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CHEMISTRY DIVISION ANNUAL REPORT, 1962

Lawrence Radiation Laboratory
University of California
Berkeley, California

-January 1963

INTRODUCTION

This report presents a review of the research progress made during
the 1962 calendar year by the Nuclear Chemistry Division of the Lawrence
Radiation Laboratory. Though the report is not exhaustive, an effort has

' been made to give-a balanced view of the widely ranging research interests

and problems of the Division, Contributors to this report include staff mem-

" bers of the Radiation Laboratory, graduate students, and visiting postdoctoral

chemists and physicists from many laboratories, domestic and foreign.

. Twelve Ph. D. degrees were awarded during 1962 to graduate students

. who did their research work in this Division, and six Master's degrees were
. - given, Abstracts of the theses are included in this report,

-~
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A. RADIOACTIVITY AND NUCLEAR STRUCTURE

1. HYPERFINE STRUCTURE OF THE LITHIUM ISOTOPES
Douglas W, McColm, Richard G. Schlecht, and Isaac Maleh

‘The lithium-6, 7 hyperfine structure anomaly has been measured by

"~ the atomic beams magnetic resonance method. The results are

A Li%) = 228.20528(10) Mc/sec,

Av(Li') = 803.50404(50) Mc/sec,

-1.08(2) % 10'f4,

7%
where the nuclear magnetic moment values of Bitter et al. 1 were used and

where the quoted errors on the hfs values are approximately five times the
statistical errors, and where the error on Aarises primarily from that

.- quoted by Bitter. These results are of interest because they give a measure

of the distribution of magnet1sm inside the lithium nucleus to higher pre-

' cision than previously obtained. 2 This particular nucleus is sufficiently

simple that calculations of this distribution from L - S coupled nuclear wave
functions of definite total isotopic spin can be performed; we expect to ob-
tain information that will aid in the interpretation of the lithium-6 and

** " lithium-~7 magnetic moments.

1, F, Bitter, N. [. Adams, and T. F. Wimett, MIT Research Laboratory
of Electronics Quarterly Progress Report [No. 21], April 15, 1951, p. 30.

2. P, Kusch and A, K, Mann, Phys. Rev. 76, 707 (1949).

2. HALF-LIFE OF FLUORINE-IB(*)
John D. Mahony and Samuel S. Markowitz

. The half-life of Fl8 has been reported to have various values, ranging

from 107+ 4 to 115+ 4 min. The accepted valuel has been 112 mxn (more

recently, 2 111 min). Our studies of the reaction of He3 with 016 to produce
this nuclide indicated that an even lower value would be more consistent with

*Brief version of a paper submitted to J. Inorg, Nucl. Chem. (UCRL- 10512

" Oct, 1962).

1. D. Strominger, J. M Hollander, and G. T Seaborg, Rev. Mod. Phys.

"' 30, 585 (1958).

-2. D. G. Goldman and J, R. Stehn, Chart of the Nuchdes, General Electric
* Co., Schnectady, N. Y., 1961.
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... of data available from the determination of the excitation function for the

- relative purity of the F18 produced in this way, the evaluation of this half-.

. life was here undertaken. In addition, there was available a computer pro- =
.. gram which gives an iterative least-squares fit, including the standard de- -

' 2""-'V1at10ns, in. a.J and )‘3 of the function
10
At) = Z a.j exp(—)\jt),
j=1
";.':'-ﬁwhere t is elapsed time, a; is the activ1ty of eacvh;comp'one.nt att=0, and
" is the decay constant of component j. Additional half-life data were also

o I tg.ken on F!8 obtained from neutron and proton reactions, in order to afford
Shia w1der range of sampling and to eliminate impurities, :

S

Experimental Procedure

.. Preparation and Isolation of Fluorine-18

W Method A. Foils of 1/4 -mil Mylar, a condensate of terphthalic_acid
<.+ and ethylene glycol containing 33.2% oxygen, were irradiated with He3 ions
" of energy 1 to 31 MeV for about 15 min at the Berkeley heavy-ion linear

. ... accelerator (Hilac). The foils were left uncounted for about 4 hours to allow - con
;> their shorter-lived activity time to decay. This represents a period 12 times

i the half-life of 20.4-min Cll, the longest l1ved interfering nuclide, During
. this time the initial act1v1ty of C“, approx 107 counts/min, decreased to

4 -time. The foils were mounted on 1/16-1n. aluminum cards with double-
e ‘' faced Scotch tape and covered with a thin plastic foil.

: Method B. Ten milligrams of Li,SO, was irradiated with 44 -MeV
‘He? ions at the Berkeley 60-inch cyclotron, . The F18, produced mainly by

‘“the a,d and a,np reactions on O 6, was separated by dissolving the target -

Qo ’ the experimental data. Because of (a) the need for an accurate value for the -
.. half-life of this nuclide in our activation-analysis studies, 2 (b) the abundance -

_production of F18 from 016 by usmg He3 as the incident particle, and {(c) the ,

2x103 counts/min, which is less than 1%of the F18 activity counted at that -

- .in1 M KOH and placing the solution on a 12-in. -long amon-exchange column

filled with Dowex 1 (100~200 mesh), and eluting with 1 M KOH, ' The active
" -« * material, which contained the F18, came off the column within 3.0 to 3.8 ml.
_+ v To this volume of eluent, which was collected in about 25 min, 0.5 ml of

carrier containing about 9 mg of F~ was added. The solution was made acid -

" with HCI, a.nd 20 mg of NaH,PO, and 5 mg of Fett" was introduced.

- 'and $32(n, p)P32 reactions. ] After centrifuging, the supernatant solution

’ Thelfxnal acetone slurry was mounted directly on the aluminum cards,

L

3. S. S. Markowitz and J. D. Mahony, Anal. Chem. 34, 329 (1962).

'* ;;',»;_Fe(H PO a.nd Fe(OH), précipitated when the solution was made basic with .
" (%H 4[)31 + was added to scavenge impurities produced by $32(q, 3p)P33_

" was made acid with HCl1, basic with KOH, and finally, acid again with acetic
_ac1d Tenmlof 1 M Ca(NO ), was added to the warm solution and the re- - '
- . sulting precipitate of CaF, was washed with water, alcohol, and acetone, . = *
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Method C. Twelve milligrams of spectroscopically pure LiOH was
irradiated at the Livermore neutron reactor in a flux of 5x 1012 n/cmz-sec
for 10 mm. 718 was produced by the two-~step reaction, Li%(n, o.)H3 and

6(H n)F 18, The product was separated and mounted as described in
method B except that the scavenging step was omitted.

' Counting

The samples were counted with p end-window gas-flow proportional
counters whose plateaus were tested for stability. Methane was the counter

- gas. The counters were periodically checked with a C13° standard. As an

additional control, annihilation radiation emitted by one of the samples was

. counted with a 3% 3-in. NaI(Tl) scintillation counter and 256 channel pulse-
helght analyzer.

Results

Each count rate and time datum was rounded to three-digit accuracy
and the full set of data for each sample was analyzed with the aid of the.
FRENIC program (originally written? for the IBM-704 computer but adapted

_for use on the 709-7090), This program yielded a value for X and also gave
. its standard deviation. The results of the 16 individual experiments are

- compiled in Table I. When the standard deviation of the half-life calculated

for a particular set of data was greater than 0.7 min, that result was not
included in the analysis, because of the small weighting factor in cornparison
with those listed in Table I, this would have a negligible effect on the weighted
mean half-life.

The weighted mean half-life is given.by5

n

wx /Y
11/

i=1

,,.
WM
-

j : .,f:,where x, represents the individual half-lives .measured for the samples and
. wjare the weighting factors given by

i
—l/s )

where s. is the standard deviation of each half-life determmatmn The

wexghte& standard deviation of the mean is given by

1/2

8 W = Zwi(xi - mw)z/z-wi .

4. G. R. Keepin, T. F. Wimett, and R. K. Zeigler, J. Nucl. Energyb 1

(1957). Revised by R. W. Hoff and J. O. Rasmussen, Lawrence Radiation
Laboratory, Berkeley, California.

5. L. G. Parratt, Probability and Experimental Error (John Wiley and Sons,

Inc., New York, 1961), p. TI8-120.
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. Theiresv.ilgs of the research presented here give, for the welghted mean half- S I
o 1. life ;of F and the weighted standard dev1at10n of the mean, ' -
: % 109.74:!: 0.21 min, ’
i~ Table I. Results of individual half-life determinations. - ‘ -
_ Nd. of I x, (min) - s.{(min) ‘w, = l/si'.2 ' Method
' ;- data points. t t : : t B i
_ — x
1109.12 . 0.53° 3.56 A ]
1109.29 - - 0.30 11,11 A
- 109.36 ‘ 0.22 20.66 A [
'109.52 0.09 - 123,46 C !
109.63 - 0.08 © 156,25 C .
< 109.66 . 0.10 100,00 - B .
- .109.69 0.16 39.06. C
109.72 0.12 69.44 A
109.86 - 0.11 82.65 C _
s 109.87 - 0.55 3.31 A Y
110,02 0.09 123.46 B )
-110.03 0.38 6.93 A
110.10 0.18 30.86 A o
~ 110.18 0.37 7.31 A i
©110.27 0.30 11.11 A
110.29 0.55 3.31 C(Nal) _{?
4

.o ) : B ’ * -
3. A SPIN-5 SENIORITY-4 STATE IN CHROMIUM-SZ( )

Morton Kaplan and D. A. Shirley

. : In a paper on seniority couplmg of nuclear shell-model states, Edmonds -
‘and Flowers showed that the (f; / conf1gurat10n should couple to states of .

} character 24, 4+, 5+, and 8+ in The first three of these states should = .

" be observable in the decay of Mn52 Recently, Wilson et al. have r 2ported -

fmdmg states of 2+ and 4+ character at about the expected energies.“ They '~

found a state of 5+ or 6+ character at the energy expected for the seniority-4 -
54 state. Since the 2+ and 4+ states were pred1cted by several other theo-

i ret1ca1 calculations while the 5+ state was a unique feature of Edmonds and

S Flowers model, it seemed 1mportant to determme the sp1n of this higher

) level : :

Condensed from a pubhshed paper, Nucl Phys. 37 52.2 (1952)
'1‘1 }A R.- Edmonds and B. H Flowers, Proc..Roy. Soc. (London) A215.
: 120H1952) : : ‘

"_‘i’.',:-,’: {R ‘R.. Wﬂson. A._A Bartlett, J. J. Kraushaar, J. D. McCullen, and
e ';, R. A, Rxstmen. Phys. Rev." 12.5, 1655 (1962). '
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.. These authors also reported the half-life of y8
./ work at this Laboratory, in which 5r85m was chgmically separated from

.. _the reactions As (C1 ,yxn)Y
- most of the data were obtamed from bombardments of thick targets of pow-

| B § Lo d - el 7
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The state in question, at 3.614 MeV, is depopulated by very weak y |

. transitions of 0.847 and 1.246 MeV to states of spin and parity 4+. These
.y rays are almost imperceptible in the ordinary photon spectrum. We have

studied the angular distribution following the decay of oriented Mn32 nuclei.

. In the spectra taken along the direction of orientation the intensity of the

stronger transitions is only 40% of that for isotropically oriented nuclei,
while the 0.847- and 1.246-Me€V y rays are enhanced by 100%. This is a
sufficient improvement of the peak-to-background ratio to permit good

~ resolution of these two peaks (Fig. A..3-1).. The mere fact that the angular

'dxstnbutxon of these peaks is different from that of the more intense peaks
/(in fact, the s1gns of the coefficients of P,(cos 8) are opposite) is sufi:cient

ito eliminate a spin of 6 for the 3.614-MeV level. Spins of 0, 2, and 4 are
.also easily eliminated. Thus, the spin of the 3.614-MeV state of Cr> is 5,

and this state may be identified with the seniority-4 state predicted by Edmonds

. and Flowers.

.82 83 84 (%)

4, THE'NEU’TRON-DEFICIEN‘T YTTRIUM ISOTOPES Y ', Y 7, AND Y

V. Maxia, T William H. Kelly,t and Daniel J. Horen

Early attempts to study the decay of Y82 revealed that its half-life was
much shorter than the 70 minutes previously re 5ported by Caretto and Wiig.
as 5 hours. From other

yttrium at regular intervals, it was found that Y“~ has a 3-h half-life. & The
apparent d1sagreement in the half-life for Y®° as found by Caretto and Wiig

.- and Kln} et al. 2 has been resolved by the discovery of a 5-h isomeric state
. -in Y8

The work presented here was undertaken in order to clarify the
situation pertaining to the neutron-deficient yttrium isotopes with A < 84.

The Hilac was used to groduce neutron deficient yttrium isotopes by
7-% and Gab9(016, xn)Y85-X, For convenience,

dered arsenic metal with about 120-MeV carbon ions, while other reactions
were mainly used for corroborative purposes. The yttrium activities re-

.. ported here were also produced by spallation of natural strontium with
-240-MeV protons in the Berkeley 184-inch cyclotron. To aid in the identifi-

cation of Y®%, a few milligrams of enriched Sr8% (obtained from Separated
Isotopes Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) was

‘irradiated with 5- and 15-MéeV deuterons in the Crocker 60-inch cyclotron.

% ,
Condensed version of paper submitted to Inorg. Nucl. Chem. (UCRL-9995,

" Dec. 1961).

o TPe_rmanent address: Laboratorio di Radiochimica, Universita di Pavia,

Pavia, Italy.

IPermanent address: Department of Physics and Astronomy, Michigan
State University, East Lansing, Michigan.

1.77A. A. Caretto, Jr., and E. O. Wiig, J. Am. Chem. Soc. 74, 5235 (1952).

‘2. Y. E. Kim, D. J. Horen, and J. M. Hollander, unpublished data.

3. D. J. Horen and W. H. Kelly, Bull. Am. Phys. Soc. 7, 341 (1962).
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A, 3-1, Gamma-ray spectrum at 0° from the crystalline

c ‘axis of a cerium magnesium nitrate crystal, conta1n1ng

‘'Mn52, in an axial magnetic field of 200 gauss. The solid

. curve is the spectrum taken with the crystal at 1°K and the

.-, nuclei randomly oriented. The dotted curve is the spectrum
- taken at 0,0051 K, with the nuclei orlented This curve has

" been normalized to the solid curve. (It has only 0.4 the in-
- " "tensity of the solid curve, unnormalized, because of the large
T S y-ray anisotropy). The two curves coincide everywhere ex-

I cept in the 0.85- and 1.25-MéV regions, where y-ray peaks
are clearly resolved in the 0. 0051 K spectrum. -
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Experimental Results

Yttrium-82

After an irradiation of powdered arsenic metal with 120-MeV carbon
ions, the genetic relationship of v82 to its daughter Sr82 was established
by a series of iimed chemical separations (milkings). In these experiments
yttrium was extracted into a solution of toluene and HDEHP while strontium

- was simultaneously back-extracted into 0.1 N HCl.

Several days after the milking experiments were performed, the
strontium fractions were chemically isolated and measured with the scintil-
lation spectrometer and proportional counter. From these measurements
it was found that annihilation radiation, a weak 770-keV photon, and an
approximately 3-MeV positron branch decayed with about a 25-d half-life.

. These data are attributable to the decay of sr82 . rRb82 . Kr82. since it is

known that 25-d Sr82 decays by electron capture to l.3-min Rb82, which in
turn decays to Kr82 with the emission of 3.1-MeV and 2.3-MeV positron
branches and a weak 777-keV photon. 4 By counting the positrons with en-
ergies between 2 and 3 MeV, the yieid of Sr82 as a function of the time of the

- chemical separation of strontium from yttrium was obtained. Typical re-

sults are shown in Fig. A.4-1. From a number of such experiments, the
average value obtained for the half-life of Y82 is 9% 3 min.

Yttrium-83

The y-ray spectra of the strontium fractions milked from yttrium con-
tained prominent peaks at 38, 375, 511, 770, 1160, and 1520 keéV which de~
cayed with a 34-h half life. This activity is assigned to Sr83, since the latter
is known to decay with a similar half-life with the emission of a 1.2-MeV
positron branch. > Figure A. 4-2 shows the yield of the 375-keV peak as a

function of the time of the chemical separation of strontium from yttrium.

Consideration of the data from several experiments utilizing different pro-
duction modes of yttrium and different milking times leads to an average
value of 8+ 2 min for the half-life of Y83,

. Yttrium-84 -

When the yttrium fraction obtained from the bombardment of arsenic

" with Cl2'ions was chemically repurified approximately 2 hours after the
. irradiation, the y-ray spectrum decayed with a 39 2-min half-life. Stron-

tium fractions chemically separated from the yttrium activity at fixed time

/intervals (40 min) contained only 150- and 235-keV photons arising from the

decay of Sr85m and a very weak 513-keV photon from the decay of sr85,
The half-life of Y85 determined in this way is 3.0 0.2 h, in good agreement

' with the results of Kim et al. 2 The 39-min yttrium activity was also pro-
“duced by irradiating strontium enriched in Sr84 with 15-MeV deuterons,

. 4. Nuclear Data Sheets, National Academy of Sciences - National Research
- Council, NRC 59-1-67 (National Research Council, Washington, D. C.)

5. S. V. Castner and D. H. Templeton, Phys. Rev. 88, 126 {1952).
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> but not with 5-MeV deuterons. These data are consistent only with the
, - assignment of the 39-min activity to Y84, This half-life is in good agree-
'2'“ment with that obtained by Yamazaki et al. i - ' ‘

.6, T. Yamazaki, H. lkegami, M. Sakai, K. Saito, Y. Hashimoto, M. Fujioka,:
. H. Ohnuma, E. Takekoshi, J. Matsumoto, and A. Hashizume, (University
- of Tokyo Institute for Nuclear Studies) unpublished data; and prwate communi- -
;_.‘catlon from M Sakau, 1961, - : :

L "¢
5. ISOMERISM IN YTTRIUM-85")
‘Daniel J. Horen and William H. Kelly
Isomeng states with half-lives of 2.9+ 0,3 h and 4.7+ 0.2 h have been

_observed in Y By use of a plastic scintillator, the end-point energy of
the position spectrum associated with the 3-h level has been measured as

+ 1.8+ 0.4 MeV, and that with the 5-h state as 2.3+ 0.3 MeV. By means of

‘timed chemical separations of strontium from the parent yttrium, and y-ray
. decay data, it was found that the 3-h state decays to sr85m (spin and parity
“1/2.-). In addition to the y rays from the decay of Sr85m, photons of energy

R 710 keV- (Probable) and 935 keV have been observed in the decay of the 3-h

ct1v1ty
The scintillation spectrum of the 5-h activity is complex, consisting
~ coincidence measurements show that there is direct population of the 228- keV
. level (7/2 +) in Sr85. Although the isomeric transition has not been ob- -

. served, these data suggest that it is the (9/2+ - 1/2 -) M4 transition that
has been observed in.othercodd-mass; 'yttmumlvsotopes.

‘A tentat1ve decay scheme ‘with 1eve1s at 228,- 2.35, 780, 1013 1170,

4 12»53 2100 2173 2335, 2480, 262.0, and 2754 keV‘ has been constructed

7, 341 (1962)

.of more than 20 y rays with energies between 228 and 2800 keV. Beta- gamma v _
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6. THE LOW ENERGY STATES IN YTTRIUM-90(")
' Yeong E. Kim

90 1

Recently an isomeric state in the odd-odd nucleus Y* has been found,

“ . and it is interesting to see if this isomeric state can be explained in terms

of the j-j coupling shell model. Furthermore, as several other low energy

- states were reported previously, 2 it is worth while to perform a theoretical
-~ calculation of these observed low energy states, with the hope that it may
© provide us with useful information on the nature of the effective interaction
~u between protons and neutrons in the nucleus.

We use the central and tensor parts of the nuclear force, neglecting

" the spin-orbit force entirely. This practice is probably reasonable, as it
" - appears that the existence of the spin-orbit force in the nuclear force is

still questionable. The residual interaction of nucleons outside closed shells

- is not well known, and there seem to be no a priori reasons for retaining the
- same strength parameters of the free two-nucleon problem for the residual
.- interaction. However, owing to our ignorance of the exact form of the re-

~.sidual interaction, we rely upon the free two-nucleon force parameters in
est1mat1ng the strengths of our force, wh1ch we hope simulates the residual
- interaction.

