
tion. Many techniques were adapted and modified 
to complete this rather difficult task. Hall 
effect, conductivity measurements, and metal-point 
probing on bulk material as well as capacity
voltage dependences and alpha-particle probing of 
detectors and detector arrays helped to find the 
axial and radial distribution of donors and 
acceptors.l,Z However, very little work was done 
on analysis to identify the impurities. The main 
reason was the lack of a method useful at net con
centrations below 10 10 /cm3 • Since the remaining 
impurities are usually accidental (i.e. not added 
intentionally) it is of crucial interest to f~d 
their nature and hence, perhaps, their source. 

Photothermal io~ization of neutral acceptors/ 

donors as discovered by Russian scientists,4-6 
combined with Infrared Fourier Transform Spectros
copy (FTS) takes, in a unique way, advantage of 
the properties of high-purity germanium. This was 
shown by S. D. Seccombe and D. M. Korn7 with n
type material produced by R. N. Hall at General 
Electric Research Center, Schenectady, New York. 
We have now applied the same method to p-type 
material down to net-acceptor concentrations 
below 10 9 /cm3

• 

It was shown theoretically and experimentally 
that impurities in semiconductors have more than 
one bound state for their holes/electrons and 
produce "hydrogen" like excitation spectra. Figure 
1 presents the experimentally determined le~el 
schemes for neutral acceptors in germanium. 
Similar sets of excited states are pro~uced by 
group V impurities in-n-type germanium as well as 



in any other electrically active centers. 

Use of an interferometer instead of a spec
trograph makes possible measurements of the 
required sensitivity in a short time. Interfero
grams are converted into frequency spectra by 
Fourier Transformation. 
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Fig. 1. The bound states of the group III impur
ities in germanium. Energies of the states and 
the labeling of the transitions are the same as in 
Ref. 10. (XBL 7310-1399) 
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The signal processing artd data handling 
systems are shown schematically in Fig. Zb. 
Chopped infrared radiation enters the germaniUm 
sample causing photothermal excitation which 
changes the free carrier concentration. The 
change in voltage across the symmetrically biased 
sample is amplified with high common-mode rejec
tion and fed into a conventional phase-lock 
amplifier (PAR model H-8). This unit filters, 
amplifies and synchronously rectifies the signal. 
It also controls the chopper motor. A voltage to 
freqUency converter produces a frequency propor
tional to the signal. 

The lower half of Fig. 2a shows a typical 
interferogram produced by a cube-shaped (0.51 cm 3

) 

sample #313-0.2. The net acceptor concentration 
was about" 10 10 /cm3

• Because we do not understand 
details of the signal formation process in the 
detector we can only state some experimental 
observations. In general the signal rises with 
increasing bias across the sample. We attribute 
this to multiple refilling and excitation of the 
acceptor states during the time light enters the 
sample. However, at a certain bias, breakdown 
occurs and the signal becomes very noisy. The 
critical value of the bias depends on the net
carrier concentration, sample surface preparation 
and on.the temperature; a few hundred millivolts 
is a typical value for 8 mm thick samples. The 
signal amplitude does not depend on chopping fre
quency from a few cycles per second up to 200 Hz, 
the limit for the chopper motor. This means that 
carrier relaxation times in the sample are shorter 
than "-' 1 ms (wT ~ 1) : 

1.5 2.0 
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Fig. 2a) Interferogram obtained from sample #313-.2. Sample volume 
.57 cm3 ; NA- ND = 10 10/cm3 ; T = 8.0°K; 1000 sampling points were re
corded in approximately 30 minutes. The "beat" character of the inter
ferogram is produced by the strong Al(C) and Al(D) lines. b) Signal 
processing and data handling system used in connection with the inter
ferometer. The germanium sample simultaneously acts as absorber and de-
tector of IR-radiation. (XBL 7311-1401) 



Alumimun plays the most important role as an 
impurity in our high-purity germanium. 3 It was 
found to be the only important impurity in many 
crystals with net-acceptor concentrations ranging 
from > 10 11 /cm3 down to a few times 10 9 /cm3

• A 
spectrtun of the sample #313-0.2 containing mostly 
aluminum is displayed in Fig. 3. The lines of Al 
(A-GO, B(A-G), and Ga(A-G) correspond to those 
published by R. L. Jones and P. FisherS within 
their experimental errors c~ 0.2%). The continuum 
of A1 starting at about 10.8 MeV is produced by 
holes which are excited directly from the ground 
state into the valence band. 

The line-widths are limited by the instrtunent 
since the total mirror-advance is 2 em. As can 
be seen in Fig. 2, the amplitude of the interfero
gram for this same sample does not decay to zero 
even at x = 2 em. This means that the natural line
width of some lines is smaller than 0.25/em. The 
ratio of corresponding lines of different impuri
ties approximately represents the ratio of their 
concentrations although a correction must be 
applied because of the variation of intensity of 
the exciting light with the wave number. This 
dependence is weak in the spectra region of the 
strong D and C lines. 

Using this simple fact together with Hall
effect measurements of the samples we can observe 
the segregation of all impurities separately along 
the length of the crystal. The segregation coef
ficients for boron and gallium are very reasonable 
for the particular crystal growing parameters. 
The anomalous behavior of aluminum once again is 
evident. 

The quality of spectra obtained with the full 
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resolving power of the instrtunent is illustrated 
in Fig. 4 where four impurities are present (sam
ple #291-14.0). The Al(C), In(D), and the Ga(C) 
lines are clearly separated. Their relative 
spacings are below 0.1 MeV. In addition to the 
impurities Al, In and Ga, a new unknown shallow 
acceptor X appears. The relative spacings 
between the (D), (C) and (B) lines of X are in 
agreement with the other shallow acceptor lines. 
We determined the ground state energy Eg.s, as 
0.18 MeV above the ground state of boron, ~.e., 
(10.47 + 0.18) MeV. From measurements of several 
samples along crystal #291 we conclude that the
segregation coefficient of X is somewhat smaller 
than that of Gallium and lies probably around 
0.05. Ann-type core makes a more precise esti
mate based on this particular crystal impossible. 

The spectrtun of ann-type sample #296.15.0 is 
shown in Fig. 5. InGa contacts rubbed onto oppo
site surfaces of the polish-etched cubic sample 
were used. All the lines can be explained on the 
basis of phosphorous as an impurity.9 Noise in 
the spectrtun is due to current injection noise. 
Almost no improvement in current injection result
ed from using lightly lithium-doped contacts, but 
this introduced the Li-lines. Only in Hoboken 
LMC material which was n-type did we find lines 
corresponding to antimony and to lithium without 
exposing the material to any heat treatment. 