It is assumed that 38 protons and 50 neutrons form closed-shell cores.

This assumptton simplifies the calculation, since there will be only one pro-
‘ton and one neutron outside this doublyiclosed shell core in Y’Y. The wave

' ;,-_'-functmn is then the j-j coupled new basis vector, which is a simple vector-
tcoupled product of the wave functions of nonidentical nucleon 1 and 2 (proton

~and neutron)

‘a) Rl(rl)R (rz) lJIJZJM> : ‘

Y Gymyipm,| MR, (< )3 )R (r?_)pZ ,_)
ml,mz

Now we assume that the Hamxltoman descrlblng this nucleus at low

- ehergy may be written as

H= H1+H +V12.

- : where H; and HZ are the s1ng1e -particle shell-model Ham11ton1an for par-
.. ticles 1 and 2, respectively, and V 12 is the two-body interaction between

part1c1e 1 and 2. This implies ,
APERHIVRTIES

T
Short version of paper in preparatlon for Phys. Rev. N

1 Y. E. Kim, D. J. Horen, and J. M. Hollander, Nucl. Phys. 31, 451

- (1962) (see this paper for references).

2. B. A. Bartholomew, P. J. Camplon, J. W. Knowles. and G. Manning,
Nuclear Phvs., 10. 590 (1959).
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where P".E‘E' pSE .P.T", and
‘even, singlet-even,. trlplet -od

bY

€l,

(r

as

- are the correspondmg" strength parameters.

the“etinfgle‘-'particle level for particle i. We treat V., as a
perturbagon ‘on-the central field H, of .the shell-model core, and evaluate
the f1rst-order perturbation term. The total energy for the state of a given

i=1,72,

- ,hlgher terms are neglected The values of ¢ 1, and conseq'uently'f _
of E. arv ‘obtamed from the e1genva1ue equatmn ' - e

e

)+v (e, )slz,

are the. pro;ectmn operators for the triplet--

and singlet- -odd states respectwely, and V'
512 13 the tensor operator

“.12- . 'UCRL-10624




| IURS JDRN WS, B B

Y

|

==

Ced Lt

ecd

baazd

el

L

S

i

.

- _the symbol [a] stands for [2a-+ 1];
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The centra.l-force matrix element can be expressed as

(a'lv (1‘13”3-> 7{[(VTE+V o)+ (VTE-‘V O)( 1).]1 +j2+J 12}

a1t o ¥ Von - ¥ 4150

1 oC o] C c i1 +i2+T],. C ’
+)-Vog - Vsg * V1o * Vso(-11 T e }(alU .(rlz’?s l"‘“)}'

- .where Pg is the smglet pro_)ectmn operator, and the operator plZ is
* defined as Pi 12 ' Jl JZ J) 'jZ Jl > . The matrix elements

"<alU (rlz)la> and (aIU (rlz) |a'> are given by -

g, b T 5
(@10Ce )Y = - 2t qu][azmlmzl
X ) Fyll 7' -3 ko), 53 ‘-—i—lkb>w'<315'1,jz,_5;,‘;k.:r).

-~

with the restriction that k + ll + 1’1 and k + [2 + 1':2 are both even, and

iy + 3 M N

j
e «/[Jlmzmﬂﬁ NI 11(121 [2! ][1"]

1 .
XW(’l 3y sz' 'I) Wey-5) 25z 0

X Z Filf) 0) 0 | k0) (£, 0 2 |k.0) Wi, £} zz z:z, k)i
~ o |

-1 The slater integral Fk is defined as

* * 2. 2 :
F, = R (r;) R (r,) R, (r.)R (r,)r,” r, dr.dr
Tk U nlll 1 nzlz 2 ,n'l 1'1_ 1 r.x'zl'z‘ 2 1 2  1 2
cos 8, .C '
X |d (-—-—z—-—-—-)P(cos GIZ)U‘ (rlz)

where Uc(r ) takea the Gaussian form exp( -Br ) with different values of g
for the corresponding states.
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| Here the radial functmn U (rlz) takes the forms
»U (rlz) = exp(- ﬁTEr ) for the triplet-even
T 2 .
= exp(-ﬁ.ror ) for the triplet-odd.
The angular part in terms of 3-, 6-, and 9-j symbols is
- s (XK = (Iy)Ky ., . .
(g | 701 I g 3y
iyt T A L, I3, 4
= -h 6 8151 Sppng |
. N l' c'
K i
X \[[Jll[Jz][JI] JZ] J 1][12‘][‘2'1][2 1
‘ ' 11 1 1 )
L Ll 1] s 21
. 2 2 2 2
Lyx 4N L,y LY |
1
X <£'l 21 x ) ﬁ .22 12 y .
0 00 0 00
<t . 2 s
it Ji k ‘LJZ" iy k |

Before the tensor force is introduced, the numerical calculations are
carried out extensively with'various central-force mixtures including Serber,

- Ferrell-Visscher, and Rosenfeld forces, and with various ranges. These

calculations have indicated that we musi introduce a fairly strong attractive

odd force to fit the experimental data. A calculation with one set of central-
.force parameters with rather strong attractive odd force, which is chosen
.80 as to fit both the doublet spacings of J = 2-, 3- and J = 2+, 7+, is shown

in Fig. A.6-1. Although the agreement with the experiment is good, there
is no justification for assuming the central force mixture of strong attractive

© odd-force.  Furthermore, this is not the only set of parameters that gives

rise to a good fit with the experiment, since there are other sets of the

' parameters that yield equally good fits., From the free-two-nucleon potential,
. it is known that the triplet-odd force is weak, and the singlet-odd is even

repulsive.

In order to include the tensor force in the residual interaction, we

- must decide the strength of the tensor force. Since the relative weight of

‘the central force with respect to the tensor force is not well known in the
residual force, we try to use the free two-nucleon potential in estimating
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the tensor-force parameters. Recent success of-O18 calculations by Dawson,

. Talmi, and Walecka” encourages us to try the Brueckner-Gammel-Thaler
. potential (BGT). 4 Because of the computational complexity involved, we

take a slightly different form of the potential from the BGT. We modiiy the

. Yukawa radial dependence with a hard core of the BGT potential by re-
‘placing it with the Gaussian radial function without the hard core, and treat
the hard-core effect as a repulsive short-range force. 5 The parameters

- of the simulated BGT potential adopted in this manner are listed in Table I.
 The diagonal tensor-force matrix elements

1 T 1 T
5 (@ 'PIEU (r},)5),]a Yand 3 (3[PpqU” (r),08;,]2)

.are plotted as a function of the range in Figs. A.6-2, A.6-3, and A, 6-4.
" As we can see from these figures, the tensor-force matrix elements are not

always a monotonically increasing function of the range. This is to be con-

~trasted with the fact that the central-force matrix elements are positive and

monotonically increasing functions with increasing range. The results of

. the calculation with the simulated BGT potential are shown schematically in
- Fig. A.6-5,

Although the experimental spectrum is not sufficiently resolved for us

 to conclude that our choice of the residual force is a good one, there is a
. remarkable agreement between the calculated spectrum and experiment if

one notes that several shell-model approximations have been made and the

', force parameters are not all adjusted arbitrarily. A slight increase of the

repulsive central singlet-odd force is sufficient to obtain the level sequence
of the experiment as shown in Fig. A.6-5, or we may increase the tensor-

-force strength slightly to fit the experiment. The better fitting of the spec-
-trum by increasing the central-odd or tensor force can be qualitatively

understood by considering the hard-core effect as a repulsive short-range
potential. The repulsive delta-function force affects only the central-even

force contribution because both the central-odd and tensor forces vanish in

the zero range limit. This effect may be considered as increases in the
strengths of the central-odd and tensor force relative to the central-even
force. Furthermore, the introduction of the tensor force makes it possible

to eliminate the unrealistic attractive central-odd forces. Concurrently,

the simulated BGT potential is used for Bi%10, 6 where the most of the ground-
state multiplet (total of nine levels out of possible ten) are resolved by the
high-resolution-éd, p) reaction on Bi209 at MIT.‘ The analysis of those
multiplets in Bi 1073150 indicates that the simulated BGT potential is a

rather good approximation for the residual interaction.

3. J. F. Dawson, I. Talmi, and J. D. Walecki, Ann. Phys. 18, 339 (1962).

' 4. K. A. Brueckner and J. L. Gammel, Phys. Rev. 109, 1023 (1958).
5. M. Bauer and M. Moshinsky, Nucl. Phys.. ﬁ, 615 (1957); L. Silverberg,

Arkiv Fysik 20, 355 (1961).

6. Y. E. Kim and J. O. Rasmussen, Energy Levels of Bi%210 and the Shell-
Model Residual Force, in preparation for submission to Nucl. Phys.

7. J. R. Erskine, W. W. Buechner,, and H. A. Enge, Phys. Rev. 128,
720 (1962). -
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" Fig. A.6-3., Diagonal tensor-odd force matrix elements for several
as a function of the range parameters.
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F1g. A.6-5, Comparison of the experiment and the calculated spectra

of Y90 with the simulated BGT potential. The symbols CF, TTE,

and TTO stand for the central, tensnr-odd forces respectively.
In the fifth column are shown the results when the singlet-odd

" central force is slightly increased (by a factor of 1.9). In
diagonalizing the matrix, the off- d1agona1 tensor force matrix
elements are neglected.
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Table I. The paféme’te‘rs for the simulated BGT potential.

States R . Strengths (MeV) ~ Ranges (F) _
© . Central triplet-even - S -877.39 _ 0.47828
Central singlet-even = S -434,0 . - 0.68965
+ Central triplet-odd ‘ - 14.0 1.0
.t . Central singlet-odd -~ +130.0 1.0
" Tensor triplet-even ‘ -159.40 0.95292
- Tensor triplet-odd + 22.0 : 1,25

o Finally a remark should be made on the shell-model residual inter-
. action, From the analysis of various shell-model calculations, the central
-, force alone (that is, without the tensor force) seems to approximate the
= residual force very well in most cases. This is probably because the

. tensor force in the residual interaction is rather small. However, the tene

sor-force contributions are not always negligible, and must be taken serious--

- ly in some cases, such as in Y’ presented here. The characteristic of the
"ir», tensor-force matrix element is that it may be either positive or negative,
.. sothat in some cases the tensor-force effects can not be exactly sxmuiated
Sy, ibya hnear combination of four central-force components. o
. / SO A concurrent work on F’oz'10 has indicated that the singlet- even part
“of the 'simulated BGT potential yields matrix elements that are rather {00
"large for the ground-state multiplet of" 'P0210," and new calculations are.

state mult1plets of B1210 and Poz

presently being made _with a somewhat weaker potent1a1 whxch flts the p round--» .‘ C
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7. THE MOSSBAUER EFFECT IN TELLURIUM-125;
QUADRUPOLE SPLITTING IN TELLURIUM METAL

 P. H. Barrett, R. B. Frankel, and D. A. Shirley

Tellurium-125 has two unstable isomeric states, a 58-day state at
145 keV and a l.6-nsec state at 35.5 keV (Fig. A.7-1). The latter, which
decays by an M1 transition to the ground state, is a good candidate for, the
Mdssbauer effect. This effect has been reported in two experiments. *#
In neither was the y ray clearly resolved nor was hyperfine structure seen.
- We have observed the 35.5-keV transition directly, resolving the y ray with
a proportional counter. >** The photon spectrum is shown in Fig. A.7-2.

A Mossbauer absorption of up to 25% was found at low termperatures
using a source of neutron-irradiated Tel24 metal and an absorber of Tel25
metal, both electroplated onto platinum backings. Quadrupole hyperfine
structure was clearly resolved. A characteristic 1:2:1 spectrum typical of
a doublet source and doublet absorber ig shown in Fig. A.7-3. The splitting
is 0.77 cm/sec, or 9.1%10-7 ev at 4.2 K. The excited state is confirmed
to have spin 3/2, and the half-life, deduced from the line width, is
1.54+£0.20 nsec. A plot of absorption vs temperature is shown in Fig. a.7-4.
Finally in Fig. A.7-5 is shown a spectrum taken with a source of SnTe. This
compound is cubic {therefore the field gradient and consequent quadrupole
coupling vanish by LaPlace's equation), and produces a single-line source.

- As expected, two lines of equal intensity are seen, split by 0.77 cm/sec, in
- good agreement with the Te:Te data.

1. N. Shikazono, T. Shoki, H. Takekoshi, and P. K. Tseng, J. Phys. Soc.
Japan 17, 1205 (1962).

2. P. Z. Hien, V. C. Shapiro, and V. S. Shpinel, Soviet Phys. JETP

- (English Transl.) 15, 489 (1962).

3. G. Friedlander and W. C. Orr, Phys. Rev. 84, 484 (1951).
4. J. C. Bowe and P. Axel, Phys. Rev. 85, 858 (1952).
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8. CONVERSION-ELECTRON MEASUREMENTS
IN THE DECAY OF 11.5-d BARIUM-131(¥)

William H. Kellyl and Daniel J. Horen
The internal-conversion eléctron spectrum of 11.5-d Bal3! was meas-

ured with ‘180° permanent-magnet photographic-recording spectrographs,
having field strengths of 50, 100, 150, and 340 gauss, with momentum

~ - resolution of approximately 0.1%. 1 In most cases, relative intensities of _
' the conversion lines were determined with a 25-cm double-focusing iron-core

spectrometer (DFIC), operated at a resolution of about 0.5%. Some meas-

 urements were performed with the new Berkeley iron-free spectrometer

(IF') with the baffles set to operate at a resolution of about 0.17%. Since
these measurements were made prior to the completion of the spectrometer
cooling system, they were restricted to energies of less than 200 keV.

The photon spectrum of Bal3! was measuted with a 7.6-cm-diam
NaI(T1l) crystal, 7.6 cm thick, at a sourcé-to~crystal distance of 20 cm.

"Analysis of these data yielded the relative photon intensities given in Table L
- For comparison, the results of August et al. are also presented. 2 To de-
- . termine the relative K x-ray intensity, a separate experiment was performed

in which a barium source was chemically purified and the photon spectrum

was measured with a 3.8 X2.5-cm crystal that had a thin beryllium cover. .
The relative K x-ray intensity so obtained has been corrécted for the small
amount of xenon K x-ray from the decay of thée daughter Cs!13! which had

grown in prior to the measurement. In correcting the K x-ray intensity,

account was alsotaken of the escape peak caused by the Kp x rays whose

~ energy is greater than the K binding energy in iodine.

~The i‘nﬁitipolatities of a numiber of transitions in Csl?’;l have been

. inferred from comparisons of the K/L ratios, Li-subshell ratios, and

internal-conversion coefficients with the theoretical values as computed by

- Rose, 3 and the results are given in Table II. Except where noted, the con-

.~ version coefficients have been obtained by normalizing the data for internal-
conversion electron and photon intensity.to a theoretical K-conversion
.coefficient of 0.02 for the 372.8-keV transition (50% E2 + 50% M1).

In their measurement of the half-life of the 123.7-keV state (see Fig.

A, 8-1) Bodenstedt et al. found that the 500-keV—-124 kéV coincidence delay
.- curve consisted of two components, i.e., 3.77+0.05 nsec and 13.3+ 0.5 nsec.
. These authors showed that the 3.77-nsec component was attributable to the

5

*_ . .'
Brief version of paper to be submitted to Nucl. Phys. (UCRL-10582, Oct. 1962).

' .: "T’Permanent address: Department of Physics and Astronomy, Michigan State

‘ University, East Lansing, Michigan.
1. W. G. Smith and J. M. Hollander, Phys. Rev. 101, 746 (1956).

2. L. S. August, R. W. Campbell and M. Goodrich, Bull. Am. Phys. Soc.
2

» 231 (1957); L. S. August, Thesis, Louisiana State University (1957); and

- R. W. Campbell, Thesis, Louisiana State University (1957).

- '3. M. E. Rose, "Internal Conversion Coefficients" (No'fth-Holland Publishing
Co., Amsterdam, 1958).

4. E. Bodenstedt, H. J. K8rner, C. Ginter, D. Hovestadt, and J. Radeloff,
Nuclear Phys. 20, 557 (1960).
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} . Table III. Total transition intensities in the decay of Ba”l.
)
. Transition " Relative electron intensity Relative photon Total transition intensity
i ’ energy i {arbitrary units} intensity (% EC decays)
" KX 4730
55.0 (34.2)% 55.7 (5.4)2 1.68
'3 78.6 55.7 8.5 (37)> 1.97
4’ 82.4 1.8 (e 0.05
92.3 27.8 > 0.45 (27.8)0 1.0
123.7 975 406 15504 52.0
133.5 43 9.0 116° 1660 2.98
. 137.1 1.0 2.2f 0.06
y "156.9 (2.6)8 0.3 514 0.96
215.8 100 8.0 1i20 21.9
T 239.2 9.2 1.66 146} 2.78
i 246.3 (3.5 0.53 69 356 1.3
< 248.8 8.8 1.76 141 2.69
294.0 - 0.34 (8.5} 0.16
I 323.9 0.06 (2.3)¢ 0.04
3 350.3 0.12 (5.2)¢ , 0.09
< 372.8 15.5 3.6 [7751k ! 14.1
403.9 (1.95)¢ 0.14 121 2.18
3 426.7 0.06 (4.4)¢ 0.08
§ 452.0 0.3 {25)¢ 0.45
'j 461.1 0.05 (4.5)¢ 0.08
480.4 0.32 0.04 331 0.59
"’3 486.4 1.04 0.11 109 2850 1.95
3 496.1 25.9 4,28 2710 48.6
d 573.1 0.06 141 o 0.25
584.8 0.42 0.06 . 96 1.7
1 619.6 0.32 0.03 83 1.48
; 674.2 0.05 z9m} 52 .52 .
- 696.5 0.04 23 .41
' 830.9 0.04 15 .27
3 914.1 = 0.005 } 46.2
4 922.9 0.09 0.009 46 B2
S 1046.5 0.12 0.014 80 . L4z
3Calculated by assuming theoretical K/L ratio (0.834) and L-conversion coefficient for an E2
'3 transition (see Table II),
j bCalculated by assuming theoretical 'K-convel‘sion coefficient for an M1 transition (see Table II}.
€Calculated by assuming theoretical K-conversion coeflicient for a 50% M1 + 50% E2 transition.
'_'i ) dCalculated by assuming theoretical K-conversion cocfﬁcif:nt for an E2 transition (see Table 1I).
3 ;S:}:u;;;ted assuming theoretical K-conversion coefficient for a 80% M1 + 20% E2 transition (see

fCalculated assuming theoretical K-conversion cocfficient for an E2 transition.

8Calculated assuming theoretical K/L ratio for an M1 transition (see Table IlI}.

hCalculated assuming theoretical K/L ratio for a 50% M1 + 50% E2 transition,

! Photon intensity distributed on the basie of K and L electron intensities of the 239.2-, 246.3-, and
248.8-keV conversion lines. .

JCalculated assuming theoretical K-conversion coefficient, oy = 0.04.

Levremaniond

L kPhatt.m relative intensity scale normalized to the theoretical 50% M1 + 50% E2 conversion
: coefficient of the 372.8-keV transition, ay = 0.02.
1

S ' o Photon intensity distributed according to K-conversion electron intensities.

5
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§
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half-life of the 123.7-keV state, and the 13.3-nsec component to the 133.5-
keV state. We have remeasured the 500-124-keV delay curve and have also
found that it consisted of two components corresponding to half-lives of
3.49%0.31 nsec and 12.7+ 1.0 nsec, in good agreement with the data of
Bodenstedt et al.

Energy and intensity sums have been used to construct the decay
scheme of 11.5-d Bal3! as shown in Fig. A.8-1. That the 78.6-keV transi-
tion originates from a level at this energy is definitely established by the
observance of the 137.1- and 294.0-keV transitions between the 78.6-keV
level and the 215.8- and 372.8-keV levels, respectively. The level at
696.5 keV, first suggested by August et al. 2 on the basis of coincidences
between photons of energies 216 and 500 keV (480.4 keV in this work), is
verified by the detection of transitions leading from this level to the ground,
123.,7-, and 372.8-keV states. The level at 584.8 keV has not been proposed
previously.

Table 1II shows the transition intensities in percent electron-capture

 decays as calculated for the decay scheme shown in Fig. A.8-1. The num-

ber of K x rays expected on the basis of this decay scheme is equal within
experimental error to the measured value given in Table I. - Hence there

‘appears to be no capture to the first four states in Csi3l, Also shown in

Fig. A.8-1 are the percent electron-capture branches and log ft values for
them. The log ft values were calculated on the assumption of a'total decay
energy of. 1164 keV. 5 '

As a result of this work we note:
(a) A consistent decay scheme for 11.5-d Ba131~ has been constructed
which clarifies most of the known experimental data.

(b) Acceptance of the presently available experimental data per se does
not yet allow definite spin assignments to all known levels in csl3l, (For
further enlightenment concerning this comment, reference should be made

to the UCRL report pertaining to this work, /issued as UCRL-10582, Dec. 1962.)

(c) Our tentative spin assignment of 3/2+ for the 133.5-keV level does not
allow a comparison of these results with the theoretical calculations of
Person and Rasmussen. (The latter authors based their calculations on

. spins of 1/2+ and 7/2+ , respectively, for the 123.7- and 133.5-keV levels. )

5. B. L. Robinson, Bull. Am. Phys. Soc. 7, 541 (1962).
~-6. L. W. Person and J. Q. Rasmussen, Nuclear Phys. 36, 666 (1962).
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Table II. Summary of data pertammg to mult1pole order assxgnmenta of 5
: transitions in the decay of Ba. kN 1
Transition K/L -. L/L./L a, - - Multipole érder . oy
energy T U ¥ e ¢4 ‘ K ‘ " ”?
) (keV) ' . ;
550 . ;- T VA XYL R0 . E2. _
18,6 . 8.7£0,9 " 1/0.12/<0.06*" © U Mlor 98% M1 + < z% E2 “S
923 o 1/.../.. _ R M1 .
123.7 - 7 3,0x0,20 1/1.25/1635b1 0.23%0.04%: 4 “E2or E2 + <'10% M1’ .
133,85 63207 . 1/0.25/0,25%: B , : £ 80% M1 + 20% E2 1
186,97 T ' e " 0.006€ : Ml ‘ I;«;
2188 . %67 1/0.16/...3r¢ 0.093%0.0109 M1 or M1 + E2 '
239.2° - 8.3%1.2 o 0.063 Ml or M1 + E2 !
2488 .0 T2xls - 0.062 ;- E2orMIl+E2 i
372.8 [ >sof : - 0.02620.0064 | "Mlor Ml't E2 -
. w e . e . :
4039 . o 0.0012¢ . -3
480,41 752190 - . ~0.0097 . M1+ E2 )
‘ . 486.4. 7 9axls ' - 0.0096 . 'Mlor Ml+E2- .
496.1 - "7.3£0.8 - . 0.012+0.002% Ml or M1 + E2 - .
R 15 ’ S 0.0043 o j
via 0 584.8 7.2x1.85 0.0042 " E2 7
. 619.5 1038 - 0.0039 E2 or M1 + E2 -
674.2 o ©0.0017 ‘ 4
696.5 0.0017 .
830.9 . . - 0.0027 - Ml + E2 .
.- 9229  9x38 . £.0020 . Ml + E2 o
1646.5  8.4%1.68 0.0015 Ml + E2 e
* Determmed v1sua.11y from photographlc plates of permanent magnet spectrometers. . o
2 bMeasured with iron- free ‘spectrometer. ‘ . o
= Thls valué is for the L-conversmn coefﬁcient. i -
) Ty o
dMeasured by the 1nternal external conversion method (IEC). ' it
! ®The K 246.3 line.is composxte ‘with the L 215.8 line, and its contribution to the latter has not - ., o
g . ;been removed, _hence the low K/L ratio. (See text for further comment,. ) o i o -
o 'I‘he K 403. 9 line is comp051te with the L 372.8 hne, a.nd its. contnbunon to the latter has not ’
been removed; hence the low K/L ratio. ' -
) ,gFor these transxtu_:ms the ratio is K/LM.‘ e S R . . . s ) v v ._ . S
o »,J
f - "3
y ; ‘
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9. CHARACTERISTICS OF THE DECAY OF BARIUM-131m( )
Daniel J. Horen, William H. Kelly, T and L. Yaffe}

Sources of Bal3lm were produced by bombarding sodium iodide with

a about 38-MeV Lil ions in the Hilac. After chemical purification, the decay
of Ba M was studied by scintillation techniques. The singles photon ‘ :

spectrum measured with a 2.5-cm-diam X 3-mm-thick NaI{T1) crystal is ¢

§ shown in Fig. A, 9-1 (curve A). The entire photon spectrum could be ' '
= attributed to Bal3lm and the ground state of Ba 1 (weak, and not shown
' . in Fig. A, 9-1). The half-life of Bal3lm was determined by following the
% : decay of the 107-keV photon for 8 hours. The 107-keV photon intensity de-

TIPS 5
oy .

cayed with a half-life of 14,6% 0,2 minutes over a period of eight half-lives. J

The singles photon spectrum was found to consist of K x-ray, 78 % 5-keV
photon, and 107 % 3-keV photon peaks, with relative intensities of 88+ 16,
2.4 1.2, and 100, respectively. Coincidence measurements (27 = 10-7 sec)
showed that the 107 -keV photon was in coincidence with L x rays, K x rays,
and the 78-keV photon (Fig. A.9-1, curve B), with relative intensities of
> 8.4, 24%2.2, and 2.4, respectively, . b

g From the coincidence data, the K-conversion coefficient of the 78-keV s

transition was determined as o 7 = 12.3+ 1.5, For the total conversion '

_coefficient for their transition we obtained 078 = 96 19, That the 78-keV ' 4

% \‘ transition has multipolarity E3.is shown by the agreement of these results o

; ' with the theoretical values as cal culated by Rose (a.K = 12.3, a = 117) for
an E3 transition.

Knowledge of the K- and total-conversion coeffunents of the 78 keV _
transition allowed the determination of the K-conversion coefficient of the 7
107-keV transition from'the relative intensities of the K x ray and photons. '
We found a,."Y* = 0.90%0.15, which lies between the theoretical K-conver-
sion coefficients” for an M1l transition [ay(M1) = 0.7] and an E2 transition
[a (E2) = 1.0]. Thus the 107-keV transition appears to have multipolarity
ﬁl - Ml+ E2. :

T R P S T e

o ‘ Un_fortuna.tely, the ground-state spin of Bal3! has not yet been meas-

n -~ ured, although it is expected to be 1/2 + or 3/2 +. In view of this uncertainty,

E] I we offer the following three possible interpretations of our data (summarized
in Flg A, 9-2).

- Condensed version of padper submitted to Phys. Rev. (UCRL-10413, Aug. 1962).

“4444

TPerrn::mem: address: Department of Phys1cs and Astronomy, Michigan State :
University, East Lansing, Michigan,

E’ ' _ ISummer visitor from the Department of Chemistry, McGill Un1vers1ty. '
- Montreal, Canada.

i l. M. E. Rose, Internal Conversion Coefficients (North-Holland Publishing
i . Company, Amsterdam, 1958).
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The deca_y of Ba.131m pfoceeds as
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11 E3 . 5 .3, MI+E2 1

10. THE NUCLEAR SPIN OF NEOD YMIUM-141{*)
Sey—mour S Alpert, Burton Budick, Edgar Lipworth, and Rxchard Marrus

The spin of 2.5- h neodymium-141 was measured by the method of
atomic beams and found to be 3/2. Six resolved "flop-in' resonances were
. observed at various values of the magnetic field. 'I'he observed transitions
are of the types (F'= 11/2, Myp = -1/2 <+ F = 11/2, M = -5/2) and
C(F=9/2, My = /2« F = 9/éF Mp = -3/2). The radioactive 150tope was
produced in the Berkeley 60-inch cyclotron by the reaction prl4l (p, n)Ndlz‘L1

Beam was detected by collection on freshly flamed platinum foils, which

v

of neutrons or protons

-were counted in cont1nuous flow beta counters.

Abstract for meetmg of the Amencan Phys1cal Socxety, Bull Am. Phys

Soc. 7, 239 (1962).

. 11. THE g FACTOR OF THE 2.083-MeV STATE OF CERIUM-1401%)

R. M. Levy and D. A. Shirley

One of the major advances in low- energy nuclear physms in recent
years has been the development of theoretical methods for studying even-

even spherical nuclei. Much of the theory of superconductivity has been
carried over to treat such nuclei, with considerable success. A fairly

detailed treatment has Heen applied to nuclei with a single closed shell (SCS)
Cerium- 140 with a closed shell of 82 neutrons as

Bnef version of paper subm1tted to Phys. Letters (UL,RL 10454, Sept. 1962).

177 L. S. Kisslinger and R. A. Sorenson, Kgl. Danske Videnskab.: Selskab
Mat. -Fys. Medd. 32, No. 9 (1960).
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well as a closed subshell of 58 protons, is thus one.of the SCS nuclei ac-
cessible to this theory. The 2.083-MeV level of Cel40 has a lifetime of
4.97 nsec, ¢ and is thus sufficiently long-lived for an experimental study of
its g factor, a parameter that affords a sensitive test of the wave functions
proposed for nucleon states. In this case three possible descriptions of the
2.083~-MeV 4+ state are available. We list them, along with their g factors:

(a) l (g7/2)2> 4 g =+ 0.49, o
(b) ‘g'?/z d5/2>4; 8 =;" 0.95,
(c) | (d5/2)2)4; g =+ 1.92.

The Schmidt limits were used to obtain these values. We have determined
the g factor experimentally as g = + 1.08%0.10 by observing the rotation of
the 329-keV-487-keV y-y angular correlation pattern in an external magnetic
field perpendicular to the correlation plane. 3" The correlation paltterns are
shown in Fig. A, 1l-1.

This result may be interpreted in two ways: (a) The state is nearly
pure |g7 2 dg 24+ oF (b} the state is a very strong admixture of the three
possibilities above. It is clear that neither of the pure quasi-particle states,
!(d5/2)2)4 or \(g7{2)2‘>4, is allowed by the data. It is interesting that if one

g factor of +0.79 for the spin-7/2 ground state of isotonic
Lal39 and +1.94 4 for the spin-5/2 ground state of isotonic prl4l, it is
possible to couple to a 4+ state with g = +1.16, within the limits of error of
the expéerimental value. This may be a more valid procedure than using the
Schmidt limits, as we have done above.

2. W. M. Currie, Nucl. Phys. 32, 574 (1962).

3. An erroneous result was reported in Phys.. Letters 3, 46 (1962).
Correction of a computational error leads to the g factor reported here.

4. This is the average of two values. There is_considefable uncertainty in

this number.

- 12, PSEUDO-QUADRUPOLE COUPLING IN PROMETHIUM IS’OTOPES'(*) ‘

- R. W. Grant and D. A.‘ Shirley

Pseudo-quadrupole coupling is a magnetic effect arising in second-
order perturbation theory. A low-lying singlet is connected with a higher
doublet in such a way as to produce hyperfine splitting of a quadrupolar form
in the singlet state. The coupling constant depends on the nuclear magnetic
moment and spin,

—
Brief version of paper submitted to Phys. Rev. (UCRL-10472, Sept. 1962).
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P! = C! Hz/f‘. . (1)

Here C' is a constant. In the conventional electric quadrupole case the .
coupling constant depends on the nuclear quadrupole moment and spin,

P = CQ/4I(21-1). (2)

In practice only the sum P" = P' + P can be measured. Usually P dominates,

It is an old problem in atomic spectroscopy to separate the two interactions.

In recent nuclear orientation experiments a pseudo-quadrupole effect

. was observed for Pm*3 ions in cerium magnesium nitrate. 2 We have ex-
.. tended this work to several Pm isotopes and evaluated the constant C" in
" Eq. (1). We find

= (+1.01%0.17) X 1073 cm-l(nm)-‘z.

- The validity of the pseudo-quadrupolar form for this interaction was estab-~

lished by comparison of the theoretical temperature dependence of nuclear
orientation with experimental results on Pm and Pm (Figs. A.12-1
and A, 12-2).

. . ' . +3 . . .
Theoretical electronic wave functions for Pm ~ in cerium magnesium

" nitrate are given in Table I. The experimental value of C' given above

requires that the lowest singlet and doublet be separated by only about

1 cm-l Coupling constants for the Pm isotopes in this crystal as well as

in neodymium ethylsulfate are given in Table II. From these constants

. nuclear morments may be derived:

o

Bi4ga1q) = 1-80%0.18,
Flag = 3.3 % 0.5,

The last value was derived from the data of Chapman et al, - Finally, by
comblnlng these data with dec gf scheme work +4 we can establish the .
spins of all the levels in Pmi and Sm ,- shown in Fig. A.12-3.

1. C. H. Townes, Handbuchkder Physik, Vol. 38/1, p. 402.

2. C. J. s. Chapman, M. A. Grace, J. M. Gregory, and C. V., Sowter,
Proc. Roy. Soc. {London) A259, 377 (1960). :

3. C. F. Schwerdtfeger, E. G. Funk, Jr., andJ W. Nihelich, Phys.

" Rev. 125, 1641 (1962).

4. C. W. Reich, R. P. Schuman, J. R. Berreth, M. K. Brice, and
R. L. Heath, Phys. Rev. 127, 192 (1962).
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Table I.- Energies and wave functions of the eigenstates of 514 Pm+3

'in CMN, calculated from crystal field theory.

‘Energies De'generécy o Wave functions in J  notation
(cm*‘l)' B B ‘
181,66 1 +0.561+3) + 0.61]0) - 0.56]-3)
-162.82 2 +0.66[+4) ¥ 0.73[% 1) + 0.21[F 2)
-123.51 2 +0,475|x4) + 0.181% 1) ¥ 0.86|F 2)

172.53 - 1 +0.71]43) + 0.711-3)
o 193.91 2 +0.59|% 4) + 0.66|£1) + 0.46/%2)
. 194.00 1 | ~0.43|+3) + 0.79|0) + 0.43]-3)

————

. Table II.- Hyperfine-structure coupling constants, A, and total quadrupole

coupling constants, P', for several Pm isotopes in NES and CMN,
respectively. Errors are given parenthetically. '

~

. Isotope L I-spin A(IO-3 cm-l) P"(VIO-3 cm-l)
m'4 s/2 29 (3) 2.2 (.3)
o 7/2 ' 22 (2) 1,25 (.20)
Coed® 5 6.5 (.5) 011 (1)
o | 6 5.6 (.5) - 0.073 (.004)
 (5.4-day) Pm’'*® T 35 (4) 3.3 (1)
' (41-day) Pm'*® 6. .. 5.8 (3)  emeee- --
Pm'? o2 R ST © 0.88 (.2)
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by the method of atomic-beam magnetlc resonance.

'and praseodymmm are. produced by pile irradiation.
. -duced in the Berkeley 60-inch cyclotron by bombarding holmium with.proetons.
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13 NUCLEAR SPINS:OF NEODYMIUM 149, PRASEODYMIUM-143
- =1 AND ERBIUM=- 165( )

~ Burton Budxck Walter: M Doyle, _ Rlchard Marrus, | -
. and leham A. Nierenberg @'

The spms of three radicactive rare earth isotopes have been measured

49(1=5/2), Prl43(1=7/2) and Erl

They are found to be

(I 5/2). The radioactive reodymium

The erbium is pro-

" All three isotopes are.collected on platinum foils and their decay rates
;. measured. The isotopes can be positively identified by the method of pro-
' '.'_“ductmn, the: measured 8_]‘ values, and the measured half-lives. o

P

Abstract for meetmg of Amencan Physmal Soc1ety, Bull Am Phys. Soc.‘;

X 2

476 (1962)

14, ANOMALOUS QUADRUPOLE COUPLING IN .

: EUROPIUM ETHYLSULFATE(¥)

B. R Judd, C. A Lovejoy, a.ndD A Sh1r1ey

One of the 51gn1f1cant trends in chemical: and atomic physics. in the

past few years has been the increasing awareness, both experimental and

RN theoretical, of small hyperfine-structure éffects that cannot be explained
' by the very:simplest models 1nvolv1ng only valence electrons.in pure, non-
These effects are observed, for example,

" inte racting hydrogenlike orbitals.’

%% in somme internal magnetic fields, in antishielding,” and in the influence on

f.il.from Russell-Saunders. couphng

o A":-f«_,m second-order perturbation theory, between the. ground.singlet.and. a. hlgher '
_-doublet characterized by [J=2, J .
»._"t'the YZ component of the crystallme field.

W
' o P
Ty T,
I
o
o

e

‘;‘

Mo

- hyperfiné'structure of higher-order crystal-field interactions and deviations

i EHictthas shown! that Eu+3, nommally in a 7F state ‘and theremre
_dev01d of hyperfine structure, should exhibit a small quadrupole effect in
‘- certain crystals, such as rare earth ethylsulfates, arising from interaction, .

xper1ments on Eul®% and Eu

- effect, but of twice the expected magnitude. and opposite sign.
is: attrlbuted to antlslueldmg A leadmg term in the ant1sh1e1d1ng cors ectlon—

Bnef vorsmn of pubhshed paper,
R .J' Elhott, Proc. Phys. Soc

Phys. Rev. 128, 1733 (1962)
(London) 703, 119 (1957)
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by
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= 0). The interaction takes place via

. In attemptmg to observe1 ‘%215 second-order effect in nuclear o;'iéi'ritation -
in neodymium ethylsulfate: we found :
- The duierence
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.the admixing of the 5p 6p D state into the closed-shell state 5p6 IISO, via

the crystal-field potential - was calculated and found to account for over

~1/3 of the discrepancy.

The spins of 2~ states at 1531 keV in Sm!52 and at 1400 and 1723 keV
in Gd15%, as well as the pre electric dipole multipolarity of radiations de-
populating these states, were established. The quadrupole moment of Eul54

- was found to be 3.29# 0.37 barns. It is interesting to calculate the intrinsic,

or deformation-dependent, quadrupole moments of the four europium isotopes
with neutron numbers 88 through 91. The intrinsic quadrupole moment Q

o may be calculated from the sgectroscopic quadrupole moment Q, in these
.cases, using the relationship

= Q{1 + 1)/1] [(21 + 3)/(2I - L)].

Intrinsic moments calculated in this way are given in Table 1. . In Fig. A. 14-1

.we have plotted QO against neutron number. It is evident that the onset of

nuclear deformation occurs rather abruptly at 88 neutrons.

Table I.  Quadrupecle moments of europium.

| Isotope Q : QO - Reference
Eul?l - +0.95 (10)2 +2.66 (28) 3
Eul3? 2.61 (20) 6.26 (50) 4 4
Eulb3 +2.42 (20) . 46.78 {56) 3
- Eulb4 3.24 (37) 7.78 (.88) this work

a. Standard deviations are given in parentheses. We are responsible for

assigning standard deviations to derived quantities.

. 2. A. Bohr and B. R. Mottexson, Kgl. Danske Videnskab. Selskab Mat. -Eys.
‘Medd. 27, No. 16 (1953).

3. K. Krebs and R. Winkler, Naturwiss. 3__7_, 490 (1960).
-7 . 4. Seymour S. Alpert (Lawrence Radiation Léboratorjr, Berkeley), private

communication; also Seymour S. Alper 1:I The Moments, Spins, and Hg}zserfine
3(21-n), Nd14l (2.5-n), Eul®2(13-y7),
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15. EUROPIUM-151: A NEW MUSSBAUER NUCLEUS( )
D. A. Shirley, Morton Kaplan, R. W. Grant, and D. A. Keller

A serious limitation on application of the Mtssbauer effect has been

' the scarcity of nuclei for which it is applicable. In fact only Fe>? and Snll9
. have had wide application to date. It seemed useful to find a rare earth
_ isotope which could exhibit the effect at high temperatures and with which it

was possible to produce a single-line source. These two criteria eliminate
nearly all the possibilities; indeed only trivalent Eul3! and divalent Sm149
pass both tests. Both have low-energy (22-keV) y transitions, so an apprec-
iable effect could be exp%cted even at room_temperature. In addition both
have the configuration 4f°. Thus the level TF, is the lowest electronic state.
This level has zero angular momentum, thus ?’co first order) no hyperfine
structure, and a single-line source could be expected.