We were pleasantly surprised to discover that 
the method works also for polycrystalline material. 
Line splitting is observed in some samples, most 
probably due to stress, but it is not severe 
enough to make the analysis of the impurities 
questionable. 

:AI(C:) 

- AI(D)-
.... 313-0~2 

0 :z: a. . .-~"-A~~-111 

0 

0 25 
0 5 10 

ENERGY 

Fig. 3. Spectrtun of sample #313-.2. The labeling of the lines is the 
same as in Ref. 10. Sample volume = .57 em3; NA- N = 10l0jem3; T = 
8.0°K; 1000 sampling points were recorded in approx~ately 30 minutes. 
A region below the Al(D) line is magnified by a factor of four with the 
baseline shifted. The aluminum concentration exceeds all other impur
ities (B,Ga) by a factor of more than 20: ... The explanation for the lines 
L1 through 15 is given in the text. (XBL 7310-1392) 
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-Ga(D)--- ·- ·····----

X(C) 
ln(D) 

//Ga(C) 
X(D) ... II 

ENERGY 

X(B) 

ln(C) 

291·14.0. 

Fig. 4. Spectrum of sample #291-14.0. Sample 
volume= .47 cm3

; NA-ND= 10 11 /crn3
; T=8.0°K; 

1024 sampling points were recorded in 30 minutes. 
Four impurities are present: X (unknown), Al, Ga, 
and In. The resolution allows the separation of 
the Ga(C) and In(D) lines. (XBL 7310-1396) 

296·15.0 

5 10 
ENERGY 

Fig. 5. Spectrum of the n-type sample #296-15.0. 
Sample volume = .42 cm3 ; Nn- NA = 6 x 10 11 /crn3 ; 

T= 6.5°K; 700 sampling points were recorded in 
approximately 30 minutes. Phosphorous is the only 
detectable donor impurity in our n-type material. 

(XBL 7310-1395) 
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In order to test the method for ;'deep'; 
acceptors we measured the photothermal response 
of high-purity, dislocation free germanium up to 
a wave number of 500/cm1 (= 61.8 MeV). This is 
the upper limit for the_ instrument availab~e 18. 
us. We were able to detect neutral beryllium 1n 

dislocation-free material. 

Conclusions 

We have shown experimentally that the combi
nation of Fourier Transform Spectroscopy (FTS) 
together with photothermal ionization of neutral 
impurities makes possible the analysis of accep-

- tors and donors in high-purity germanium down to 
net-concentrations of~ 10 9/cm3 with a signal to 
noise ratio > 100. With the instrument available 
to us we did not reach a resolution comparable to 
the natural line-width of shallow acceptors. We 
believe, however, that a better resolution will 
not improve the analytical power of the method. 
Together with the Hall-effect, which is the best 
tool for the measurement of the net-concentrations, 
the segregation of each impurity separately along 
the axis of a crystal can be determined. That the 
method works especially well for shallow acceptors 
and donors is partially due to the fact that both 
the current through the sample and the temperatures 
involved are low. The only deep acceptor detected 
was neutral beryllium (E · = 24.3 M(N) . Whether 
the method will be appliEaE1e to deeper levels 
remains an unanswerea question until instruments 
with a higher maximum wave number Vmax are used. 

From measurements of over 50 samples we found 
that aluminum is the main impurity in p-type 
material. The presence of boron at the seed-end 
of some crystals can be predicted from the shape 
of the concentration profile obtained from con
ductivity measurements. 
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With the increase of the sample volume we 
w~uld be_ able to analyze any_ :impurities producing 
shallow levels down to the 10 7/cm3 range. 
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HIGH RESOLUTION FOURIER TRANSFORM SPECTROSCOPY OF 
SHALLOW ACCEPTORS IN ULTRA-PURE GERMANIUM* 

E. E. Haller and W. L. Hansen 

The combination of photothermal ionization 
and far infrared Fourier Transform Spectroscopy 
circumvents the low sensitivity and resolution of 
transmission experiments using grating spectrome
ters. This was shown recently for shallow donors 
in ultra-pure germanium.l The strong dependence 
of the thermal ionization of a bound carrier from 
an excited state into the valence band on energy 
and temperature makes it possible to study selec
tively different regions of the excitation spectrum. 

We report here the following new results: 

a) the highest resolution spectra for the 
group III acceptors in ultra-pure germanium, 

b) the separation of a number of excited 
states near the valence band, 

c) the absence of the transition (8 + 0) + 
(8 + 1) leading to the earlier reported E 
line, 

d) the discovery of two unknown shallow 

acceptors producing quasi-hydrogenic spectra 
like the group III acceptors, 

e) the modulation of the free carrier 
mobility by optical and accoustical phonons 
excited by infrared radiation. 

Experimental data were obtained from more 
than 50 high-purity germanium samples ranging in 
volume from 0.1 to 0.6 cm 3 and with net-acceptor 
concentrations between 10 9 and 10 12 cm 3 • These 
samples originated from 15 different crystals 
grown by the Czochralski method in our laboratory. 
Optical excitation of the neutral acceptors was 
done with a far infrared Michelson Interferometer. 
Using chopped excitation radiation, the bound 
carriers were raised to their various higher-lying 
states and thence thermally excited to the continu
um. A PDP-11 computer performed all necessary 
storage and computations for Fourier transforms. 

A new set of lines (impurity X) lying between 



those of B and Al were formd in samples from crys
tal 291 (Fig. 1). None of the rmknown lines 
correspond to those already measured. The possi
bility that the observed acceptor X is created by 
a crystallographic defect is small since no corre
lation between the intensity of the most dominant 
defects (dislocations) and the line intensities 
could be formd. It appears that the impurity X 
has a chemical character and segregates during 
crystal growth towards the tail end. Hall effect 
and IR-measurements of many samples taken from 
different sections along the crystal yield a 
segregation coefficient kx "' 0. OS ± 0. 02. 