We have observed and studied the Mdssbauer effect in Eu151, using a
source and absorber of EupO;. Self-absorption in the source was minimized
by using enriched Euld3, A typical room-temperature velocity spectrum is
shown in Fig. A.15-1. In Fig. A.15-2 is shown an absorption curve taken

-at 77 K. These data were best fitted with a characteristic Debye temperature

of 8 = 125°K, while at room temperature a Debye temperature of 6 = 185°K
gave thebestfit. This increase: of the apparent Debye temperature with increasing
ambient temperature is evidence for the presence of optical branches in the
phonon spectrum of the Eu,;05 lattice.

Some nuclear information was also obtained. From the observed line-

width of 0.23 m/sec and the observed magnitude of absorption, a value_of
T = 12% 3 nsec may be set for the mean life of the 21.7-keV level of Eulsl,

s
Brief version of published paper, Phys. Rev. 127, 2097 (1962).
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" 16." LIFETIME OF THE 21.7-keV STATE IN EUROPIUM-151(*)
_Daniel J. Horen, H. H. Bolotin} and W. H. Kelly?

Recently, Shirley et al. observed the Mdssbauer effect of the 21.7-keV
‘transition in Eul5l and were able to place a lower limit of 6.8 nsec on its
“half-life. . Early attempts to measure this half-life by delayed coincidence
techmques proved inconclusive. 2 During the course of this work, Berlovich ;
et al. reported. its value as 3.4+ 0.2 nsec. 3 their investigation, the latter 4
authors used thin stilbene crystals to detect coincidences between the K- ,
.conversion electrons from the 175- keV transition and L, M, and N electrons - 7
from the 21.7-keV transition.

| - For this study, C}dls:l was produced by a (p, n) reaction on Eu,0
(enr1ched in Eul> ), from which it was separated by the usual ion- exc gange
- techmques :

. 1
| QPSR ¢

v
v

"The decay of 140-d Gal5! populates the 21.7-keV level of Eu151. Al- .
“.though many workers have investigated this decay, 3 5'8 a final decdy scheme !
~has not yet been presented. - However, from a summarization of the previous . -
s work, it appears as though the scheme shown in Fig. A. 16-1 is the best R

" available at this time. Some qualitative coincidence experiments on our -
_jpart were in agreement with this proposed scheme. For our purposes, we =
‘Iwere mamly concerned with the manner in which the 21.7-keV level i¢ pop- ) R

““fulated. The excess intensity of the K x-ray and 21.7-keV transitions relative '

R :; to the other transitions suggested that the 21.7-keV level.is predomma atly fed
_....by electron capture. . By photon-photon coincidence experiments,’ we have
/" .shown th1s to be so. S ' ' B S LA

-

Lo
: Pape r 1o be submltted to Nucl. Phys :' '

'v,f.v"TSummer visitor, 1962; present address Argonne National Lab01at01Yr L !
- Argonne, Illinois. . v _ A ‘ - ' .'» B

.': “$Permanent address: Department of Physms and Astronomy, M1ch1gcnn - '_:'}
- State Un1vers1ty, East Lansing, Michigan. o o v e

" 1. Dl AL Sh1r1ey, M. Kaplan, R. W. Grant, andD AL Keller, Phy< Rev. o
o127, 2097 (1962). o : B

2. V.S, Shirley and J. O. Rasmussen, Phys Rev.. 109, 2092 <1958) see .
s reference 20 in this paper as well as text on p. 2094 N

. 3 "E. Ye. Berlovich, Yu, K. Gusev, V. V.»Ilyln, V. V. N1k1t1n, and
M K. ‘Nikitin, Nucl. Phys. 37, 469 (1962). ‘

- 4. The sources were kindly provided by Dr. D A. Shirley of this Laboratory ‘ %
Y -"'__5 A. Bisi, E. Germagnoli, and L. Zappa, Nucl Phys. 3, 671 (195ﬂ)

6 N. M. Anton'eva, A. A. Bashllov, B. S. Dzhelepov, and B. K. e
- Preobrazhenskn, Bull. Acad. Sci. U.S.S.R. (translation) 22, 134 (1958). .~ )

.'-,:1:.'-,1_7. G. M. Gorodmskn, A. N. Murin, V. N. Pokrovsk1, andB R o e
",Preobrazhensku, Bull. Acad Sc1. U. S S. R. (translatmn) 21 1611 (1957) i

"+, 8.° B. S. Dzhelepov and V. A.- Serg1enko. Bull. Acad Sci. U.S.S.R.
“v_‘._(translatlon) 23, 203 (1959) B o
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For the half-life measurements, the 21.7-keV photon was detected in .

_ ; a 2.54-cm- -diam X 0.3-cm-thick NaI{T1l) crystal with a 0.13-mm berylhum
"~ ‘cover. A similar crystal was used to detect the K x-rays. A

R

“B,1=cm-diam X 5.1 ~cm-thick Nal(T1) crystal was used to gate on the 175-
. and; 155-keV photons. The electronics consisted of a typical fast-slow

" coincidence system, utilizing a time-to-height converter and 2 RIDL 400-
7+ channel analyzer. Measurements were performed in both 90° and 180°

. geometry with identical results.

|

";:».'155'{, 175-keV = 21.7-keV Coincidences |

One method of measuring the half-life. of the 21.7-keV state was as

" follows: The pulses from the 5.1X5.1-cm scintillation spectrometer were
~. fed into two single~channel analyzers, one set to pass pulses with heights
~ corresponding to the lower third of the 155- to 175-keV composite photon

peak and the other set to pass pulses from the upper third. The outputs of
- these analyzers were put in slow coincidence with the output of a third

single-channel analyzer, which gated on pulses with helghts corresponding
. to the upper half of the 21.7-keV photon peak detected in the thin Nal crystal.

~-The 400-channel analyzer was gated by the output of the slow coincidence
"+ circuit, and programmed to record the delay curve arising from the lower’

- -third of the 155+ 175-keV peak (henceforth designated as 155-keV delay
"% curve) in the first half of the memory, and from the upper third (henceforth
..~ designated as 175-keV delay curve) in the second half of the memory The
+ results ‘are.shown in Fig. A.16-2. .

v

The 155-keV delay curve e.r1ses predorh1naht1y from prompt coincidences

i between the 155-keV photon and K-x-ray-initiated events which result in

IR

‘. the 21.7-keV state in Eu

. pulse-heights that gate the single-channel analyzer set to pass the upper half -
*.of the 21.7-keV photon. If one considers this curve as representing the
. Mprompt" curve, then the half-life of the 21.7-keV state can be determined
- . from the slope of the 175-keV delay curve. - The latter yields a value
.. T1/5 = 10.4 nsec. It should be noted that the 155-keV delay curve has not
' beén corrected for contributions from other cascades. Analysis has shown
@ " that the 175-keV delay curve contains less than about 20% prompt coincidences,
o F;;'assunnng the 155-keV delay curve represents the ''prompt'' spectrum. '

" In view of the. la.r%e discrepancy between our value for the half-life of
1 and that reported by Berlovich et al., ? we have

o analyzed the data shown in Fig. A.16-2 by.the centroid shift method. 9 Ssince

we have not ""purified' either the 155-keV "prompt' curve nor the 175-keV
.- delay curve, we consider such an analysis ¥alid only to determine a lower

limit for the half-life of the 21.7-kéeV state in Eulbl.  Of course, this also

..includes the assumption that the lifetime of the 352-keV level is short enough
~'sothat it in itself does not influence the results of such an ana1y51s The

2 value so obtamed was Ty 2 6.8 nsec.

K -X- RJ' - 21 7- keV Comc1dences

Two thm NaI crystals were used to measure the delay curve ar1smg

from co1nc1dences between K x-rays and 21 7 -keVvV photons The single-channel

|97z Bay, Phys. Rev. 77, 419 (1950).
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_-analyzers were set to gate on the upper halves of the K-x-ray and 21.7-keV . . %

1 .~ -:: " photon peaks, respectively. Curve A in Fig. A.16-3 shows the K-x-ray~- '
.7 . - 21.7-keV delay curve so obtained. Curve B in this figure represents the e,
| -+ 7. ""prompt' curve obtained by inserting a 0.038-mm gold absorber between : wl
7.~ the source and the detector used to select the 21.7-keV photon. From the
... slope of the K-x-ray=-21.7-keV delay curve we obtain Tj/, = 9.5 nsec _‘ )

| - .r . for the half-life of the 21.7-keV state. Treatment of the data shown in e
| .+ - Fig. A.16-3 by the centroid shift method yielded T}/2 >6.8 nsec. ' Ly
|

‘ .The discrepancy between the half-life determinations by the slope B
ol ‘method and centroid shift method was believed to be caused by the presence = %f
7 of prompt coincidences in the K-x-ray - 21,7-keV delay curve. To in- o
. vestigate this possibility, as well as to check that the circuitry was functioning -
. . properly, we narrowed the window of the analyzer used to detect the 21.7-keV
* 7" photon and recorded a number of delay curves with the threshold varied over
"4 . an energy range from 10 to 35 keV. With the threshold set at 35 keV, the
. delay curve was similar to that shown by curve B in Fig. A.16-3. When the
. . -threshold was lowered so as to gate on 21.7-keV photons, the result was '
‘. .similar to curve A in Fig. A, 16-3. As the threshold was further reduced, =
‘., the slope of the delay curve corresponded to 9.7 nsec, but the peak began S
... "to show the type of structure expected to result from a composite prompt A
- and delay curve. When the threshold was set at 10 keV, the delay curve L
‘.- again resembled the '"prompt' curve (curve B in Fig. A.16-3), except that 5

N
S

1

o

& _'\f.’; the slopes were shghtly lower (i.e., longer fall-off). : , : Jl;)
'Af~ - We conclude from these results that our measured delay curves con- - r
" 'tain a component due to prompt coincidences, and that the half-life of the _ ('J’,

- 21.7-keV state in Eu can be determined from their slopes. From a num- "

E .;::':”Z-;. ber of least-square fits to the curves, our best value for this half-life is
....._..>T1/2-97i05nsec. o

[

e ' The large discrepancy between our value (Ty1/2 = 9.7+0.5 nsec) and
S that reported by Berlovich et al. ('1“ > = 3.4%0.2 nsec) for the half-life of 5
" the 21.7-keV state in Eulbl is not un(f rstood. However, our results are in :A‘ﬁ;'zi
. good agreement with the lower limit of 6.8 nsec set by Shlrley et al on the. -
© “..7 basis of their Modssbauer scatterlng expenments ‘ A
o R
The half life determined in this work and the total conversion coeffi- s

o cient (ap = 29.1) for the 21.7-keV transitionlO allows one to calculate its :
~./absolute transition probability as T, = 2.42X10° sec~ -1, A cl:ompanson - W
.« with that calculated by the Moskowski single-particle formula. shows that g
“ &% " this f-forbidden M1 transition is hindered by a factor of 118. Utilizing the
.+ l*.data given in Table I of the pape* by Berlovich et al. 3 for the analogous £~ ~
© forbidden M1 transitions in Eul4? (229.5 keV) and Eul49 (150 keV), and re-
v calculating their hindrance factors, we obtain values of 107 and 71, respec-
_tively. That the hindrance factor for the trans1 ion in EulS5l is larger than
. those for the transitions in Eul47 and Eul49 appears to invalidate the con-
..+ clusion drawn by Berlovich et al. 3 that the hindrance factor for these Ml ,
. s+ transitions decreases monotomcally when approachmg the deformation region
o (e, N>88) - , |

LN

boisnlla

o
s

[T

- T0. WL T. Achor, W. E. Ph1111ps, J. 1. Hopkins, and S. K. Haynes, Phys. ~

" Rev. 114, 137 (1959). 5
11, S A, Moszkowski, in Beta and Gamma- ~-Ray Spectroscopy: ed1ted by

K Slegbahn (North- Holland Pubhshmg Co., Amsterdam, 1955): Chap 13
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6d'®' coincidence curves:
(A) Delay

(B) "Prompt”
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MU-28903

Fig. A.16-3. Gd151 coincidences.

A: Kx ray-21-keV delay spectrum; _
~ B: "'prompt'' spectrum obtained by inserting
0. 38 mm gold absorber.
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.. 17. NUCLEAR SPIN OF Tblél (%),

» Isaac Maleh and Rithar’d Marrus

The nuclear spin of 7~ -day Tb161 has been measured by means of an

f_:,atomlc -beam magnetic-resonance flop-in experiment. A spin of 3€ was
... determined inthe J = 13/2 and 11/2 levels of the conflguratlon (4£)¢
"~ atoms were collected on flamed platinum foils and detected in continuous- .

51. The

flow B counters. Identification was ascertained by measurmg the half-life.

'I‘he radmactwe 1sotope was produced from stable Gd metal in the » ed.ctzon '

G 160( )Gdl()l v 37}m1nv Th 161

The spm of 3/2 can be explained by a state assxgnment of 2d3/2 for

rig,the 65 protons or by the Nilsson state [411] 3+

T . Abstract for meetmg of Amencan Physmal Soc1ety, Bull Am. Phys. Soc.
; 7 477 (1962) :

_18'; COULOMB EXCITATION OF TERBIUM-159,
R HOLMIUM 165, AND THULIUM-169 WITH
, ' OXYGEN-16 IONS (%)

R1chard M. Diamond and F. S. Stephens

" 'I‘he Coulom excitation of ’]f'bls9 H0165 and Tml69 has been studied

u51ng 60-MeV 016 jons produced at the Hilac. Both y-ray and electron

. vspectra were taken. The data are not reproduced in detail here (see full
.”freport }s but the level schemes deduced-are shown in Figs. A, 18-1, A 18-2,
andA 18 3. - :

' Three types of levels have been excited. Firstly, intrinsic (or single

'+ 'particle) levels were seen in Tb 159 at 971 and 348 keV and probably in Tm169
-+ at ~ 900-keV. All of these are thought to be reached by E2 excitation from
-‘the ground state. The 361 keV intrinsic state in Holb5 is probably populated . .
.. mainly by El decay from the 514 keV band and hence is not a direct excitation -
:“from the ground state. In each case, assignment could be made to an ex-

. pected’ Nilssonl orbital, and the only further comment we will make is that _
.'the E2 strengths to these levels, 0.3-1.0 single particle unit, are rather large’
.7 and most. likely due to Coriolis admixtures of these states into their re~

- % i spective ground states. ~Such mixing, even though small, can introduce large

N .~ E2 transition probab111t1es because of the very large collective quadrupole
.moments of nuclei in this region. The other two types of level seen are both
“‘collective in nature.  As expected the most promment exc1tat1ons were those

3 Br1e£ versmn of paper subm1tted to Nucl Phys (UCRL ‘10557)1
LT L s G Nllsson, Kgl Danske Videnskab.- Selskab Mat. -Fys. Medd. 29,
Ce No. 16 (1955) .
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win the ground state rotational band. The large- E2 strengths made it poss1ble,

¢+ wthrough the mult1p1e excitation process, to excite as many as eight members
.. 7of the band. The other type of collective excitation produced bands which

iseem to be related to the ground state by K = K *2. We are calling these -

Mottelson? although it must be recognized that the results of our measure- '
" ments do not give any obvious means of distinguishing between different -

'models which provide collective excitations with change of K by two units.

' Some of the systematic propertles observed in the two types of coilective

- levels W111 be summar1zed in the following paragraphs. _ :

The Ko 2. gamma vibrational band is seen in Hol65 (514 keV band), in. .
S 7 TB159 (580 keV band), and probably in Tm169 (570 keV band). The Kyt2
: -ygamma band is séen in Hol65 (687 kev band) and goss1bly in the other two

" three cases the K,-2 band lies lower in energy, by 170 keV in Ho 165, and

L probabl)([ by 600 or 700 keV in the other cases, ' It is interesting to note that

"~in Rel87, the’ only othér odd mass nuclei where gamma bands have been

v, reasonably well established, 3 it is the K,-2 bands alone that are seen. A

- " reasonable implication is that these bands lie lower in energy than the Kgt+2-
.bands. As far as we know there has been no thedretical treatment of the

:relative energies expected for such bands. While it seems quite reasonable"

“and Tm169 is surprising. Even if our tentative K. +2 assignments are not 3
v,lfco_rrect in thése cases, the failure of this band to show up at lower energies .
i still i_m;glie’s a large splitting., The difference between these cases and that

" of Hol65, which has a considerably smaller splitting, is not clear.

.. . between these vibrational states and their respective ground states is in all

+. .cases bétween one and two single particle units. Furthermore, the indication'
.. is that in a given nucleus the E2 strengths to the Kpt2 and K,-2 bands from

.- .the ground state are nearly equal. The relative E2 transition probabilities

for de-excitation of these bands in Hol65 (in Tb159 and Tm169 they de-

' ’ -l excite principally by M1 radiation) followed the pred1ct1ons of the vector

. -addition coefficients with a slight modification for mixing of the ground and
- vibrational states; as has been observed by O. B. N1elsen4 in even-even

" nuclei. The evidence is fairly strong that this mixing correction is necessary. .

- The relative E2 transition probabilities for Coulomb excitirig the members
-of these bands in all three nuclei seemed also to follow the modified vector.
.addition coeff1c1ents, but are subject to additional torrections which inre not
-/well known and may be large, due to the effects of multlple Coulomo j:;fx- PR
| citation and 1ntraband rotat1onal de exc1tat10ns R §

2 -A. Bohr and B R Mottelson, Kgl Danske V1denskab Selskab Mat -Fys
“Medd. 27, No. 16 (1953); A, Bohr, Kgl. Danske. V1denskab Selskab Mat, - .
. Fys. Medd. 26, No.- 14 (1952) . ; ; S

3 c. J. Gallagher, W F Edwards, and G.. Manmng, Nucli P'hy‘s;. f;l_9_,'
;18 (1950). |

-' 4. O B. N1elsen, in Proceedlngs of the Rutherford Jubllee Inte rnatic ~nal’
" Conference, (Heywood and Company Ltd., London 1961); p.. 31¢;. P.r Liregers:,
Hansen, "O." B:, Nielsen, 'and:R.. K. Shel‘m_e, Nucl. Phys. 12, 413 (l'f‘:")

““states "gammaw~vibrational states'' following the terminology of Bohr and | i ... .

" nuclei (~ 1280 and ~ 1170 keV in Tb159 and Tm ,. respectively). In-all ‘ L

‘to us that the KO -2 band should be lower, the magnitude of the splitting in Tb159

-The E2 transltion probabilities {for a vector addl’ition coefficient of unity)
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A surprising result was that when ]Kvibl = |K n\d! *1, as is the case for

the K,-2 bands of both Tb}59 and Tm169, the de-exd ting transitions were pre--

dominantly M1 rather than E2, For these particular cases, Ml transitions -
are not K-forbidden. In fact, the appropriate vector addition coefficients
should be those for [K ;| = |K,,ql: and the data followed these within our.
limits of error. Such transitions, however, are not expected in a pure vi-
brational model. On this model we also would not have expected the relatively
fast El transition(s) observed to occur in Hol65 hetween the Ky-2 gamma '
band and a nearby intrinsi¢ state (361 keV).

The occurrence of such transitions does rot argue against the collective
nature of these states, which seems to us to be rather strongly suggéested.
Even a lack of K-purity in these states is not indicated. The disagreement
is with the detailed vibrational description, and particularly in the case of
the E1 transitions, it is not clear to us that reasonable admixtures of nearby
states can account for the observed transition moments. In this regard it
would be interesting to see calculations based onh the Davydov-Filippov model. 5
In this model such transitions are not in general forbidden. On the other hand
Davydov's calculation for j = Q= 1/2 is also in very poor quantitative agree-
ment with our data on Tm109 where 2 = 1/2. It remains to be seen if re-
laxing the requirement, j = 1/2, can bring this calculation into agreement
with the experimental data.

The feature most interesting to us in thé ground state rotational bands

~was the term in the energy formula of the form: +C(-)I+l‘('I-l/Z)(I+l/2')(I+3/Z).
" This term occurred in both Tb15% and Tm109, Such a term was predicted,

and is the result of mixing between K = 3/2 and anomalously-spaced (afog
K=1/2 bands. We have tentatively ascribed almost all the effect in Tb 59,
and about one-half of the effect in Tm169 to Coriolis mixing between these
two particular levels. As far as we can tell, all the data are consistent with

. this analysis; the only unexpected result is a Coriolis matrix elernent between

these two states which is about three times larger than that calculated from

.the Nilsson wave functions.

© 5. A. S. Davydov and G. F. Filippov, Zh. Eksptl. i Teor. Fiz. 35, 440

(1958); A. S. Davydov, Zh. Eksptl. i Teor. Fiz. 36, 1555 (1959);"A. S.

Davydov; Nucl. Phys. 16, 597 (1960); and others.

|
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19 HYPERFINE STRUCTURE OF ERBIUM- 169(*)
Walter M. Doyle and Richard Marrus o

- The hyperfme structure of radloactlve Erlég('I‘1 5 = 9.4 days) has

‘resonance method. The apparatus used was of sufficient accuracy to meas- .
‘ure the nuclear dipole moment directly through its interaction with the ex~
ternal magnetic field. 'The results are A = 725.46(31) Mc, 'gJ— -1.16381(5),
and gy = 5.55(27) X 10‘4, where A is the dlpole interaction  constant, and

. the electronic and nuclear g factors, gy and gy, are given in units of Bohr
.™agnetons., The nuclear magnetic moment inferred from g; and corrected

W1th that obta.med from A by usmg the <1/r > va,lue given by Lindgren.

o - . ~.

Abstrac't”af?"thRLv-10484;f'Ndv; 1962.‘- s

20, HYPERFINE STRUCTURES AND NUCLEAR MOMENTS
The reader seekmg further 1nforrnat1on on such nuclear and atom1c
"properues may be interested in & recent report of related work:

Matthew B. Whlte, Hy erfine Structures and Nuclear Moments . -
 of LulTém, Brso 'Om and 1132 (thesxs), _UCRL 10321,
- Sept. 1962 S o . .

" The paper. descrlbes determlnatlons (b’y‘the ‘Tnethod of atomic-beam
L radmfrequency spectroscopy) of magnetic dipole interaction constants and

spm I and the. electromc gy factor for- Lu17 m,

. ::.'»__'_;.._}i e In add1t1on, I,saac Maleh is computlng results (which will be reported

‘soon) of measuring the ma%netm dipole interaction constant and the electric
quadrupole constant for Er by means of an atomic=- beam magnetxc ress-

onance ﬂop -in techmque u31ng rad1oact1ve detectlon. :

-been studied in the 3H electronic ground state by the 4fomic-beam magnetic~ -

Jfor dlamagnetlc shielding is py = 0.513(25) - This value of py is consmtent': E

_electric quadrupole interaction constants for the 1sotopes listed, also nuclear N
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21. NUCLEAR SPIN OF TUNGSTEN-187(*)
~ Walter M. Doyle and Richard Marrus

The nuclear spin of 24-h tungsten has been measured bythe atomic-

. beam magnetic-resonance method and found to be 3/2. The beam was pro-

duced by electron bombardment of a 0.010-in. -diam tungsten wire, and

- detection was by collection on platinum foils and subsequent p-counting. De-
~ cay plots of resonance foils served to identify the isotope. The results are

consistent with a collective-model assignment of the state 3/2-[512] for the

- 113th neutron.

.. ' Abstract for meeting of American Physical Society, Bull. Am. Phys. Soc.
.1, 476 (1962). v

171 (%)
. HYPERFINE STRUCTURE OF

Isaac Maleh

69T™

The his of 69Tm171 (I =1/2) has been measured by the atomic-beam

" magnetic-resonance flop-in technique. The results are

~

lal = 372(9) Mc,
gy = -1.14116(10).

When the ap r§>x1mate wave functions of Judd and Lmdgrenl are uoed to
}7 » the magnetic moment obtained is '

[uf = 0.242(15) nm.

Based on unpublished results of G. Ritter on Tm169 and the Ferrrn Segré

.
\

b= 0.225(10).

+ +.The isotope was produced according to the rea!ction

170 171 171 - . : _:
B mES msm o (1.9 yr).

: Abstract for meetmg of Aznerlcan Physical Soc1ety, Bull Am Phy.gs Soc.
-7, 606 (1962). : ; '

1’,. B. R. Juddand I Lindgren, Phys. Rev. 22, 1807‘ (1962).
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N 23, ISCMERIC LEVELS IN THE LIGHT THAL‘LI’UI\/I ISOTOPES
“Richard M. Diamond and F. S. Stephens

i

“+lived activities and of gamma-ray cascades occurring as the last step of a =
“nuclear reaction. By 1rrad1at1 ? suitable targets at the Hilac with heavy
.ions ranging from ZHe to 4
. 200 to mass 191 have been produced according to the type reaction, . !
b atb-x
| 81- ZX + Y 81'I'l | fxn.
: _”Those transitions followmg the decay of metastable states having half- 11ves
“in the range of milliseconds to minutes can then be observed very cleanly
.-in the intervals between the 3-msec-long Hilac beam bursts (65 to 165 msec,
'depending upon the repetition rate used), by either a y-ray or (most often in
this' study) an electron spectrometer. : '

g From the electron spectra, the energles and intensities of the various
“lines could be determined., Mass assignments of these lines could be made
from the nature (projectile, target, and energy) of the irradiation and, in

" many cases, the lines could be identified with prev1ously known transitions.
;-Irrad1at1ons at two slightly different projectile energies helped with the mass:
.-assignments and showed which transitions belonged to the same cascads.
“Measurement of the half-lives of the principal electron lines observed also

~ showed which transitions were associated with a particular metastable state,
~as well as determining the half-life of that state. From the experimental

“ical conversion coefficients of Sliv and Band.

~and odd-mass isotopes shown in Figs. A.23-1 and A, 23-2, respectively.
K ._’Among1 the even mass nuclel, the sequence of _E3 transitions prevxoubly
knownl in T1204 and T1202 was extended to T1%00 with the observation of a

“37-msec 213-keV E3 transition. A 539-keV E2 of the same half-life and of
“the same total transition intensity was the only other radiation obse;ved for
‘_“mass 200, and with a known ground state spin of 2- suggests the siriple
gEog)élzo(f.Z)Z cascade shown in Fig. A.23-1, in complete analogy ‘mth

. = . . ’ ' L . . L

K Wlth the odd-mass nuclel, the two prevxously known E3 tran 1tL6ns in
~.and’ 71193 were found.  The energies and half- hves of the new trans1L1ons

“found that the E3 transition went to the 3/2+ flrst excited state, and not to
‘the. 5/2+ state as had been s §gested for T1197, 1952 The evidence for this -
-is quite substanna,l In Tl19 T1195 and T1197 the 5/2+->3/2-£— transn::.on

4

. J A, McDonell, R Stockendal C S Herrlander, and I Bequtrom,v*
«Nucl Phys 3 513 (1957) SR : BRI ¢ :

2. 'G. Andersson, E. Arbman, and B. Jung. “Arkiv. Fysik 11, 297 (2 957);
L.Lei Go Andersson; P A Tove, B. Jung, andI B. Svensson, Nucl Phys _3_,
- 493 (1957) : .

This pé.per reports the beginning of a series of investigations of short~ .

» excited thallium nuclei from mass number' O

o K/L electron ratios, multipole assignments were made by use of the theoret- -

The results are summarized in the level schemes for the even-mass . .

“71197 and T1195 were observed, 2 and the corresponding transitions in T1199

“fit in very well with the previously known ones. But in all four cases it was
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MUB-I515

Level schemes of the even-mass thallium isotopes.

Only the transitions from the decay of the metastable 7+

' states are shown.
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is completely missing from the cascade following the isomeric level, and in

~ - T1199 it occurs to only a few percent of the E3 intensity, being fed by a
' 29-keV M2 transition as shown in Fig. A.23-2. (It was not possible to prove
. the M2 nature of this transition, however.) Furthermore, the angular dis-
~ tribution of the 367- and 382-keV photons of T1199m i35 consistent with the

9/2-(E3)3/2+ (M1-E2)1/2+ cascade required by such a scheme.

Oné of the main results of this work, then, is the assignment of the
isomeric levels in 11199 and 11193 ag 9/2- states, as well as the corres-
ponding ones in T1197 ang T1195, previously assigned as hjj/, single-

- particle states. 22 3 Since there are no 9/2- levéls readily available in this
‘region from a strict single-particle model approach {(the hg/) orbital from

‘the next shell lies considerably higher in energy), the observed levels must

-be largely collective in nature. One way of producing such.a 9/2- level is
. to couple the,hll/z proton hole explicitly to two {(or more) unpaired neutrons

or neutron holes. Another less detailed way is to couple the h; 1/2 proton

" hole to a collective 2+ excitation (vibration) of the residual even-even core.

These are not different models, but correspond to two different levels of
analysis of the same type of (collective) state.

Although the 9/2— level lies lowest, the il/Z— or 13/2- level (or b?th?)
of such a series of collective states must not lie very much higher in T1 9

~and T1195. The half-lives for the electron-capture decay of pbl97m an4

Pbl95m ryle out the possibility of direct electron capture from the i) 3!2
idden

- isomeric states in lead to the 9/2- states in thallium; such first-forb
- unique decays would require impossibly large decay energies to yield the
“ observed half-lives. Thus, the decays most likely proceed via the 11/2- or

13/2- level in the odd-mass thalliums. The discovery and identification of

" the latter levels in some thallium isotopes would certainly shed additional

light on the nature of these states, and such an investigation is in progress.
(This work is reported as UCRL-10603, and is to be submitted to Nucl. Phys.)

3. I. Bergstrdm and G. Andersson, Arkiv Fysik, 12, 415 (1957).

. 24, ENERGY LEVELS OF BISMUTH-210 AND THE
SHELL-MODEL RESIDUAL }fORCE(")

Yeong E. Kim and John O. Rasmussen

The low-lying energy level spectrum of Bi210 has been the object of

"several shell-model theoretical studies. The nucleus has one proton and

one neutron beyond the doubly closed shell nucleus Pb208, and the lowest

" proton orbital is h /2 and the lowest neutron orbital gq/,. One_ thus expects
- a low-lying multip?et

of ten levels with spins from 0 to'9 for Bi2l0, with
the experimental determination eight years ago of a ground-state spinof 1 a

- difficult problem was posed for shell-model theory, for almost any reasonable

Brief version of paper in preparation for Nuclear Physics.
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1;.attract1ve central force mixture acting between the neutron and proton brings. ‘
. spin 0 lower than spin 1, whereas experimentally the spin 0 lies 47 keV T
_higher, Newby and Konopmskl made qualitative arguments that an attracti\{e” o
.(t'ensor force would operate in the sense needed to explain the discrepancy.
Later, alpha-spectroscopic studies with the long-lived Bl?‘10 showed i
it to be at 250 keV, and it is now generally assumed to be the 9-member of . .
~ - the multiplet. With this experimental information Kharitonov, Sliv, and :
- Sogomanova began shell-model theoretical work anew. 2 They used a phe-
-~nomenological Gaussian central force with triplet and smglet strengths
+. -adjustable but with no space-exchange components; that is, they used a force
" -with Wigner and Bartlett components only. They resolved the difficult prob-
" lem of the spin-1 ground state in the following manner: By increasing the
.+ -strength of the singlet force the spin-1 member of the higher hg/o-i11/2
.1 multiplet is strongly lowered, without any effect on the spin-0 state, which
it o is purely triplet. By also lowering somewhat the gg/;-to- ij1/2 neuiron
'~ “. orbital spacing from that observed in Pb209, they f1nally bring the spin-1 ST _
. state from the upper multiplet down to be the ground state, and the wave :
" functions of their Table 3 show the ground state to be 88% 9/2 111/2

Sk Now the low-energy, hlgh—"‘esolutmn (d, p) reaction studies by Erskine
et al. on Bi%209 nave presented a wealth of new information on the hg/ 89/2
7 multiplet, 3 and necessitate a thorough reexamination of the shell-m%del
’ " theory. They resolve nine of the expected ten levels of the h 2 g9 g; multiplet
© . 3 and make tentative spin assignments on the basis that the reactlon ross
.~ . sections are proportional to 2I+1, with the assumption that the configuration =
"+ - is pure, Furthermore, they see higher multiplets attributable to ca pture of S
* the neutrons into d5 2 and s, /, excited orbitals.. The multiplets arising ’
| “from capture into 1 or jg/, orbitals are weak and not resolved:zom-
/pletely, presumably]{ecause tée h1gh orbital angular- momentum tra '(sfers
are- strongly discriminated against in the (d, p) reactlon C

T Flgure A.24-1 shows Erskine's spectrum with indicated level numbers
. The spins are assigned in sequence of J =1, 0, 9, 2, 3, 5and & (or 5 and 7),
4, 6; and 7 (or 8),. with corresponding level numbers 0, 1, 2, 3, 4, 5, 6, 7,
~and 8. These results strongly indicate that the ground state involves mainly
.. the g9 » neutron orbital and not the iyy/2. Erskine made shell-mocdel calcu-;
- lat1on! with a finite Gaussian Serber force (central-even components only)

" "as a function of range. 4 He took a singlet-to-triplet strength ratio of 0.66,
‘reasonable from free- -space two-body scattering and from other ‘shell-

‘. model work. At a. force range of 2.7 F he finds a fairly good fit for.all

e except the sp1n 0 and l levels, whxch are. 1nverted from thelr expex*mental
‘- order. : SRR S . :

22 "Yu. I.. Kharltonov, L A Slw, and G A Sogomonova, Nuclear Phys s
-"28 2.10 (1961) AR AT Co . :
3 J. R Erskme, _W W Bueckner, and H A Enge, Phys. Rev 128,_.7_20-
f4. J R Erskme (Massachussetts Instxtute of Technology), prlvate '

v commumcatlon. : .

‘ 10 N Newby, Jr», and E. J Konop1nsk1, Phys Rev.' 11 15, 434 (1959).°
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Fig. A.24-1. Spectrum of protons from the (d, p) reaction on 81209.

as observed by Erskine et al. (reference 3).
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v At this point we felt it most important to make a quantitative evaluation .
" 'of the tensor-force matrix element with a realistic radial dependence. o
The tensor force can be written with the use of projection operatbrs aé_ '

T

Vi) = L e PrE VTE" 2) * V10 Pro 'I‘O(rlz)] 12"

L f?_"where P and P~ are the projection operators for the tr1p1et even and
RN 'trlplet oé"‘dEstates with the correspondmg strenaths V%E and- V'I‘O’ and SlZ S
C s the tensor opera.tor of the form . T o ’

S,, = 3(0 12) o mia) g
12 7 z .
o T2

e I’~Fo;f‘th_é r'a;dia'l déﬁendencé-, ‘we assume the Gaussian form ’:. T :
N T RUC S T L R S L
Upg = exPl-Bpg ) Upg = expl-Bro*) 0

' "(_Thé_m‘atrixvélémient of the tensor forice-vVT(r-'l'Z') ma'y‘bé_'written as

<a31 JZJM[V (x Z)lc, Jl B T M>
“}‘ gE [(“ J1 Jz E M IUTE z) 512 l ol J'1 Jz ! M'>
(a Jvl JZ K M o2 E(r 2) Slzl o Jz J'l I M'.)]v R '
[(“ J1 Jz IM ‘Ufro 12)512 l“ J1 32 y M'> o

_-,_(aJl JZ ‘z P12 | ,.Jz__,Jl_; S B

Z <a IF |°' > W(lxly, K 2) :

i vt et L

| (l*{)K _-,(l")K L -
X (Jl JZJMIT Ty M’> 3
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. and

- <a.|ny|o.'>- = .5 Z.<a. l ri”rjla'> Xij’ | fori,j=1,2;
‘ N kij _ o '

"
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11

= & 20k 0 |xo0),

4 ! |
X, = /TS- N2ytl  (20k 0|y 0),

"
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. Nt ) (2y41) (1 0k 0 |x0) (10K 0]y 0)
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L '\ = 2 2
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- 0 0 -
: 1 cos 012 UT(rlz)
-1 | 12
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. Whu.re the symbol [2] stands for [2at1]. . T
Flgures A.24-2 through A. 24-5 present the results for the diagonal
contr1but10n of the tensor-even and tensor-odd forces on the hqg/s g 39/2, o
~multiplet as a function of the range parameter. The results confired the o
o qualitative predictions of Newby and Konopinski, for an attractive :ensor SR
. force, both even and odd components, is quite repulsive for the spin-0 state. e
.. At ranges comparable to the free-space ranges of Gammel and Thaler the . |

" tensor force affects the spin-1 in an opposite sense to the spin-0, and it has
. only a rather small effect on the states of spin-2 or higher.

Since so few shell-model calculations have been made with a realistic &
- range tensor force, we turnto a comparison with the Brueckner-Gammel- L
", Thaler® force for the two nucleons in free space. That this comparisonis . o
v’ a useful guideline is remforced by the success of the calculations by Dawson, . |
‘Talmi, and Walecka® on the O18 spectrum, using the free-space.of Brueckner,

o Gammel, and Thaler mcludmg tensor force and the hard core with Yukawa ~ = m
SR rad1a1 dependence. ’

o To obtain an idea of the BiZIO spectrum if the Brueckner-Gammel-

..~ Thaler potential were used, we try to {fit the medium distances of the Yukawa
.- potentials by (a) taking the same range parameters of the Yukawa potential

“ for the Gaussian, and matchmg the two potentials at the radial disiance
‘equal to the same ranges, and (b) takmg the Gaussian range (l/e point) equal
¢ to twice the Yukawa range parameter ( Z/2 point), and matching the values

. of the potentials at this point. Two sets of the _Ga_ussxan parameters thus I
+ obtained are shown in Table L, o o ‘ _ S e

..Table 1. The parameters for the simulated BGT potentials. For each’
force, the strengths are given in the upper row, and the ranges in the -

. lower row. The radial dependence is the Yukawa form with a hard

. ~.core (core radius 0.4 F) for the BGT, and the Gauss1an without the : :
°"  hard core for the simulated BGT. = . T

:,‘TI_Potentlal L . ... - Central force ' . ~ _Tensor force

Simulated . -877.39  -434.0 -14 0 ‘_;;;._-};_+13o.o- -159.40  +22.0 © 7}

: _o 47828(F) 0. 68965 _._Q' o Lo 0.95292 1.25
,f'éimulate’d".“"1.'_"‘."_.,_'-j-161(1\3;I<iv) -79 83 . v:_‘-z457 e +z37?1 '___;._2.9,32_ o .4..0_5 |
BOTUD. - 0.95656(F) 1. 37930 2.0 o 2.0 190584 2.5

5 K A Brueckner and J L Gammel, Phys Rev 109, 1023 (1958) o -
: 'é. 7. F. Dawson, 1. Talml, and 1. D. Walecka, Ann. Phys. (N. Y. ) 18,
339 (1962) - : _ ,
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In Figs. A.24-6 and A. 24-7 we plot the effect on the h

-multiplet of adding successive components of the simulated C?!m 1 Thaler

force. The hgé dS/Z and h9/2 $1/2 multiplets seen in the (d, p} reaction .

", are also plotte

In the Gammel-Thaler force an attractive tensor-even and a repulsive

"tensor-odd force {with odd force weaker but longer-range) are prescribed.

In order to get a satisfactory fit in either case, it is necessary only to some-
what weaken the repulsive tensor-odd force component which seems too
much to attenuate the effect of the attractive tensor-even in reverting spin-0

- and 1 states. In the first case, we find that it is sufficient to shorten the

range of tensor-odd to that of tensor-even, while increasing the depth of its

| - potential slightly. In the doubled-range case a good fit is obtained by omitting

the tensor-odd force altogether.

The tensor force indeed seems to correct the order and spacing of the
troublesome spin-0 and 1 levels. At the short ranges employed, the tensor
force acts so specifically on these two levels that it is not possible to simulate

- it by a linear combination of the four central-force components.

We see that the fitting of the calculated spectrum with the experiment
is quite good, realizing that the spin a551gnments by the 2J+1 rule may ‘be
uncertain as to interchange of adjacent spin values.