A second rmknown shallow acceptor (impurity 
.Y) was first observed in a polycrystalline sample 

. from a very high-purity zone refined germanium 
bar and later in two crystals pulled from quartz, 
and in one crystal grown from a carbon crucible. 
In the latter crystal the impurity Y was present 
at a rather high concentration of"' 10 10 cm- 3

• 

From Hall effect and IR-measurements we formd the 
segregation coefficient of Y to be ky = 0. 9 ± 0 .1. 
This means that Y is nearly non-segregating in 
contrast to the dominant impurity aluminum, which 
segregates normally in crystals grown from carbon 
crucibles. This behavior could be explained by an 
impurity which diffuses out of the carbon crucible 
into the Ge-melt and quickly reaches its rather 
low maximum solubility. 

By going to higher wavenumbers (500 cm- 1 ) and 
temperatures (l7°K) many broad structures appeared 
in the spectra (Fig. 2). Co2Parison with optical 
and accoustical phonon modes suggests that these 
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Fig. 2. Spectra of sample #289-16.0 at T= l4°K 
and l7°K. Sample volume V = 0. 22 cm3

; NA - Nn = 
1. 7 x 10 11 /cm3

• Phonon modes excited by broad band 
IR-radiation change the free carrier mobility and 
produce a number of broad features. 

. X(C) 
ln(D) 

. ({Ga(C) 
.X(BL. 

'ln(C) 

Ga(A) 

291-14.0 

lln(B)I I !IZ(A) 

J '~~ I ~- ~~ 

10 

(XBL 7311-1431A) 

ENERGY 

Fit. 1. Spectrum of sample #291-14.0. Sample volume V=0.47 cm3 ; NA - ND = 
10 ljcm3; T = 8.0°K; 1024 sampling points were recorded in 30 minutes. 
Four impurities are present: X (rmknown), Al, Ga and In. The resolution 
allows the separation of the Ga(C) and In(D) lines. (XBL 7310-1396) 



structures are created by interactions between 
phdnons and free carriers. In this case the 
electrical signal is not produced by changes in 
the free carrier concentration, but rather by the 
modulation of the mobility of the free carriers. 
That the mobility modulation depenqs on long-range 
lattice order (crystal perfection) is shown by the 
fact that we could not observe these modes in dis
location free material (high-vacancy and vacancy ... 
agglomerate concentration). 

Footnotes and References 

*Condensed from Solid State Comm. 15, 687 (1974). 

1. S. D. Seccombe and D. M. Korn, Solid State 
Comm. 11, 1539 (1972). 

2. S. J. Fray, F. A. Johnson, J. E. Quarrington 
and N. Williams, Proc. Phys. Soc.~. 153 (1965). 

A GAS IONIZATION COUNTER FOR PARTICLE IDENTIFICATION* 

R. !=·Jared, M. M. Fowler and S. G. Thompson 

The advent of high energy heavy-ion acceler
ators has brought on a rapidly developing need for 
techniques to identify the products resulting from 
heavy-ion interactions. Many of the previously 
used particle identification methods have been 
reviewed by Goulding and Harvey.l One of these 
methods is the ~E-E particle telescope. In an 
effort to extend the useful range of the ~E-E 
system we have designed and built a gas ionization 
~E counter which allows determination ofthe ~tomic 
number of reaction products in the range 2..; z..; 40. 

The gas ionization counter is shown in Fig. 1. 
Ions; shown by a dotted line, pass through the 
window and traverse the gas losing energy, and 
are finally stopped in a gold surface barrier 
detector. The electrons formed along the path 

' drift up through the grid (dashed lines) and are 
collected by the place shown at the top of the 
figure. 

A magnetic yoke of mild steel is mounted 
around the entrance window of the counter. The 
yoke is fitted with a samarium-cobalt permanent 
magnet (1 x 1 x 0. 25 inches) that supplies a magnetic 
field c~ 1000 gauss) to remove any external elec
trons that could otherwise enter the counter. The 
entrance window forms the interface between the 
gas in the counter and the vacuum outside the 
counter. The window is made of VYNS 2 ( 40 ± 20 
~gm/cm2 ) and is attached to the inner end of an 
Allen head capscrew. The fabrication and thick
ness measurement of the windows is described in 
LBL-3435 (see footnote*). 
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The gas in the counter I!Rlst be maintained at 
constant density to ensure that the energy 
deposited by a given ion in the gas will remain 
constant. Regulation of ~he density is accom
plished by a Cartesian manostat3 as shown in Fig. 2. 
The Cartesian manostat and counter are kept in 
close proximity to minimize any temperature dif
ferential between them. Counting gas supplied 
from a tank at high pressure flows through a 
variable leak valve, then through the counter and 
to the Cartesian manostat that controls the densi
ty, and finally to a mechanical vacm.un pump. 1m 
oil manometer is used to monitor the pressure. 

Counter 

Fig. 2. Diagram of gas supply and regulation 
system. (XBL 7411-4594) 

Fig. 1. A cross-sectional view of the gas ionization telescope. (XBL 7411-4588) 



The time necessary to collect the electrons 
on the plate is determined by the drift velocity 
of the electrons in the gas. This drift velocity 
of electrons is a function of the field and the 
gas pressure in the counter. While the electrons 
are drifting to the plate they diffuse towards the 
walls of the counter. The average distance that 
electrons will diffuse while drifting a distance 
L in a uniform electric field x is given by: 4 

x = ~ 4(0.0:35) iff 
where n is the ratio of the energy of agitation 
of the free electrons to that of the gas molecules. 
Unfortunately the value of n must be measured ex
perimentally, and the value has not been found in 
the literature for the Ar-CH4 counting gas mixtu5e 
used. The value of n for pure argon is reported 
to be '"' 250 for X/p = 1. 0 V • em- 1 Torr- 1 while the 
value of n for pure methane is given as 8.6.6 It 
seems likely that the value of n for the 90% Ar
lO% CH4 mixture used is between the values for the 
pure gases. Using the values of n for the pure 
gases as limits, the average lateral diffusion in 
uniform electric field typical of normal operating 
conditions (30 v-ern) is between 0.70 em and 0.13 
em. This potential problem of electrons being 
lost in the walls of the counter was minimized by 
the focusing action of the electric field. Figure 
3 is a plot of equipotential electrostatic lines 
in the center region of the counter. The parame
ters leading to the fields in Fig. 3 are typical 
operating conditions (grid at 100 V and plate at 
350 V). 