A recent calculation of Po210 spectra indicated that the singlet-even
part of the simulated BGT potentials is somewhat too strong, and a new

calculation is now being made with a modified potential which is consistent
+ with the ground-state and low-energy properties of the deuteron. :

(5]
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25. ISOMERS OF ASTATINE-204 AND ASTATINE-206

P. E. Thoresen, Frank Asaro, and I. Perlman -

y Previous bombardments of bismuth with high-energy a particles from
" .the 184-inch cyclotron have produced a 25-min electron-capture isotope,
which was ass%réed to At 04. and a 2.7-hour electron-capture isotope
‘assigned to At The At206 assignment has been confirmed by Stoner. 2
More recent bombardments of gold with carbon ions have produced a 9-min

-alpha-emitting and electron-c g)turmg isomer assxgned to At204 and a 25-min .

alpha emitter assigned to At2 In the carbon ion bombardments no trace
“was observed of the 30-min At204, although a special effort was made to

» r detect it. 3, 4

One of the objects of this work is to determine if the 9-min At20% apg
30-min At206 are made in an a- particle bombardment of bismuth, and to
confirm if possible the 25-min At204 and 3.7-hour At206 isotopes. We

" bombarded a fused Bi,O3 target with 330-MeV a particles from the 184-inch

~cyclotron. The target was 2.5 cm high and 0.2 ¢cm wide perpendicular to the
- beam, and about 1 cm long parallel to the beam. The resulting energies of
. the a particles within the target varied from about 330 to 100 MeV.

After bombardment the Bi O3 target, which was wrapped in platinum

' foil containing a narrow slit, was heated by high-frequency induction. The

. Bi, O3 melted, and the At vaporized onto 2 cold plate above the slit. This
" plate then served as a source for "'recoil milking'" of the polonium 1sc)topes« _'

produced by electron capture of the astatine.

- In the recoil m1lk1ng process, a negative potentlal of 300 volts is-
"~ . applied to.a collector plate with respect to the plate containing the astatine.

. isotopes, about 1/8 in. away. When the At isotopes electron-capture, the

. resulting charged polonium isotopes are ejected onto the collector plate.

S Some astatine is also collected because it is ionized by the radio-
. activity of the source, but this was removed by ﬂammg the platinum collector .

; -_-'jpla.tes at the end of collection.

The flamed plates were placed in alpha grld chambers, where the

; p0204 and Po206 content could be measured by the alpha spectra. The re-

- sulting decay curves for the At parents determined by successive recoil

milkings are shown in Figs. A.25-1 and A. 25-2. It is seen that 9-min "’

t204 and 30-min At‘zo,6 are indeed produced in the alpha bombardments of ..

- '.'"“"",'Bl ‘The amount of the longer-lived isomers of At20% ang At206 produced
...--in our bombardments was less than 5% of the mass of the shorter-lived

) 1somers

“G. W. Barton, A Gh1orso,vand1 Perlman, Phys Re‘} 82, 13'(1951')

2. A, W, Stoner, Nuclear Propertles of Some’ Neutron- Def1c1ent Isotopes

| " of Emanatmn, Polomum, ~and Astatme \Thes1s), UCRL-3471, June 1956.

@t

Bloa g
W Tam

3.~ 'R. W. Hoff, F. Asaro, and I. Perlman, Bull. Am. Phys. Soc. II4, 293 (1959).

4. Robert M. Latimer, Glen E. Gordon, and T. Darrah Thomas, Alpha-

* + Particle Branching Ratio for Neutron- Def1<‘1ent Astatine Isotopes, UCRL-
. 9217, June 1960.
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Reprinted from THE PHYsicAL Review, Vol. 127, No. 3, 917-922, August 1, 1962
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26. : Isomeric State of Po™*}

I. PEriMAN, F. Asaro, A, GHIORSO, A. LArsH, AND R. LATIMER
Lawrence Radiation Laboratory, University of California, Berkeley, California

U _ (Received March 16, 1962)

ren S An isomer of Po®* with a half-life of (45.1:£0.6) sec and an excitation energy of 2.93 MeV has been
> : ’ positively identified by chemical and nuclear spectroscopic techniques. The isomer decays to known states
___}, . of Pb®5 by the emission of alpha particles with energies and intensities of (11.65:£0.02)MeV-97%,

(9.084-0.015)MeV~(1.00::0.04)%, and (8.524-0.015)MeV-(2.05+0.09)%. In coincidence with Po?m
alpha particles we found gamma rays with energies and intensities of (2.614:0.02)MeV-(2.6-:0.3)% and
- SR : (0.572:0.015)MeV—~2%,. An immense alpha-decay hindrance factor for the 11.65-MeV group of 4X10%
E . . o is explained by spin and parity assignments of 18+ for Po®®™ in conjunction with a theoretical shell-model
e C analysis made by Glendenning.

The alpha-particle energies and intensities of previously known alpha groups of Po®= [[(25.5+0.3)sec]

- ] . were measured yielding values of (8.87=£0.01)MeV-(7.040.14)%, (7.99:£0.015)MeV-(1.66:0.03)%,
] e E and (7.274-0.015)MeV-919%,. A new alpha group was found with an energy and intensity of (8.30+0.015)
___: ' T MeV-(0.25::0.02)%. In coincidence with Po*'™ alpha particles was a gamma ray of (0.90=£0.015)MeV-

(1.652:0.11)%. These Po®™ radiations are all consistent with the known energy level scheme of Pb®7,

~
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27. THE ALPHA DECAY OF PROTACTINIUM-227

.V.. Subrahmanyam, Duane F. Mosier, Frank Asaro,
and I. Perlman

booed

- L A decay scheme has been arrived at for the alpha decay of Pa?27 based
o principally upon a-particle y-ray coincidence measurements. The ground

— .~ . state was shown to be populated by a previously known 6.46-MéeV alpha group.
A }éiggwr-energy group at 6.52 MeV has been shown to belong to the decay of
Ac . ' :

e

v . Pa227 was prepared by bombarding a thick target of Th232 with 150-
MeV deuterons. Alpha-particle y-ray coincidence measurements were made

- by using the double-focusing spectrograph for alpha analysis and a 3X 3-in.
NaI(Tl) crystal for gamma detection. The details of the equipment have
been described elsewhere.l The resolving time of the coincidence circuit
was 1 psec.

A 4
P!
i d

Ll

Ui

Neither photons nor x rays from internal conversion were observed in
coincidence with 6.46-MeV a particles, reported earlier to populate an ex-
cited state.“ Attempts to establish the existence of an isomeric state which
would not have been observed in the coincidence experiments also proved
o B negative. :

| -

: ‘1. D. F. Mosier, in Chemistry Division Annual Report, 1961, UCRL-10023,
B : Jan., 1962, p. 224. : v

2. Max Hill, Ph.D. Thesis, University of California, Berkeley, 1958.
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The multipolarity assignmenté indicated in the decvay scheme were
based on the intensities of photons or conversion x rays (or both) observed
" in coincidence w1th each group.

Although it was by no means certain that nuclei in this region are

. sufficiently deformed to permit description in terms of Nilsson's asymptotxc.
' quantum numbers, the evidence obtained here and in earlier work? on Pa227:
and Pa229 indicate that such assignments may be proper. The nine energy -
‘levels shown in Fig. A.27-1 can be placed into two rotational bands of “
opposite parity which have one important distinction. The alpha-decay o
hindrance factors to both bands place all in the category of "“favored
transitions, " a feature associated with transitions in which the initial and
final states have the same intrinsic configuration. It is tempting to say

{as was done for 1-'3.2?‘0)2 that both bands have the odd proton in the same :
“K = 5/2 state and that the change of parity involves a collective octupole e
- excitation analogous to the odd-parity bands seen at low excitation energies’
in the even-even nuclei in this region. The fact that the El transitions are
fast (they compete with the enhanced intra-band EZ tran51t10ns) is taken as
supportmg evidence for th1s conclusion.

28. MAGNETIC FIELD DEPENDENCE OF T
'AMERICIUM-243 a-y ANGULAR CORRELATIONS (*) ;

K. SlegbahnT and Frank Asaro

~E

%

‘{%

4
RS,

=8

Introduct'ic'm ) . B

Strong perturbatlons, attributed to a magnetic interaction, have been
 shown to occur in a-y angular correlations of Am?243 and Cm?243 when the
- - a~decay recoils are allowed to enter a vacuum or a Mylar eéxvironment.

"In the experiments presented here the anisotropy of the Am a-y angular
- .. correlation (with recoils traveling into vacuum or into Ag) was investigated
~ as a function of an applied magnetic field. :

-

}

]
s ey

>Unpe rturbed Angular Correlation

R A partial decay scheme of Am?43 is shown in Fig. A.28-1. Thea-y - ;~~
correlation of interest is that between the most intense a group and the 75- i
- keV y ray. The theoretical unperturbed anisotropy is -45.6%. Considerations’ e

Lol

) - anisotropies for the ayg - y7g correlation will be reduced somewhat by the - 3 ~{
- @118 - Y75 triple correlation.. The resulting theoretical unperturbed ani-. .
_sotropies for the combined (0.75 + "'118) - y75 correlatlon are shown in Fig. A. 28 2.

A
’.
.

STy

Shortened version of pubhshed paper, Phys. Letters 2, 323 (1962). -
1'Present address: Inst;tute of Physma, Umversrcy of Uppsach, Uppsala. Sweden . oy

-1, "E. Flamm and F. Asarog ‘Phys. Rev., to be published (1962); E. Flamm,
(Ph.D. Thesxs),_ Lawrence Radjation Laboratory Report UCRL-9325, Aug. 1960.

2. R. R. Chasman and J. O. Rasmussen, Phys. Rev. 115, 1260 (1959).
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Results

The expenmental anlsotroples for the combined (a7g + “118) - Y75

angular correlation,. with recoils going into vacuum, are shown in Fig. A. 28.32

as a function of an applied magnetic field. The values have been corrected _
for the finite size of the source and detectors. With no applied magnetic L
‘field our anisotropy is consistent with the hard-core value for a static inter-"
~action, G, = 0.20 for the combined correlation. It is also, however, reason-
ably close to the previous value, * which was definitely below the hard-core :
“value (Fig. A.28-3). Our experiment differed principally from the previous

one in that our source was thlcker by about an order of magnitude.

I ‘As seen in Fig. A.28-2, the anisotropies become more pronounced
.. with increasing magnetic field parallel to the a path. This is the type of
behavior expected for a hyperfine-structure interaction. 3 ‘Thus our results

Rt

- confirm the ea.rher diagnosis® as to the cause of the perturbations observed ¥

' 1n vac uum..

. Our results are presently not adequate to determine the. validity of the"
" corrections of Chasman and Rasmussen. In Fig. A.28-3 we have assumed
‘these corrections to be valid and have plotted the attenuation factor, GZ’ :

. 'as a function of the apphed magnetic field. With the exception of the point °

~.at 0 field the remaining points, which have relatively large standard devia-

. tions; appear to exhibit an exponential dependence on the magnetic field.

:  The shape of this curve could be analyzed theoretlcally from the equations

" .of Goertzel.

Wxth the recoils gomg into the Ag Dackmcr material the amsotropy for

Ny ithe a75.- Y75 angular correlations with no apphed magnetic field is -0.30£0.02,"

“in good agréement with the earlier value of -0.28. ' Our value corresponds

Tt to GZ (with the Chasman and Rasmussen correction) of 0.54+£0.05. With an o
. applied magnetm field of 1.1 kilogauss, the amsotropy is -0.29+0.03, corres-

ponding to a G, of 0. 52+0.05.  Thus the attenuation is not reduced by the

“application of. a magnetm field; hence, the observed perturbations, with

. recoils go1ng 1nto Ag, are. caused by f1e1d grad1ents external to the recolhng

“.“atom -

e 3,'"- C. '§G°_erfjiel;i:»_}?:}.‘:i"‘?"i” Rev. 70, 897 (11"946);[-]’; e
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: 29;/ ~ Some properties of the levels of  Fm™
: By J. M. HorranDER, C. L. NorpriNG, and K. SiEGBAHN

ABSTRACT

kleasurements have been made of the energies and intensities of the E2 transitions which
" de-nxeite the gamma (K =2) vibrational band in j;Fm? following the beta decay of 38.5 hour -
pe®%%, The measured relative intensities are interpreted within the framework of the Bohr-
Mottelson nuclear model, including the effect of mixing of the K =2 and K =0 ground bands, It
. “is found that the rotation—vibration constant of the ground state band is very small [B=(-0.4%
1.8)-10-% keV] and can be accounted for completely by the (Ix 2) mixing amplitude calculated :
from the mtensxty da.ta o

..30. A NEW SEMIEMPIRICAL MASS FORMULA
Sven A E Johansson ’

oA semiempir_ieal'mass form'ula, “which has given considerably im-
~proved mass values, has been derived. It has the form

(N-2)% + 4(N-2)]

B =a A’+"a'-AZ/3+V‘ _zt +a,(l- =5 - +E, +E '
B2l 2 T 33 W73 % 173 N | J def shell"

The first part is similar to the standard-type of Weizsacker mass formula.

" It was found, however, that it is necessary to-use a somewhat more complicated
"‘.:.symmetry -energy term in order to get a good fit to the line of beta stability.

A term that gives a symmetry correction to the surface energy and also a
‘term that is linear in the neutron excess have therefore been included. The -

" most 1mp0rtant change, however, is the addition of the deformation energy

" 'Egef- It accounts for the change in energy ‘when the nuclear deformat ion .

L :'"vanes, _and is wrxtten as

o df-__c B+C (3+CB |

?i_\'Nh.ere B is the deformatlon parameter The flrst term represents the A
, tendency to deform.the nucleus caused by certain levels in'the single- partlcle e
‘level diagram.  The constant C,.can be obtained in two ways. It can be:. :
,_calculated du‘ectly from the level dlagram Another possibility, which gives

prey

|
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about the same results, is to adjust C, so that it reproduces/the experimental.
B values as well as possible. The lassf1 two terms are the first part of the

.expansion of the surface and Coulomb energies, and are obtained from the

liquid-drop model.

The deformation energy is so sensitive to variations in g that a sche-
matic representation of B (for example, by sinus functions) leads to con-
siderable errors. If a high accuracy is wanted it is necessary to use experi-
mental § values or theoretical values with a reasonably good accuracy. This
is, of course, a certain limitation, but good experimental values are now :
available for many nuclei and they can be used as starting points for a theoret-
ical extrapolation, that gives fairly accurate values for most nuclei of interest.

The shell correction term Egj 1) is estimated from shell-model theory.
The present mass formaula is included to be used for nuclei not too close to -
magic nurnbers, .and the shell correction term is therefore not so important.
It has been found that it is possible to represent the shell correction term by
the expression

Echenn = «Bg - B

where « is a constant and B, is the maximum deformation within a shell. This
form of the correction term, which is purely empirical, gives a very conven-
ient and fairly accurate expression for the shell correction energy.

The constants in the mass formula are determined in the following way.
The constant ap is chosen so that it reproduces the experimentally determined
Coulomb energies as well as possible. The constants a, and ¢ together with
a3 determine the line of beta stability, and a, and ¢ are chosen so that they
give a good fit to the experimental line. The remaining two constants, a;
and a,, are determined from a least-squares fit to the masses of a great

. number of nuclei in the region of strong nuclear deformations.

By use of this mass formula, masses have been calculated for a great

- number of nuclei from A = 60to A = 270. The best possibilities for testing

the formula are offered by the rare earth region and the actinide region.
There the masses as well as the deformations are well known. The difference
between calculated and experimental masses is about 0.2 MeV. This error
can be accounted for almost completely by the uncertainties in the experi-

“ mental values for mass and deformation. The\remaining part of the error
. can probably be attributed to single-particle effects. The variations in

level spacing in the single-particle level diagram must produce deviations

from the values obtained from a mass formula, which essentially is based
on a statistical model assuming a great number of nucleons. An estimate

of the single-particle effect shows that it is of the right order of magnitude
to explain the deviations. An interesting fact is that there appear to be no
systematic errors in the mass formula.

‘An application of the mass formula is the calculation of the masses of
very heavy nuclei. As an illustration, Fig. A. 30-1 shows a comparison
between calculated and experimental a energies. The mean error is about
0.15 MeV. It is interesting to note that the fine structure in the.a energies.is
to some extent reproduced by the mass formula. Since the formula fits the
known masses so well it should be fairly reliable for an extrapolation to un-
known nuclei. Figure A, 30-1 shows part of such an extrapolation.
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~ deformed nuclei were given by Belyaev:
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i
31, WREFINED PAIRING-FORCE CALCULATIONS S
FOR DEFORMED NUCLEI : : ‘

JohnO Rasmussen, Hans-Joerg Mang, Kenneth Poggenburg,
Jean Pradal, and Vincent Gillet™®

ating the pairing- force effects in

The fundamental equatlons for ’crel

_vviGly'y! AL, (E. 27)
J - N2+ 2 v :
vl ) . .

: ‘ € - X\ |
N = 1 - = , (E. 43)
N/(; NN ,-

€ -\

7, - EIP Y p—
T (vl Glvprd 7 (- [ - 02+ & ’
: ' Ny ' v
Vi 1

-l

whére the ¢, are the energies of the Nilsson orbitals, Z N is the number of

" nucleons, \ is the chemical potential, and the A, are the pairing-

correlation energy parameters for the orbitals.. The G v matrix elements
are a measure of the pairing-force scattering of a pair of nucleons in time- "
reversed orbits v into orbits y'. The G,  are the pairing-force diagonal
contributions tothe self<onsistent potentiat: e&perlenced by the pair in the vth

° orbital when the v1th orbital is occupied by a pair.

'There have been several s1:udies3 of nuclear properties, based on
solution of these equations for Nilsson orbital\energies -- always, so far as

>ﬁPreserﬂ: address: Department of Physics, Carnegie Institute of Technology,
Pittsburgh, Pa.

1. S T Belyaev, Kgl. Danske Vldenskab Selskab Mat. -Fys. Medd. 31,

‘No. 11 (1959).

2. S. G. Nilsson, Kgl. Danske Videnskab. Selskab Mat. -Fys. Medd. 29,

.' No. 16 (1955); B. R. Mottelson andS G. Nilsson, Kgl Danske Videnskab.
‘Selskab Mat. -Fys. Skr. 1, No. 8 (1959).

3.. J. J. Griffin and M. Rich, Phys. Rev. 118, 850 (1960); S. G. Nilsson
and O. Prior, Kgl. Danske Videnskab. Selskab Mat. -Fys. Medd. 32, No. 16
(1961); V. G. Soloviev,Kgl. Danske Videnskab. Selskab Mat, -Fys.” Medd. 1

~No. 11 (1961); C. J. Gallagher, Jr., and V. G. Soloviev, Kgl. Danske

Videnskab. Selskab Mat. -Fys. Medd. 2, No. 2 (1962); Z. Szymafiski, Nucl.

Phys. 28, 63 (1961); D. R. Bés and Z. Szymafiski, Nucl. Phys. 28, 42 (1961).




,"_=‘we kr'ow, w1th th,e 51mp11fy1ng assumptlons that all matrix elements (; vy!
"~ be considered equal and that the § = ¢ . The former assumption

- : be questlonable.
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1

T

B
g L

‘*“simplifies Eq. (B.27), and there Tesults only a single A value, applying .

" to all orbitals. It occurred to us that the assumptmn of constant G, - might

We had at hand the rather compllcated computer program used carlier
= by Mang and Rasmussen for alpha-decay rate calculations, * and we realized
“that it could easily be adapted to calculation of pairing-force matrix clements

I3
i1

- for a singlet delta force. Furthermore, it can be shown that for a singlet § -
- delta force one has o - : : .

<t¢ijfv'v'> = {wv' ICI v'v>",

-.s0 we could readily obtain both kinds of matrix elements and solve the set
of Belyaev's equations, thereby improving on the usual approximations.

G

<t g

Our most extenswe study so far has been with a set of 25 Nilsson or-

'v'f'."jbltals appropriate for protons in the actinide region. We have the pos ssibility
.- of comparing our results against the constant-G calculations of Voros, :
‘Soloviev, and Siklos (hereafter referred to as VSS). 5 Nilsson wave functions -

“at deformation 71 = 6 were used for delta-force matrix element calculations.
.- The energies' ¢, are those interpolated values used by Nilsson and Prior

L at q 5 deformation, except that we shifted the Ni= 6 orbitals up by one unit
dn kR, (= 0.05x41 Al/3 = 330 keV) relative to the N = 5, and the N =

;- down by one unit. These shifts improve the agreement of calculations with
" the observed ground state spins of odd-proton actinide nucle1 The orbitals

o used are 11sted in Table I along with thelr € values.