The end zones on the front and back of the 
counter create potential areas where the counter 
could fail to collect all the electrons that are 
generated in the gas by the passage of an ion 
through the counter. These effects have been inves
tigated with alpha particles. The possibility of 
end zones was investigated by placing a 241Am 
source in the front of the counter. The energy 
loss in the ionization counter and the surface 
barrier detector as a function of pressure was 
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Fig. 3. Equipotential lines in the center section 
of the counter for typical plate and grid voltages. 

(XBL 7411-4592) 

394 

measured. From these measurements the dead layers 
were not experimentally observable and it is felt 
that they are less than 1% of the total path length 
in the gas. In addition, an alpha source mounted 
in the center of the chamber gave 26.1 ± 1 eV per 
ion electron pa!r, which is in good agreement with 
other measurements.? 

The results of a third approach in which a 
252Cf alpha source was mounted in the front of the 
counter are shown in Fig. 4. This figure shows 
the width of the pulse height distribution in the 
surface barrier counter and in the gas counter as 
a function of the energy loss in the gas counter. 
The electronic noise of the two systems has been 
subtracted before plotting the data. The figure 
shows that the width of the energy spectrum in the 
gas counter is (within experimental errors) exactly 
that which is expected from straggling in the gas 
as is determined from that observed in the energy 
detector. 

Six of the counters have been built at Berke
ley and are being used in experiments. The per
formance of the six counters was found to be very 
uniform. Figure 5 is a map of energy deposited in 
the gas counter versus the energy observed at the 
surface barrier detector. 

The gas ionization telescope has demonstrated 
ability to accurately measure the magnitude of 
energy losses using alpha particles. It has also 
been shown to be useful for experimental identifi
cation of reaction products by our group in the 
region (6 < Z < 30). Recent results using pure· CH4 
as a counting gas have given better Z resolution 
than obtained within argon-methane mixtures. 

The counter may also be useful in determining 
the atomic numbers of even heavier ions such as 
that of fission fragments. It now appears to be a 
very good replacement for thin silicon detectors 
in most applications. The ultimate value of these 
proposed applications will be revealed only after 
more investigation into the use of gas ionization 
counters as delta energy detectors. 
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Fig. 4. Energy resolution of the gas detector and 
solid state detector as a function of the energy 
deposited in the gas detector. (XBL 7411-4590) 
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COMPUTER AIDED ANALYSIS OF GAMMA-RAY SPECTRA 

M. M. Fowler, D. Lee, R. J. Otto and I. Binder 

The heavy-ion irradiations carried out in the 
radiochemical study of mass yields and the search 
for possible superheavy elements discussed else
wherel in this report result in a large amount of 
gamma-ray spectral data to be sorted and corre
lated. A computer aided analysis scheme for this 
data has been described,2 and it is the purpose of 
this report to indicate modifications and improve
ments of that procedure which have been made. 

The general scheme of the data analysis is 
shown in the flow diagram in Fig. 1. As was 
previously reported, the computer code, AESl, is 
used to determine gamma-ray peak positions and net 
peak areas from experimental gamma-ray spectra 

measured with Ge(Li) spectrometers. Independently 
determined energy calibrations and absolute detec
tion efficiencies are then used to calculate 
energies and disintegration rates associated with 
each peak. In prior analyses the output from the 
AESl code consisted of punched cards. These cards 
were hand sorted and used as input to the code 
TAUl which is used to determine the time and energy 
correlation of the gamma-ray peaks from spectrum to 
spectrum. An estimate is also made of the half
life associated with each peak and whether the 
decay is complex or simple. 

We have modified and combined the AESl and 
TAUl codes so that the sorting is done during 
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Fig. 1. Flow diagram for the analysis of ganuna
ray spectra. 

execution, thereby eliminating the need for punch
ed cards. Furthennore, the code has been reorgan
ized so that it can now be executed in the CDC-7600 
computer rather than in the slower 6000 series 
machine. These changes result in a saving of -v 
50% in execution cost and reduce the job turn
around time. 

While these modifications are helpful from a 
data handling and cost viewpoint, perhaps the more 
significant improvements have been made in TAU2 
code. This program is used to interpret the 
results from the AESl-TAUl code. The CDC vista 
system is used to allow interactive analysis during 
the assignment of known nuclides to the various 
gamma-ray peaks. We have replaced the previously 
compiled table of gamma-ray emitting isotopes with 
the table of radioactive-decay gamma-rays compiled 
by W. W. Bowman and K. W. MacMurdo.3 At the same 
time, the gamma-ray data were reformatted so as to 
reduce the necessary computer memory requirements 
resulting in a code requiring 40% less memory. 
Another improvement to the TAU2 code has been the 
introduction of weighting factors in the least
square fitting of the gamma-ray decay data. 
Previously all data points were weighted with the 
same absolute standard deviation, resulting in 
abnormally heavy weighting of points with high 
count rates. We have adopted a procedure of 
weighting all points with a constant fractional 
standard deviation (10% currently) as this more 
accurately describes the experimental data. The 
resulting decay curves show that this approach 
yields curves which more closely fit the experi
mental data, especially in cases where two compo
nents are present with one being much less intense 
than the other. 
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Past experience has shown the use ofthe light 
pen to be rather unreliable in some instances, 
possibly due to programming technique. In any case, 
we have transferred some of the light pen functions 
to the vista keyboard and have found this to be 
quite helpful. 

The output of-the TAU2 code remains as before. 
However, the final sorting and gamma-ray-isotope 
assignment is now checked by referring to the 
decay curves from TAU2 which are on microfiche and 
by corroboration with other ganuna-rays from the 
same nuclide. 

The set of programs .has been extensively used 
during the past year for the analysis and inter
pretation of data obtained from heavy-ion bombard
ments. Experience in the use of the analysis 
method has shown that even with conditions which 
are not optimum for energy resolution (1.0 keV/ 
channel, 2.6 keV ~ the half-life analysis has 
proven to be a powerful method for resolving com
ponents which are not well resolved in energy. 
The correlation of results from several gamma-rays 
associated with a, single nuclide have been quite 
good even for weak transitions. These correlations 
give rise to confidence in yields which must be 
calculated from a single observed transition. 
Identification of reaction product nuclides and 
calculation of their corresponding formation cross 
sections have been made for products obtained by 
irradiation of uranium, bismuth, gold and silver 
targets with 12C and 40Ar using the SuperHILAC and 
Bevalac facilities at Berkeley. 