In the hope of finding a bas1s for systematlc d1scuss1on of results we

- attempted to find a way for dividing orbitals into two classes, with off-

. diagonal elements smaller between than within classes. Examination of the
. 300 off- -diagonal elements showed that a classification according to slope is ’
- not very significant, as some of the larger elements occur between classes.

-~ Other bases of classification, such as evenness or oddness ofny, number

T of cylindrical nodes in the asymptotlc wave functlon, and so on, were ex--
~amined without satisfying us. Certainly there is a wide variation in size of

" matrix elements, but there is no apparent'classification that has no large

i-f" matrix elements between classes. The one systematic feature that can be
‘'singled out is that the diagonal elements are larger than off-diagonal by

- the average of its off- d1agona1 elements, as well as the maximum and mini-
. mum off-diagonal elements.  We shall not take the space here to list all 325
rha‘rrlx elements Also g1ven are the NllSSOl’l energy values (v' in units of

4 H. J. Mang andJ O Rasmussen, Kgl Danske V1denskab Selskab Mat.
-‘.'“'-Fys Medd 2, No 3(1962) ' .

.- 5. .T. Voros, V. G Solov1ev, and T S1klos "An Investlgatlon of Propertles
" of -Transuranic Elements, n Report No. E932 of Jomt Institute of Nuclear -

Studies, Dubna, U. s. S. R 1962 (unpublxshed)

" factors of 2 to 4. In Table I we.list for each orbital its ‘diagonal element and:.-» o
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Table I. Matrix elements.

Orbital & Syy o Syyiav) Sy (max) Cyv! (min)

Q'rr(NnZA) (xn I3 h ‘:’0) . N o RPN i

- (541) 23,37 0.2643 - 0.0784  0.2363 . 0.0327

- (532) . -20.82 0.1897  0.0826 - 0.1597 - 0.0421
g 34 (660)  -20.17 0.2801  0,0710  0.2363 0,036l
Alo (508) - -20.00 . 0.2461  0.0965  0.2399 = 0.0417
S+ (400) 0 -19.76 © 0.3692  0,1029 . 0.1881  0,0407

+(402) . -19.94 0.2458 10,1040 - 0.1938  0.0464

W

-18.83. - 0.1980  0.0750  0.1959 0.0349

+
—
o~
(%]
P—t
o

- (530) . -18.82 0.2925  0.0797 . 0.1576 . 0.038L
-(523)  -17.01 0.1818  0.0852 = 0.1567 . . 0.04b4
+(642). - -16.70 - . 0.1731  0.0772 - 0.1597 0.0361 -

©.-1475 01970 0 0.0846  0.1918  0.0493.

i

-+
0\4 9 B
W
e
o

.13.41 0 0.1643 0 0.0790 - 0.1447 - 0.0398

o

. -12.33 - 0.1908 .0.0883 - 0.1736 ' 0.0507

=]

] !
— T e,
L% BRI ¢ 1]
—— o
T e Nt

.0844 . 0.1918  0.0452 -

o)

110,98 . 0.1963 .

NN TERNIRE VPSRN TREN TENN FEN N POR N
4y
—
O
3%
oot
S

+ .
o
[3¥]
L5

©2'9.680 - 0.1657  0.0810  0.1567  0.0476

— NG D)

- (512) - 9.545 01868

O

0874 0.1829  0.0495

—

W
+
-
o
o
o
e
1

7.540 . 0.2256 0.0901 - 0.2256 - 0.0327

™
-

0965 - . 0.2399 ©  0.0421

o

- (505) - 6.986 . 0.2342

NL:

™o

(615) < 5.421 - 0.1795

o

.0837.° 0.1736  0.,0416

< (512) - 4249 0.1816  0.0872: . 0.1829 0.0497

w

=

- 3658 0.2200  0.0937 . 0.2165 0.0424
293330 0.2778 . 0.0837.  0.1881 - 0.0435

© 2.838 . 0.2133  0.0938 - 0.2165 . 0.0426

1 i ] ]
— - —— o~
L G T T
©O. O = O
L I = T
Nor® Spt® N’ S
1

4.507  0.2503  0.0879 ~  0.2488  0.0349

o] = BN W D] N|4)—' (RN Nl

- (501) 6721 0.2475  0.0880 0.2488 10,0349
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The matnx elements were multiplied by an adjustable normalization

-factor V, so that the solutions give about the same. binding-energy differences

between odd-Z and even-Z neighboring nuclei as are observed experimentally.

- Rather than 51mp1y identifying an average A value with the odd-even rnass
difference, we have followed the more careful procedure of Soloviev? and

-made blocking calculations, where the orbital occupied by the odd nucleon is

- excluded in solving the pdiring equations. A V value of about 5.0 gave good

-agreement with experimental pairing energies and the calculations of VSS.

. The experimental decrease of pairing energy with increasing Z is reproduced |
by VSS ‘and our calculations.

'I'a.ble II gives the A values developed for a few representatlve calcu-
.lations. -The A value of the orbital closest the Fermi surface is underlined.
.~ Our force-normalization constant of V' = 5.0 was used for the values of

- 'Table 1L : B

A " Frorh Table II 'we see that some differences in Ay values for different
. levels do develop,. but the difference among the half dozen orbitals nearest

. the Fermi surface are usually less than 20%. From Table II we may note
. the qualitative corrections that these refined calculations make to energy

~ spectra. The orbitals with the larger A values are systematically some-

.. what higher in odd-Z nuclei than in constant-G calculations, and such or-

- bitals may fail even to become ground states. Such is the case with the up-
. coming 1/2 + (400) orbital, which never appears as a nuclear ground state.
- Also the. 1/2 - (530) never quite becomes a glound state in our calculations,
. - although it is in fact at ground for Z = 91. In a later section. where we dis-
" cuss projection out of a fixed-particle number, this deficiency is corrected.
. Conversely, orbitals with low A values may appear systematically lower
~4in. spectra and may occur as a ground state for two successive odd-Z. nucle1

; From Table II one can discern another systematic trend: that ir; the
A value of a given orbital reaches its maximum when its orbital energy is

... neatrest the Fermi surface. This behavior arises mainly from the fact that

- the diagonal G matrix elements are larger than off-diagonal. The fall-off -
" of A values for more and more distant orbitals should continue, owing to a

«. = fall-off of the G-matrix elements to far distant orbitals; thus, the prnblem

- ...of'the logarithmic divergence of the BCS solutions with number of orbitals

:» " should no longer arise. It was merely an a*'tlfac:t of the assumption of
I _-;constant G- matnx elements.

. . Table III presents a compamson with values of Table IV of V5S. They
+give the factor by which A (C in their notatlon) is reduced for odd Z by :
.~ blocking the ground-state orbital. In our case we average the A valies for
- all levels except the blocked one and take the ratlo

We find somewhat greater reductions in. pairing correlatlon when one

“level is blocked than do VSS. This effect is mainly due to the great difference

~in magn1tude between d1agona.1 and off- d1agonal matrix elements in G.

The effects due to 1nclu51on of the G matrix elements in mod1fy1ng
;':_'E'VA to ev. are not especially large. In going from Z = 88to Z = 102 there .
is some systematic drift of some orbital energies and a few crossovers.
These trends can be traced on Fig. A.31-1, where we plot ¢, vs number of
protons.

'
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Table II. Correlation-function (A) values for sev_eral'cases '

., Orbital = - .  Unblocked . .- A
CoQuNnyA) 0 SZ=90 L z=100 ¢ Z=91 . Z2=99

S (s41) 2,975 - 1667 2.417 . 0.993

2.939 1.964 - 2,332 = 1,068

B = 1] Lo I =
:
-
(8]
w
[\
N

+(660) 2.735 1.559 2,240 - 0.895

1-(}50-5)   2193 1982 2,399 . 1.132

—
o

+(402) 2,904 . 2,047 2,540 1,245
+(400) - 3,067 2,006 2704 1.216

S(651) . 2773, 1659 2229, 0.939

2971 1.945 . 2.488  1.158

2.742 v 2.177 '2;251 o 1.214

] ]

— o~~~
O -
B\ w
w o
— — -

t(e42) 2752 1.826 . Blocked ~  1.009

WE S TUR N TOR N RN FRE N T N I

-(s21) 2596 - 2,160 2.207 - 1,333

+(633) 20622 - 2.026 2.128. . Blocked

- (514) © 2532 0 20126 2.114 - 1.207

-(521) 2657 2,133 © 2.258 1315

[0t = 0~ v~ 1]

+(624) - 2,426 - 2,065  2.019. . - 1.174
-(512) . 2,338 . 1.941- . 2.006 1.176

~(505) . . 2779 - 1.989 © 2.384. 1.136

—~ DO VU 1y

ot

#(615) . 279 1934  'L93% 1103

N
-
(8]
fant
v
S
»
w
NS
N
ot

958 -2.012 1192

- (503)  © - 2.500° 1730 2,180  © 1039

N EEN PR N

- (s10) - 2352 . 1.834  2.036 . . 1109

Yt
w

(606) . . - 2,540 1.800 . 2.195 " 1.034

n1.4

-(503) 0 ., 2.493 1736 2,173 .. 1.043

- (501) 2.283 11.581 2.001 0.959

~ ] w o

izf-(501) - 2.284 1.583 2,001 ©0.960°
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Table Il Ratios A_ /A . . -

'VSS ratio - - 0.83 0.74 . 071 0.71

even

Zodd/zévgn -

193/94 ©9s/96  91/98 - 99/100 - %

Bloéked' 5 A 5 3 . v .
orbital . .'—Z—-l-‘ (642) 5 - (5623) .- 5 - (521) - -2-+ (633)

- Qur ratio

V=50 . 0.8l 056 046 059

‘.(a\{erage) '

' We have further studied what changes are brought about when we work

© © with wave functions that are eigenfunctions of the number operator. Following
 a proposal of Kerman, Lawson, and Macfarlane, © we project out of the BCS
- wave function that part which contains a fixed number of nucleons equal to
" the average nucleon number of the BCS theory. The most convenient way
-+ to deal with such a problem is to introduce a contour integral in the complex
" plane and use Caudey's Theorem. 7 We write the wave function as

N N - L

oy = C_m ﬂ _y (U LV av ) | 0) -‘(.1)
; S o : - =1 v. , . :

v—

o /V being a normahza’cmn constan and n half the number of nucleons.. The
. g
. ,::quant1t1es ‘U, -and V are con51dered as known from a solutlon of the FCS
. _equa.tlonS' SR o S L _ _

RS 2 , 1’ [ & e O\
Crrg e v g e | U=
S A J@E - ne+al ) Vo IN YV

H
+
a

", J(e - 2+ N LY V

' 6.~ AL K Kerman, R D. Lawson; andM H Macfarlane, Phys Rev 124,
162 (1961) : : :

1. B: F. Bayn‘xan, Nucl Phys 15, 33 (1960)
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The results of the fixed-particle-number calculation are given in
Table IV and compared with the results of our ordinary BCS calculation and
with the independent particle binding energy with no pairing forces. The
energies BE_ are only slightly greater than the BCS binding energy, about
200 to 400 ké{f, in good agreement with the results of Kerman et al. for
spherical nuclei. ® The pairing force gives about 1 MeV per proton extra
binding. ‘

In Fig. A.31-2 the even-odd mass difference,

s(z) = 3 [E(Z-l) ¥ E(Z+1) - ZE(Z)] :
has been plotted versus proton numbers. A force constant V = 5.0 gives
values of S(Z) consistent with experimental values and in good agreement
-with VS8S. The values for S(Z) obtained with fixed particle number are some-

what below the BCS values.

Figure A.31-3 gives the energy levels as we predict them for odd-Z
nuclei. For Z = 91 and Z = 95 the BCS theory and the refined calculation
predict different states to be the ground state. At Z = 91 the BCS calculation
~disagrees with experiment, whereas at Z = 95 the refined calculation with a

-fixed nucleon number predicts a wrong ground-state spin. :

, Table IV. Theoretical total binding enexgies; of valence protons (1n MeV).
y e
- Z (prot»onvnumber) v 88 90 92 94 96 98. 100 102

‘no. of pairs treated 6 7 8 9 10 11 12 13

BE (no pairing force) 82.03 85.55 106.92 118.17 129.21 138.96 147.83 155,98
BE(ordinary BCS)  91.31 105.83 120.13 134.10 147.65 160.60 172.99 184.84

BEn(ﬁxed particle 91.56_ 106.15 120.50 134.48 148.13 161.00 173.40 185.21

‘number) \
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B. FISSION

1. MASS-SPECTROMETRIC STUDY OF MASS AND
CHARGE DISTRIBUTION IN THE FISSION OF
- URANIUM-233, URANIUM-235, AND URANIUM-238
INDUCED BY INTERMEDIATE-ENERGY HELIUM IONS (*)

Nadia M. Soukal and Maynard C. Michel

In an attempt to extend the precision and -- we hope ~-- the accuracy
of mass spectrometry to the measurement of the intermediate- -energy fission
yields, we have applied this technique to the fission of U233, u235, ang y23s
. induced by helium ions in the energy range from 23 MeV to 44 MeV. (The
‘reader is referred to the full report of this work for a discussion of experi-
mental details. *) In general, the techniques used were similar to those
- described by Chu, 1 with modifications to reduce the effects of contamination
- of the target by stable 1sotopes of the fission- product elements being investi-
. gated.

The experimental measurements were relative chain yields for the
heavy-mass wing of the yield-mass curve (U233,ﬁssion) and various inde-

. _.pendent yields of shielded or semishielded nuclides in the mass region 130 to

. 155 (for all three uranium isotopes). In addition, much of the yield-mass
~work of Chul was confirmed. '

As described hy McHugh in Paper B. 2 in this report, it is possible in

... the case of the mass-135 chain, to measure three essentially independent
- .yields in the same isobaric chain, thus conclusively demonstrat1ng the shape- :

. ‘of the charge-distribution function. This has been done for U 235 and UZ'38
. at several different energles, w1 h results in agreement with the data of-

BN »McHugh on the :flssmn of Th 232,

The mass - 135 chain measurements have shown that the charge dlS—
trlbutlon functlon can best be fitted w1th a Gauss1an of the form

| Pz.v?l » - exp [—(Z-Zp)z/c],

f__where Z and Z_ are the nuclear charge of the fragment and most proba.ble
o _nuclear charge E)r the 1sobar1c chaln, respectlvely The constant . ¢ is

Brief version of a report to. be 1ssued as. UCRL 10555

TPresent address: United Arab Atomlc Energy Estabhshment, _Chemlstry
_D1v1s1on, Dakk1, Cairo," U. A. R L

L Yung Yee Chu, Charged Partlcle Induced Flssmn- AMass Spectjometrlc
: Y1eld Study (The51s), UCRL- 8926 Nov. 1959 ' L
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approximately equal to unity. As noted by McHugh this is essentially the

- same charge distribution as observed by Wahl ¢t al. % for the thermal-neutron

fission of U235, We have also found that this shape and width are independent
of target isotope and excitation energy over the range studied.

For other independent yields measured in this work only one yield is

. available per mass number, so the variation of charge distribution with A

could not be investigated. In view of Wahl's results, and assuming one

. universal shape independent of A, it is possible to determine an empirical

Z_-vs-A function.  However, because of the success of Blann3 and McHugh,
an attempt was made to predict the Z. function by the use of the minimum-
potential-energy (MPE) treatment by %Wlateckl, which is in turn a modifi-

_cation of the earlier work of Present. ® In essence this treatment assumes
~an approach to electrostatic equilibrium during the rapid deformations pre-
‘ceding scission such that there is at least partial minimization of the electro-

static potential. This should result in a light fragment' s receiving a higher
proton-to-neutron ratio than a heavy fragment, as is indeed observed.

Making use of Swiatecki's work and using the most-stable-charge

function (Z.) of Green, 6 it is found possible to make reasonable predictions

of the course of the Z_-vs-A function. It must be noted that in this case the
number (v) and custrﬂ?utlon of neutrons between the two- fragments are un-
determined quantities which seriously affect comparison of the results with
experimental data. Also important, but more easily handled, are the neutrons
emitted before fission, if any. The value of v has not yet been measured for
fission at intermediate energies, although one caq estimate an approximate
number rather easily (see, for example, Thomas?). ur approach has been
to use the data of Vandenbosch on prefission neutrons, =~ and treat v and the

., distribution of neutrons between heavy and light fragments (VH/V ) as
parameters to be varied in seeking a good fit of thé MPE rule with our ex-

perimental data. The restrictions placed on these parameters are

2. Arthur C. Wahl, Robert L. Ferguson, David R. Nethaway, David E.

Troutner, and Kent Wolfsberg, Phys. Rev. 126, 1112 (1962).
3. H. M. Blann, Fission of Gold with 112-MeV C12 Ions: Mass and Charge

- Distribution Characteristics, Phys. Rev.- 123, 1356 (1961).

4. Wladyslaw Swiatecki (Lawrence Radiation Laboratory),private
communication. \

5. R. D. Present, Phys. Rev. 72, 7 (1947).

_>6. A. E. S. Green, Phys. Rev. 95, 1006 (1954).

7. T. Da2r3r§h Thomas, Spallation-Fission Competltlon from the Conlpound -
System U and He% {Thesis), UCRL- 3791 July 1957. '

8. Vandenbosch, Thomas, Vandenbosch Glass, and Seborg, Spallation

Fission Compet1t1on in Heaviest Elements: Helium-Ion- Induced Reactions

o ..".m Uranium Isotopes, UCRL 8032, Nov 1957.
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_ () v must be consistent with the excitation energy, - v B
v (b) d_EYe—x must be consistent with neutron binding energies, o T

(c) for a given target and energy, all measured independent yields -
- rnust be. fitted by the same value of v (although no restriction is placed on -

VH/VL’ this ratio also seems to be approx1ma’cely independent of A for a §,
g1ven situation). '

The results of this treatment are shown in Figs. B.1-1, B.1-2, and B.1-3 o e
" for U235, Ul , and yl3s respectively. It is seen that the agreement of the s E
‘various independent yields with the smooth Gaussian is rather good, but far o
from perfect. For some of the higher yields, in particular, the deviations !y

seem to be outside the experimental errors. Both the constant-charge-to-mass .. ¢

“ratio (CCR) and equal-charge-displacement rules fail rather conclusively to L
_ fit all the present data without unreasonable assumptions about v or VH/VL I
In particular thée CCR rule seems incapable of explauung the data under
any circumstances.

" We have also compared other available data, pr1mar11y those of Chul ' ‘ %
experimental errors, all data except the Prl42 yields of Colby and Cobble e

. seem to agree with the Gaussian charge distribution of Figs. B.1-1, B 1-2, E
"__»andBl3 _ , S _ o oy

T

; . The observation by Chu® that in this energy region shell effects seem =
" to_be unimportant is again supported by the smooth yield-mass curve for :
U?'33 fission (Fig. B. 1-4) and the necessity of using a non-shell- affected ,

. Z p function such as Green's in the MPE calculations. Also, of course, the -

_ mass-135 independent yields are on the 82-neutron shell edge, and show no
.'_-jserlous dev1atlon from a srnooth Gaussian. :

9. o ,_L. Colby, Jr., and J. W. Cobble, Phys. Rev. 121, 1410 (1961). . . £
» i g
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F1g B. 1-1.. Charge distribution for U233(q, F) based on
MPE rule and Green's masses. :

® 43.3 MeV
O 35.4 MeV
. A 28.8 MeV'

A 29.8 MeV

0O 22.2 MeV
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F1g B. l 3. Charge d1str1but1on for Y238 (o. F) based on

- MPE rule and Green's masses.