We are in a continuing process of evolving 
the program set and in the future we plan to make 
improvements including the following: provision 
for online sorting of the isotope list so that 
only those elements of interest will be displayed 
to the vista operator. Effort will be made to 
improve the operation of the light pen so that 
ultimately all operations could be done from the 
pen. Statistical weighting factors for the least
squares fitting of the decay curves in TAU2 will 
be derived from the AESl-TAUl code making the 
estimated uncertainties of the initial disinte
gration rates more meaningful. More input 
routines will be added to allow analysis of data 
from a larger variety of multichannel analyzers 
as they become available. 
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A SYNTAX ANALYZER FOR COMPLEX TECHNICAL TEXT 

G. M. Litton, C. M. Lederer, and L. S. Vardas 

General Description 

A generalized syntax analysis system has been 
developed to check complex tabular data (entered 
via the IRATE input-editing keyboard systeml) for 
the seventh edition of the Table of Isotopes. The 
system permits syntax definitions to be wr1tten in 
a language that is readily understood by someone 
familiar with the data to be analyzed; these . 
definitions may be easily altered or extended with. 
a minimum of reprogramming. The system consists 
of a syntax generator, encompassing a "meta-langu
age compiler" that checks the definition of a 
syntax and translates it into a table of instruc
tions for checking the data, and a syntax analyzer, 
encompassing a "parser", that applies these 
instructions to checking and, where desired, to 
reformatting of the data. 

Figure 1 shows the structure and operation of 
the system. The syntax analyzer consists of sub
programs appended to an existing data-processing 
program, whereas the syntax generator is a separate, 
complete program. 

It· .. has been part of the general philosophy 
underlying computerization of the Table of Iso
topes2 to use the computer to check the data, as 
well as to perform such standard operations as 
storage, sorting, and printout. Although it is 
not possible for the computer to know a priori of 
what the input data should consist (if it were, 
t_he "data" could be computed rather than entered), 
any data must nevertheless be comprised of a set 
of symbols or characters, ordered according to 
some specified set of rules (syntax). To illus
strate this point, some examples of syntaxes 

SYNTAX GENERATOR 

Data energy & 

editing 

system 

(IRATE) 

Meta-language compiler 

SYNTAX ANALYZER 

Dataflow 

DATA CHECKING & PROCESSING PROGRAM 

INSTRUCTIONS FOR 

CHECKING DATA 

(store for later use) 

To output device 

(COM) 

Fig. 1. Schematic illustration of the syntax analysis system. Syntax definitions, entered on the 
IRATE keyboard, are converted by the syntax generator to instructions for checking data, which may 
be stored for later use. Data, entered on the same keyboard (at another time), is processed by a 
data processing program, which may call the syntax analyzer to check whether a given segment of the 
data conforms to a specified syntax. The parser, the heart of the syntax analyzer, communicates 
with the rest of the program only via pointers (addresses of specified characters of data); it calls 
subsidiary functions to examine the actual data. Polish (translated data) is generated by the par-
ser and subsidiary functions in a similar manner. (XBL 757-3450) 
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applicable to different types of data are illus
trated in Table 1. 

TABLE 1. Examples of syntaxes for several different 
types of data. (Syntaxes are described in English, 
not in the syntax language used by the syntax gen
erator program.) 

Type of Data 

an integer 

an element 
symbol 

an isotope 
symbol 

English text 

Defining Synta.X 

Either [a] an optional minus sign, 
followed by a non-zero digit, 
followed by a string of 0 to oo 

digits; or [b] the digit 0. 

.Any of the list of items H, He, 
Li, Be, ... Ha. 

A superscript integer (mass number), 
followed by an optional [a] super
script m or m-subinteger (1 ~ 
integer ~ 4) or [b] superscript g, 
followed by an element symbol. 
(The Z-value corresponding to the 
element must be ~ the mass numberJ 

Words from an English dictionary, 
spaces, and punctuation marks, 
combined according to the rules 
of English grammar. 

Definition of a Syntax 

We have developed a s~tax lan~age that is 
broad enough to represent ~1 poss1 e syntaxes of 
interest for the present application. Many aspects 
of this language are not essential tothe operation 
of the syntax analysis system, and could readily 
be modified for some other application. The out
line below describes the syntax language, beginning 
with its smallest components: 

1. Representation. Syntax defini~ions, like the 
data to be analyzed, consists of characters or 
symbols typed on the IRATE keyboard, and repre
sented in the computer by a 12-bit number or byte. 

2. Data elements. The syntax language· refer
ences data elements in one of three different 
classes: 

a) Literals: fixed characters or groups of 
characters. For example, " x 10" in a number 
in scientific notation (3. 5 x .1£[ 7). • In the 
syntax language, most characters are automat
ically assumed to represent literals. Excep
tions are characters fonted in italics or 
boldface [unless enclosed in the literal 
operators (' ... ')],and a few symbols reserved 
for syntactical operators. 

b) Listable elements: elements that may_be 
any 1tem on a specified list. Examples are 
a digit (0, 1, 2, ... 9), an element symbol (H, 
He, Li, ... Ha), or a journal abbreviation 
(Nucl. Phys. , Phys. Rev. , ... ) . In the syntax 
language, an entire list is referenced by an 
arbitrary name in italics (digit, element, 
Journal, etc.). 

c) Functions: classes of variable data 
elements too large to be conveniently listed. 
For ex~le, an integer or an isotope symbol 
(e.g. , 1 8m2 H£) . In the syntax language, a 
function is referenced by an arbitrary name 
in boldface characters. Such a function ref
erence requires that a corresponding function 
subprogram ("checking function") of that name 
be added to the data processing program. 
Most functions could alternatively be defined 
in terms of syntax statements employing only 
listable elements and literals (e.g., the 
definitions of an integer and an isotope in 
Table 1). However, the analysis of simple or 
commonly-used data elements as functions is 
often more convenient and efficient. 

3. Syntactical operators. These are a small set 
of superscr1pt symbols listed in Fig. 2. They 
specify various ways in which the above types of 
data elements or syntax rules (see below) may be 
combined. 

4. Syntaxes. A syntax is defined by one or more 
syntax rules, or statements, of the form: 

rulename = (combination of data elements, syntac-
tical operators, other "rulenames") 

Superscript Interpretation Sample eXpression Valid data 

symbol 

or a'b Q 

b 

[ ... ) optional abc 

ac 

( ... ) parentheses ac 

be 

a 

be 

:li.Sdigitl 5 

times 28 

370 

rule name 

literal "italic' italic 

Fig. 2. Syntactical operators. Additional opera
tors (not illustrated) may be used to specify the 
generation of Polish (translated data) based on 
the data to be analyzed. 
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Each label enclosed in the rule operators" ... " on 
the right-hand side of such a statement refers to 
another statement, which must be included as part 
of the same syntax. Definition of the syntax 
begins with the master rule "rule= ..... ". For 
example: 

rule 

alpha 

beta 
test2 

"alpha" 

"test2" 

"beta" 

"beta" 

7 
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With this type of structure it is possible to define 
a very complex syntax, containing many branches or 
options, with a relatively simple set of statements. 

Application of the Syntax Analysis System 

Syntaxes and lists referenced by them are 
entered on the IRATE keyboard, in the language 
described above. Each complete syntax is entered 
as a separate "syntax" section labeled by the name 
of the syntax; each list is entered in a labeled 
"list" section. Figure 3 shows an example - the 
syntax "thalf", applicable to half-life data, and 
the list "units" referenced by that syntax. 

NAME= thalf 

TYPE= syntax 

rule = ·form1·••torm2·t·form3· 

forml = gnumber unitsJ comment! 

form2 = ·form4 •• 1essthon•t
112

.1essthan··form4· 

form3 = <<t.:s>·form4' or <>•;t>·form4· 

form4 = number units 

NAME=units 

TYPE=Iist 

y 

d 

h 

m 

s 

ms 

ns 

ps 

fs 

as 

Fig. 3. Example of a short syntax definition 
"thalf", applicable to half-life data. Three 
"functions", denoted by boldface labels, reference 
subroutines that check for specific data forms: 

gnumber - a "generalized number", which may 
have a preceding symbol (e.g., ~, <, 
;;;. ) , an uncertainty, and an exponent. 

nt.nnber - same as gnumber, but no preceding 
symbol perm1tted. 

comment - permits any sequence of characters, 
i.e., a comment. 

-The lists units, referenced in the syntax defini
tion, is shown in the right-hand portion of the 
figure. 

0 J. ~ 

I 0 

The syntax generator then checks each of the 
syntaxes and lists for proper structure and com
pleteness, and generates corresponding instructions 
for checking data. Whenever a given segment of 
data is to be checked to see if it corresponds to 
a particular syntax, the syntax analyzer, a group 
of subprograms added to the data processmg program, 
is called. The syntax analyzer examines the data 
segment and returns a value that indicates whether 
or not the data conforms to the specified syntax. 
The operation of the preprocessor and syntax analy
zer are·shown in Fig. 1 in somewhat more detail 
than is provided by the above description. 

If desired, the syntax analyzer may also out
put a "translated" version of the data segment 
("Polish"). For example, words could be capital
ized, symbols or abbreviations replaced by equiv
alent forms, etc.: "Co." can be replaced by 
"Company", "L/LziM + N'' by "Ln/LIII /M + N ... " , 
"10 3edy = 15.7±1.3" by "eK/y 0.0157 13". 
Instructions for the generation of "Polish" may 
be contained within a list (as substitutions for 
given items on the list), in the checking functions, 
or within the syntax statements (by use of special 
instructions not described here). 

The data processing program may call the 
syntax analyzer to check any part of the data. 
Use of the syntax analyzer does not preclude addi
tional checking or manipulation of the data by 
other parts of the program. The syntax analyzer 
does.not alter the data that it checks. (The 
"Polish", or translated data that it may generate 
is returned to a location specified by the data 
processing program.) 

Other Applications 

The syntax analysis system described here has 
potential for a broad range of applications. In 
fact, the initial design was intended as a genera
tor of computer compilers, rather than a data ana
lyzer. [In this design the syntax generator, con
sisting of the meta-language compiler only, checks 
the definition of the compiler language; the syntax 
tables that it generates and the syntax analyzer 
(parser) together comprise the new compiler; the 
"input data" to be analyzed is the program to be 
compiled; and the translated version of this data 
(Polish) is a set of machine-language instructions 
("object code") ] . 

Many other applications suggest themselves. 
One of the most interesting is a greatly simplified 
method for machine translation of languages, in 
which the syntax definitions encompass grammar 
rules, and the lists contain the dictionary. 

References 

1. E. Romascan, W. Greiman, C. M. Lederer, and 
A. Allen, LBL-2366, p. 453 (1974). 

2. C. M. Lederer, J. M. Hollander, and L. P. 
Meissner, UCRL-18530 (1968). 



0 ·a· ' '} .; ~~ u··· ;'' 0 a 7' . lo, '~'io:.J . I 

5. Thesis Abstracts 



0 0 rJ t:1 
-r<e;,J 

0 ~~ 0 \':' .J ~· 8 
403 

PARITY NON-CONSERVING NUCLEAR FORCE 

T. S. Chou 

(LBL-2904) 

The effect of parity non-conserving nuclear for~e is studied in a deformed nucleus, 180mHf. The big nuclear structure factor 

of the 501 keV gamma transition in the decay of 180mHf enables one to observe a big asymmetry of 1.5% at an average temperature 

of 20 mK0
• The nuclear structure factor can arise by various mechanisms. For example, small energy spacing of the nuclear levels 

with opposite parity will cause a large mixing between them and/or the parity-allowed transition (in this case, M2) has an anom

alously small matrix element while the parity-forbidden transition (E2) is not hindered. The low temperature necessary for pro

ducing polarized nuclei is achieved by adiabatic demagnetization of a chromium potassium sulfate-glycerin slurry which provides 

about 10 mKo heat sink. The 180mHf nucleus is polarized by a magnetic interaction of its dipole with the hyperfine field it sees 

in a cubic ferromagnetic compound, ZrFe2, at low temperature. 

The asymmetry is defined as the intensity ratio of the intensity difference in 180° and 0° with respect to its nuclear polariza

tion direction to its average value: 

a= 2 · 
W(180) - W(O) 

W(180) + W(O) 

where Gk are determined from knowing the source-detector geometry; Bk are evaluated from the anisotropy of the 444 keV gamma 

transition in 180mHf; Ak are known from the transitions and the nuclear states involved; A2 and A4 are independent of parity 

mixing and their values can be obtained from an angular correlation experiment; A1 and A3 are proportional to the parity mixing 

ratio. So by measuring the asymmetry of the 501 keV gamma transition, one can evaluate the parity mixing ratio. Taking the 

slow warm-up of the sample into account, we derive the parity mixing ratio as 0.0290(19). 

THE USE OF THERMALLY SENSITIVE ION-EXCHANGE RESINS 

OR ELECTRICALLY SENSITIVE LIQUID CRYSTALS AS ADSORBENTS 

James A. Latty 

(LBL-2913) 

In Part I of this dissertation the desalting of aqueous solutions has been described as experimentally accomplished by thermally 

cycling a fixed bed of weak-acid and weak-base ion-exchange resins. A rate control model has been proposed which accounts for 

the observed properties of the mixed resin system. Using this model, several processes have been proposed and evaluated for 

eventual application to large scale brackish water desalting. 

Part II of this work on cyclic sorption contains a description of the experimentally observed sorption properties of randomly 

oriented, nematic liquid crystal mesophases when subjected to a 3000 gauss magnetic field or a 1000 to 7800 volt per centimeter, 

D.C. electric field. These experimental observations are evaluated in light of published data for similar systems. 
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ATOMIC ELECTRONS SHAKE-OFF 

ACCOMPANYING ALPHA DECAY 

Meir Shimshon Rapaport 

(LBL-Z978) 

The a spectra associated with K-shell electron shake-off in ZlOpo and Z38Pu decay have been determined by K x-ray- a coin

cidence measurements. Although the shapes of the spectra generally agree with theoretical expectations, some discrepancies. are 

observed. From similar measurements the a spectra associated with L and M- shell electrons shake-off in ZlOpo were determined. 

The abundances per a particle of the total K, L and M electron shake-off effects were determined in these measurements and found 

to be PK = (1.65±0.16) X 10-6, PL = (7.Z3±0.65)X 10-4 and PM= (1.84±0.37) X 10-z for ZlOpo and PK = (0.75±0.09) X 10-6 

for Z38Pu. Also, the abundances per a particle of the L subshell electron shake-off effect were found to be PL
1 

= (5.11±0.40) X w-4, 

PLz = (0.6Z±0.06) X 10-4 and PL
3 

= (1.50±0.19) X 10-4 . Only limits on the ionizations probabilities of M subshells could be de

termined. These limits were: PMz = 7- Z3%, PM4 < Z4%, PM5 < 17% and PM1 + PM 5 > 47% of the totaL These results are also 

compared with theoretical predictions. Further experimental and theoretical studies are suggested. 

ELECTRONIC STRUCTURE QUANTUM MECHANICS APPLIED TO 

SOME SMALL POLY ATOMIC MOLECULES 

Dean Hemingway Liskow 

(LBL-Z980) 

Quantum mechanics is used to compute ab-initio wavefunctions for several molecular systems in order to derive theoretical esti- ' 

mates for their structure and chemical behavior. The structure of the HOz radical is investigated with SCF and CI wavefunctions and 

is predicted to have a 106.8° bond angle. The bending potential energy for c 3, a species in carbon vapor, is investigated with SCF 

and CI wavefunctions and the results support the unusually low bending vibrational frequency previously determined experimentally. 

An SCF wavefunction is used to determine features of the CH3NC-> CH3 CN isomerization potential energy surface. And lastly, 

features of the c+ + Hz -> CH+ + H reaction potential energy surfaces are determined with CI wavefunctions. 

a-TRANSFER STUDIES VIA THE (a, 8Be) REACTION 

AT HIGH ENERGIES 

Gordon John Wozniak 

(LBL-Z999) 

The (a, 8Be) reaction was investigated on l6o, l5N, 14N, lZc, 11 B, and lOB targets at bombarding energies between 63.Z and 

72.5 MeV with a 8Be identifier of high detection efficiency. Differential cross sections were measured from ec.m. =zoo- 70° for 

solid targets and over a more restricted range for the nitrogen gas targets. An excitation function of the lZqa, 8Be)8Be reaction at 

five bombarding energies between 63.Z and 67.3 MeV was obtained which conclusively demonstrated the direct nature of the 

(a, 8Be) reaction at high bombarding energies. This reaction was found "to proceed predominantly via a direct a-cluster pickup 

mechanism and to strongly populate only levels consistent with this mechanis~. The angular distributions on spin 0 targets ex

hibited a strong dependence on the value(s) of L, the angular momentum transfer. Experimental distributions for L = 0 and L = Z 
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transfers were both oscillatory, but with the latter showing a much larger strength at back angles. The distributions for transitions 

where more than one L-transfer was allowed were approximately constant in magntiude with little structure. 

A plane wave diffraction model was used to analyze the cross section data. This model which included finite-range and recoil 

effects adequately reproduced the L = 0 and L = 2 data from spin 0 targets. However, it failed to describe the shape of the angular 

distributions for transitions involving more than one L-transfer. The neglect ofdistortion in these calculations was investigated and 

found to be unimportant at forward angles (Bc.m. < 70°). Using the above model, relative a-spectroscopic factors were extracted 

which are in qualitative agreement with those of Kurath. 

STUDY OF PARTIAL WAVE BRANCHING IN THE 

ALPHA DECAY OF 241Am, 253Es AND 255Fm 

Arthur ] ames So in ski 

(LBL-3411) 

Nuclei of 241Am, 253Es and 25 5Fm were oriented in single crystals of neodymium ethylsulfate at temperatures down to 

11 mK. Orientation was detected by alpha particle angular distributions. The temperature dependences of these distributions are 

consistent with the lowest electronic states of these three actinide ions in the ethylsulfate lattice being similar to those of the cor

responding lanthanide ions. Thus magnetic and axial orientation was observed In Es3+(5f10), as in Ho3+(4f10). Quadrupole 

orientation was observed in Am3+(5f6), as in Eu3+(4t6). In Fm3+(5fll) the orientation was magnetic and equatorial, as would be 

expected from the hyperfine interaction in Er3+(4f11 ). The hyperfine interaction constants were determined. For 25 3Es we report 

I AI ='0.26(3) cm-1, for 241Am, P = -0.0033(6) cm-1, and for 255 Fm, I B I = 0.035(7) cm-1. The 25 3Es nuclear magnet~c dipole 

moment was determined to be I p.l = 2.7(13) P.N· The Am 3+ data are consistent with an anti-shielding constant of 'Yoo "" - 102, in 

good agreement with theory, and a shielding factor a2 = 0.7, similar to the value for Eu3+. The nuclear results show that the sand 

d waves are in phase for the favored a decay branch in all three cases. The relative phase of the g wave was found to be negative 

for the 25 3Es decay. Numerical integration of the coupled second-order differential equations describing the favored a decays of 
25 3Es and 255Fm yielded partial wave amplitudes and phases. The results are compared with both intensity and angular distribu

tion data. The measurement of the angular distribution of spontaneous fission fragments from aligned nuclei of 25 3Es, 254Es and 
257Fm are described in a separate appendix. The 25 7Fm results are consistent with a K quantum number at the outer turning 

point of either 9/2 or 7/2. 

ENZYMATIC UTILIZATION OF WASTE CELLULOSICS 

Gautam Mitra: and C. R. Wilke 

(LBL-2334) 

On the land area of the earth about 1.6X 1010 tons of carbon are fixed every year by photosynthesis out of which about half 

appears in the form of cellulose. Hydrolysis of one pound of cellulose theoretically yields 1.11 lb. glucose which is equivalent to 

0.56 lb. of ethyl alcohol. In the North American continent large amounts of cellulosic wastes are available for economic processing 

(1,2,3) with their energy equivalence almost equal to a fifth of current U.S. gasoline consumption (4). 

In recent years cellulose degradation through enzymatic means has been investigated by various workers (5,6,7), the hydrolysis 

products being a mixture of simple reducing sugars. These investiagtions, however, have mostly been confined to the realm of basic 

research. This study presents experimental results on different aspects of the integrated process culminating in an economic process 

designed for manufacturing reducing sugar solution by enzymatic hydrolysis of waste cellulosic material. 
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The cellulose molecule is a high molecular weight polymer of {3-1, 4 linked D-glucose residues. The chemical structure is repre

sented as shown in Fig. 1. 

Degree of polymerization varies widely depending upon its origin. For chemical pulp and filter paper the degree of polymerization 

generally varies between 500 and 1000 whereas in wood cellulose it is about 8000-10,000. During enzymatic hydrolysis by cellulase 

enzyme {3-1, 4 glucosyl bonds are split to produce reducing sugars according to 

The term "cellulase" is used to designate a complex system of enzymes (molecular weight range 12,000-68,000) showing various 

types of activities with respect to different kinds of substrates. The mechanism of degradation of crystalline cellulose by enzymatic 

means has been the object of intense study for the last 25 years. The most accepted postulate in this area has been the 2-step 

c 1-Cx theory proposed by Reese~~-· (8). According to this theory the C1 component of the enzyme first disintegrates the 

cellulose chain prior to its solubilization. The subsequent hydrolytic action at the {3-1, 4 linked glucosyl bonds of the solubilized 

chain is attributed to the Cx component of the enzyme. Certain micro-organisms grow only on soluble cellulose, such as carboxy

methyl cellulose, and synthesize only Cx components, whereas other microorganisms are capable of growing on highly ordered forms 

of cellulose and produce both c 1 and Cx. The fungus, Trichoderma viride was selected for the present study because of its high 

c1 productivity during growth on insoluble cellulose (5, 7) along with an adequate production of ex. 

Cellulase activities are measured by interacting a given substrate with the enzyme and measuring the amount of reducing sugar 

produced in a given time. The tests are as follows: 

Cr Cotton: This test measures c 1 activity; 50 mg of adsorbent cotton is added to 1 ml appropriately diluted enzyme and 1 ml of 

0.05 M sodium citrate buffer at pH 4.8. Reaction is carried out at 50°C for 24 hours and amount of reducing sugar produced 

measured by dinitrosalicylic acid test. 

Filter Paper Activity: This test measures combined c1-cx activity. Fifty mg (lX 6 em) of Whatman filter paper no. 1 is added to a 

mixture of 1 ml of appropriately diluted enzyme and 1 ml of 0.05 M sodium citrate buffer at pH 4.8. Reaction is carried out at 

50°C for 1 hour and reducing sugar concentration determined by dinitrosalicylic acid test. 

Cx Activity: This test determines. {3(1-4) glucanase activity. To 0.5 ml of 1.0% carboxymethylcellulose (CMC, SOT, Hercules 

Powder Co.) in 0.05 M sodi4m citrate buffer (pH 4.8) 0.5 ml of appropriately diluted enzyme is added and reaction carried out at 

50°C for 1/2 hour followed by reducing sugar determination by dinitrosalicylic acid test. 

Trichoderma viride, a highly productive mutant developed at the U.S. Army Laboratory at Natick, Massachusetts, was grown 

in a fermentation system (Figure 7) for the production of cellulase. Enzyme characteristics were examined in a stirred ultrafiltration 

cell and gel filtration column. Strong synergistic action among various fractions of Cx above and below molecular weight of 30,000 

was noticed. C 1 activity was strongly dependent upon simultaneous presence of Cx activity in the enzyme solution. A low cost 

growth medium was developed (Figure 18). For the growth of the fungus, substituting chemical grade analytical reagents with 

commercial fertilizers. Specific oxygen demand for fungal growth on soluble sugars was determined to be 1.04 millimoles oxKgen . 
gm. dry we1g t x h 

Single stage C.S.T.R. runs (Figure 21) with 1% soluble sugar yielded a maximum cell productivity of 0.92 _ 

mg. d~~Xh~ight at a dilution rate of 0.21 hr-1 The corresponding maximum specific growth rate from unsteady state observations 
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(Figure 20) was found to be 0.294 hr-1. Two states C.S.T.R. runs were conducted with cell growth on glucose in the first stage and 

enzyme induction by cellulose addition in the second stage. From the results shown in Figure 24 the enzyme productivity for this 

mode of operation was determined to be 27.3X 10-3 Filter paper activity for 1% dextrose as growth medium and 1% pure cellulose 
miX hr 

as inducer. 

Hydrolysis of -200 mesh ball milled newsprint at 50°C and 4.80 pH with enzyme of 2.70 F.P. activity resulted in 82% con

version of cellulose in 40 hours. Adsorption characteristics of the enzyme on the fully ground solids and on the spent solids 

following hydrolysis were experimentally measured (Figure 31, Figure 32) at 50°C. Based on the experimental data a process for 

manufacturing reducing sugar solutions from waste paper was formulated. 

Economic analysis was carried out for this process with a waste cellulosic feed of 833 tons/day (dry basis). Excluding the cost 

of the waste cellulosics the net manufacturing cost for reducing sugars was estimated at 1 d/lb with a total plant investment of 

$10,134, 000. 
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