. ® 44.2 MeV -
7 O 36.8 MeV

A 30.9 MeV
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‘cern‘s the division of nuclear charge between the primary fragments, or the

- Fig. B.2-1.
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2. NUCLEAR CHARGE DISTRIBUTION FOR FISSION
OF THE MODERATELY EXCITED U?36* COMPOUND NUCLEUS

, James A. McHugh and Maynard C. M1che1

4

One of the mterestmg and 1mportant problems ‘in nuclear fission con-. .
way in’which the most probable charge for a given mass (Z_) varies with :
fragment mass.  The measurement of a primary fission yiéld after’ prompt~
neutron emission and the knowledge of the primary yield distribution in the

-1sobar1c chain fixes Z_ for that mass. * The thermal-neutron fission of U‘235 [

(U23 ") has been studied extensively to determme its charge distribution
y g

~and Z functions. For this reason, it was of interest to study the charge
. dlstrlgu‘tlon resulting from fxssmn of a more hlghly excited U236%, A study
"+ was. undertaken on the Th 2 + Het (U23(D ) system for excitations from
18 MeV to 39 MeV, utilizing high- senS1t1V1ty mass- spectrometrlc techniques
. for the y1e1d measurements. » - :

‘ To derlve useful Z_ 1nformat1on from our fractlonal cha1n yleld(da’cé}, ,ZJ

- we must know the charge-distribution function.. The distribution has been
ﬁ measured in one isobaric. cham (mass 135) for a number of exc1at10n energles.

: Fractlonal chain y1e1ds for two or mote members of the same chain are
requlred in order to obtain direct mformatlon concerning the charge-dis-

. tribution shape. By observing the growth: rate of the long-lived Ccs135, it

was possible, from the accurate knowledge of the half-lives and the equations

- of radioactive transformation, to calculate the major primary y1e1ds in the
135 chain.. 1" The growth was observed by chemically separa‘cmg Cs135 from
its precu[rsors at known times after 1rrad1at10np4and measurmg the accumu-~

lated Cs relative to Ccsl37 (Csl37 precursors have in all cases completely
decayed prlor to chemistry). For each energy the 'Cs135:¢cs137 ratio was °
measured for three decay periods. -The three measurements are sufficicnt

' to determine the fractional chain ylelds of Csl35 and Xe135, and the frac-

tional qumulative yield of'I 5, The fraction of. Xe135 produced mdependently-
as Xel35m wag assumed to be 0.5.- This assumption has 11tt1e effect on the '
1135:and Xel35 yields. However, it does affect the small Cs135 yield. For

. -this reason, the yield calculatlons were performed for the complete range -
.of possible Xel3 rn/Xe 35 values so ‘that:the uncertalnty in the Csl35 yleld

could be assessed. A summary of the results is glven in Table 1 and
B \ ' c

- The fractmnal -yield data for the 135 cham are con51stent with a
Gau551an curve - : - i S v

y; = (em)

21/2 e}'{p’ [-(z-Zp)Z/c]

1. For a more detaxled dlscussmn refer to Ph D the51s of James A McHugh

in preparation as UCRL-10673."

“ 2. Fractmnal chain yield is the ratio’ of a pr1mary yxeld of a mass cham

to the total cham y1e1d
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.0.098£0.006 0. 523:::0 010 - . 0.376%0.009
+:0:0324£0.004" . .0.381%0.009. .?:i_,*_o.586_=v=;o.012--_
. 23,0 %7 0.,014+0.004  .0.333%0. 009 .. 0.653+0,015:""
..15;.18._ (<o 009) o 0.22 :l:O 01 A7 0.78 £0.02 7

Fractmnal cumulatlve y1e1d

$ ‘b Zp obtamed from the maximum in. the Gauss1an dlstributmn, wh1ch was
o _fxtted o the fract10na1~y1eld data (fractmnal yield vs Z) I

3

where y is the fractmnal mdependent y1e1d of a cham member havmg
atomic number Z, and c is the normalization or width constant of the d1s-'.. s
tr1but1on. . The value of ¢ that best fits all energies is 0. 95:!:0 05.

. Wahl and co- workers have measured fractmnal ylelds for two or morej‘
members of several decay chains in the thermal-neutron fission of U235, 7
‘The value of c obtained from a weighted average of the several chains was *
0. 94:!:0 15 B . S -

, . These results indicate. that a smgle charge-d1str1but1on function is
‘maintained, through a wide range of excitations (6.5 to 39 MeV). Swiatecki
'and Blann4 have po1nted out that if the charge ﬂuctuatlons for a system in

- function results. A guantum stat15t1ca1 relatxonsh1p between the charge- -
distribution width constant ¢ and the nuclear temperature was- derived that
*.. is valid for all nuclear temperatures. Their relationship indicates that the =
w1dth constant should be independent of temperature within the’ range of
‘excitations: t)ga% have been reported here (as is observed) The results of other
'researchers .also support these observatmns. S S :

'B'ecause of the close proximity' of the 82'-"neutrc'>h shell to the 135 iso-
bars, one might expect possible perturbatlons in the primary yield distributior
No deviations from a smooth Gaussian functmn were observed for exc1tat10ns
from 18 MeV to 39 MeV _ S ~

, 'I'he £ractlona1 chain yxeld of Cs“’6 and the cumulatwe yxeld of Xe136
have been recently determined and also found to be consistent with a Gau351an
charge —d1str1but1on functmn identical to that found for the 135 cham. L S
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Fig. B.2-1. Fractional yields for the 135 chain plotted vs (Z-Z ).
Iodine yields are cumulative and thus fall on the integratedp
portion of the distribution curve.. The error bars on the
Cs135 are associated with the uncertainty in Xel35m/xz135,
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- 3. MOMENTUM TRANSFER IN HEAVY-ION- INDUCED FISSION. II
' Torb_];érn Slkkeland and Victor E. Viola, Jr.

We report reSults from a series of experiments des1gn.ed to study
reactions between various ions and targets. The method consisted of meas-
urlng the an%ular correlatlon between coincident pairs of fission fragments.
U , and Ho 65 were chosen as targets. The ions used were He4,
ch 016: and NeZO

The experiments were performed at the Hilac. The fragments were
counted with two Au-Si surface barrier detectors D-1 and D-2. Detector
D-2 was fixed at 90° to the beam. (x} axis in the horizontal (xy) plane. The
position (£,§) of D-1 was varied; £ is the angle D-1 forms with the xy plane;
Y is the angle between D-1 and the x axis in the xy plane.

- The electronics applied were the standard fast-slow circuitry used in
: coincidence experiments.

With the ions C12 0163 and Ne40 at 10.4 Mev per nucleon incident on
U238 the correlation functions W{£,¥) show two maxima at WQO [ N) and
- W{O0, VNCN) As a typical example, W(&,w} for the system U + 0lb is
shown in a contour diagram in Fig. B. 3-1. The highest and sharpest peak
“around W{O0, l.lJ N) can. be shown to be due to fragments coming from nuclei
which have forward momenta equal the ions and no sidewise momentum. The

spreads’are due to- neutron evaporation and to spreads in the fragmernts’ mass

‘and momentum. The functions for the lighter targets and for the system
U238 + He? 211 show only this CN peak. By use of a simple formula the

' average number of neutrons N emitted and their energy 2T can be evaluated
. from the experxmental spreads The results are given in Table I.

'I‘he other peak is 'due to a non-compound-nucleus (NCN) reaction with

~incomplete momentum transfer by the ion to the nucleus. The large spreads -

in the function for these types of reactions can be explained only by-tb.e
- fissioning nuclei's hav1ng momenta at an angle to the beam akis.- From the
 experimental data we can obtain values for <PN2> /PI s Wwhere Py; and P
are the laboratory-system momen‘"a of the nscromng nucleus and tlﬁe heavy
~ ion. Similarly, values for <tap 8 » where Oy is the angle between

Py and Py, can be evaluated. These values are given in Table I

By a mementum ’ana’.i';}sis we can find approximate values for (Ps) /PI }

" and <6 > » where Pg is the momentum taken off by the stripped ion and .

. OS the angle between - PS and 15’7., Bv assuming the stripped ion to have the
~ same velocity as the incoming beavy ion, the number of nucleons transferred
- N to the nucleus can be evah..ated Varuea for <PS>/PI, <Gs> , and NT

» are glven in Table L.

We see that <GS> and N are pracucaDy 1ndependent of type of ion.

- The ratios between the ‘two reactmne are’ grven in the table. These are

approx1mately 1n agreement with' resulus from other types of experlments.

BETE
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At lower velocities of the ions we find that mNCN approaches LIJCN.
which - means the stripped ion is emitted at higher angles. For this reason

.the cross sections for the different reactions become increasingly difficult

to evaluate. Qualijtatively, however, we can state that NCN reactions are
appreciable over the energy range from the Coulomb barrier up to the
maximum energy of 10.4 MeV/nucleon.

The NCN reactions observed here definitely belong to surface reactions
and can be interpreted with the so-called grazing model. !

‘1. R. Kaufmann and R. Wolfgang, Phys. Rev. 121, 192 (1961).

4. FRAGMENT KINETIC ENERGY RELEASE IN FISSION
INDUCED BY HEAVY IONS({*)

Victor E. Viola, Jr., and Torbjdrn Sikkeland

The moct probable kinetic energy release, E.., in fission induced by
125-MeV C12 ions and 166-MeV Ol© ions has been iieasured for a wide range
of flss1on1n% nuclei, Targets of Pr*‘”» Tb159, Holb5, Tml169, Lul75,

Aul97, Bi209, Th232, U238, and Pu?4C have been fissioned. The results
were obtalned from slngle Iragmen‘ spectra by use of silicon-diode surface-
barrier detectors. A Cf252 spontaneous fission source served as the absolute
energy calibration. Corrections were made to the data for the effects of
target thickness, center-of-mass transformation, mass defect in the crystal,
and evaporation of neutrons from the fragments after fission.

A least-squares analysis of our data (shown in Fig. B. 4-1) and those

' compiled by othersls 2,3 gave an excellent fit to the function

J
Ey (MeV) = 0.1065 227813 4 20,1,

- However, it was not pos 31b1e t/a fit all the data with the simple relationship

of Terrell, E_ = 0.121 z2/Al

K= ; based on a2 tangent sphere modeL

In order to examine'a more realistic configuration for the scission
shapes, we have compared the data with recent liquid-drop calculations by

J

“Shortened version of a paper submitted to Phys. Rev. (Victor E. Viola, Jr., .
and Torbjdrn Sikkeland, Kinetic Energy Release in Heavy-Ion-Induced Fission
Reactions, UCRL-10284, Oct. 1962.)

-1, J. Terrell, Phys. Rev. 113, 527 (1959).
- 2. H. C. Britt, H. E. Wegner, and J. Gursky, Phys Rev. Lettersﬁ, 98

(1962) and H.- C. Brltt, private communication.

3. R. Brandt (Lawrence Radiation Laboratory), private communication.



12-  UCRL-10624

200

180 -
160 ~

140

: EK (4MeV)

120

100 FE R S R L ! SR '
aoo 1000 . 1200 - 1400 . 1600 1800

MU-26835

o . Fig. B. 4.1, Plot of E versus Z /Al/3 for the flssmmng_"
' nuc1e1 studled in n1s. work S

. o

[

g



===
prexe-a]

B.4 . w121w UCRL-10624

Cohen and Swiatecki. 4’ 3 ‘They have calculated the electrostatic ene rgy of
two spheroids whose optimum ratio of major to minor axes C/A minimizes

“the total energy for a nucleus of a given fissionability. Assuming equal

volumes for the fragments in all cases, and the C/A ratios calculate,d by

- Cohen and Swiatecki, we compared with four models:

(a) Tangent spheroms, assumlng the nuclear v1brat10n is slow with respect
to separation, i.e., C/A is constant;

(b) ta gxgent spheroids that vibrate according to the classical laws of
motion;

(c) spheroids separated by a dlstance characterized by a parameter D,
where :

separation distance _ <47r>1/3 D
0 -

R RN

and D = 0. 2. assuming a constant C/A; and

(). the spheroids with D = 0.2 separating as in (b).
Good agreement with the data is found with either model (b), {c) or (d) This

- leads us to conclude that the kinetic energy release in fission reactions arises

from Coulomb repulsion of fragments whose deformations vary as a function -
of x. :

‘We have also measured the kinetic energy release as a function of ex-
citation energy of the fissioning nucleus and have found to be nearly in-
dependent of the excitation energy. It is also observed that the spread in

"the kinetic energy distribution (full width at half maximum of the fragments)

is relatively constant below ¥ values of about 0.70 for the fissioning nucleus,
but increases rapidly above this value. We correlate this finding with the
calculations by Cohen and Swiatecki. 4 3 They predict that below x = 0.7
the saddle and scission shapes are nearly identical, permitting a restricted
spread in the properties of the fragments. Above x = 0.7 substantial defor-

.mation occurs between the saddle and the scission points, allowing a wider

distribution in the product properties. The width of the E,, distribution also
is observed to increase with increasing exc1tat10n energy. This we attribute
to v1brat10na1 effects in the nucleus.

4. 5. Cohen and W. . swiatecki,-Ann, Phys. 19, 67 (1962).

5. Sfa.nl'ey Cohen and Wladyslaw J. Swiatecki, The Deformation Energy of
a Charged Drop: Part V: Results of Electronic, Computer Studies, UCRL-

- 10450, Aug. 30, 1962.

6. J. R. N1x (La.wrence Radxatmn Laboratory), pr1vate commumcatlon
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5. TOTAL CROSS SECTIONS FOR FISSION OF URANIUM-238
- INDUCED BY HELIUM-4 AND HEAVY IONS(*) . . .

Victor E. Viola, Jr., and Torbjdrn Sikkeland

The total fission cross sections have been measured for bombardment
©of U238 with He%, BlI, cl2, N1%, 016, and Ne?0 ions at energies up to
10.4 MeV per nucleon. The experimental technique -- involving the use of
silicon diode surface~barrier detectors -- was described in the preceding’
annual report, as also were the methods involved in determining the final
data. :

Because of the high fissionability of these systems, it is assumed that
the fission cross section is equal to the total reaction cross section for.
heavy-ion reactions. For He  -initiated reactions, measured spallation
cross sections were added to the f;ssa.on cross sectlons Good agreement
with previous results was found. S ' '

o ' The data have been compared with the theoret1cal reaction cross- :
" section calculations by Thomas, assuming (a) a square-well nuclear potent1a1

" and (b) & parabolic approximation to the real part of the optical potential.

At energies well above the Coulomb barrier, the data are well represented
by use of a square-well potential and rg = 1. 50 F. Near the barrier, how-_
ever, the agreement is poor.

With the parabolic approximation, the entire excitation function can be
generally reproduced except in the case of Ne20, - The experimental results
and the theoretical calculations are shown on Fig. B. 5-1.- Values for the =
- parameters of the parabolic approximation are given in Table I. These in-" .
clude the well depth V, the nuclear radius parameter r,, and a surface
 diffuseness parameter d. We find that as the mass of the bombardm.g _

'"partlcle mcreases, ry 1ncreases and 4- decreases

The parameters derived from flttmg the experimental data for the
various heavy ions should be useful in calculating total reaction cross
sections and average angular momenta <£> for heavy-ion bombardment of
other heavy targets.  However, it should be stressed that any quantitative

interpretation of heavy-ion reactions must take into account the perturbations: S

created by nuclear surface reactions.

"For example, it is known that, in 166 MeV O16 bombardment of U
about 25% of the fission reactions occur by a direct-interaction mechanism.
If one presumes that these are surface reactions that occur in the highest .

orbital angular momentum states, then for () is lowered from 57.4to 49.4

for the compound-nucleus reactions. The overall <1> will be even lowexr be-=

cause the fission resulting from dlrect 1nteract10n w111 be from nucle1 of low S

‘angular momentum.

*Shortened version of published paper, Phys Rev 128, '767' (1962).

208 o
4

sl

- 1.- J. R. Huizenga, R Vandenbosh, andH Warhanek Phys Rev. 124, 1964

“{1961}.
- 2. T. D. Thomas, Phys. Rev. 116 703 (1959)

3. T. Sikkeland, E. L. Haines, andV E. Vlola, Jr., Phys Rev. 125 1350 (1962).

4. Torbjdrn Sikkeland and Victor E. Viola, Jr., Paper B. 3 {this report).
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Fig. B.5-1. Best fits for the parabolic approximation to the real

part of the optical potential (solid line) to the excitation
functions for fission of U238 with B, cl12, n14, ol )
and Ne?20, (Parameters for calculation are given in Table L)
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Table I. Parameters for parabohc approx1rnat10n to the real par+ of
the -optical potential giving best {fit to the experimiental results.

lon iy KT 1z ] ,£ Nl4 ;f;foté" CNe2®
| | 1.23) AT s
r o (F) 1.17 {1_24 } l2e ol 125 L2
VoMeV) -66.6 - -70 70 707 w70 270
| Colosol -
a(F) 0.574 <0'48} 048 0.48 - 0.48 | 0.44

6 ANGULAR DISTRIBUTIONS OF FRAGMENTS FROM FISSION
INDUCED BY HEAVY IONS IN GOLD AND BISMUTH(*)

- Victor:E.v Viola; .Jr., T Dar:ah vThomas, and Glenn T .Seaborg -

The’'qualitative results of measurements (if tyhe angular distribution of
fission. fragments produced by irradiation of Au and Bi209 with various
heavy ions have been re gorted in prev1ous annual reports. The prOJectlles
B, cl2, N14, and 016 had energies from a few MeV above the Coulomb

- barrier to 10.4 MeV per nucleon.

The gross_features of tbese results can be. exp1a1ned by use of a model

and parametersl’ 2 that have been used by others to account for angular dis-
tributions of fission fragments from He?. bombardments 34,5 The an*sotropy -
predicted by this model is characterized by the parameter s '

212 .
fol_f——f”fffuﬁ“
BT

‘i.
i

L WOELAN

Shortened version of paper submitted to Phys. Rev. (UCRL- 102ﬂ8e May 1‘962);

[ 1L Halpern and V. Strutinski, in Prooeedmgs of the Second Umt ‘d Nat1ons -

846 (1961). S e S . :
5. R. Chaudhry, R. Vandenbosch. and J I{ }hnzenga, Phys Revﬁ'lZé}

= e aBman s Avaace . m aRe o

International Conference on the Peaceful Uses of Atomic Energy V_):l 15

{United Nations, Geneva, 1958), p. 408,
2: J. J. Griffin, Phys Rev 116 107 (1959)
' 3. 1. Halpern and C. ‘T. Cofﬁn, Phys Rev. 112 536 (1958\

4. R. Vandenbosch H. Warhanek, andJ’ R Hu*zenga, Phys Rs,v 124,'

220 (1962).
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“where 1 is the maximum angular momentum of the fissioning nucleus

S (calculatec?’from other results of one of the authors®), ¥ ¢ is the effective
* moment of 1nert1a, 2 and . T is the nuclear temperature. or T we have
used ' ' '

- * ‘
T= J(E "Eth"Erot)/;L ’

'where E¥, E,, and E are the excitation energy, fission threshold energy,
. and rotatlon tfl
density parameter a.= A/8

energy o? the7flssxon1ng nucleus respectively, and the level

Measureinent of p values gave all the information needed to calculate

) -and thereby §ain some knowledge of the deformation of the nucleus at
. .the 'saddle point.

In Fig. B.6-1 we have plotted the values of § f/ 0
versus the fissionability parameter 2“/A. Here S, is the moment of

‘inertia of a.sphere. Also shown in this graph are t%e data of Ref. 3, where
" S off Was found to be independent of excitation energy. A smooth clrve
- connects their five points. Our data_confirm the previous results that

3eff/~50 increases with increasing Z“/A. Because ¥ _../3, is an inverse
function of the deformation, this result agrees with thé prediction by Cohen

~ and Swiatecki that the deformation increases as Z%/A decreases.

We note that, althbugh the points based on our work bracket this smooth

-curve, the range of deviation is quite large. However, these deviations are

systematic: the points falling above the curve correspond to bombardments

- at the highest energies, whereas points falling below the curve are at the -

lowest energies. In particular the three points falling farthest below the
curve are from bombardments at energies only a few MeV above the Coulomb

- barrier.

The most reasonable explanation of this behavior is that we are not
predicting the correct value of Imax’ or £. To investigate this possibility,
we have assumed e is given by the curve in Fig. B.6-1 and have then

. calculated values of {ﬁ) necessary to give this moment of inertia from the

experimental data. Designating this quantlty as (1} » we plot the ratio
of (&) to (&) _,1. 2as 2 function of energy in F1g *PE 6-2. The data for

the elgﬁ%‘%tlfferent systems fall roughly on one curve.

- This result supports the idea that our estimates for (1} are in error.’

- At high energies this is readily explained by the occurrence of direct inter-
. action at the nuclear surface.®? The high fission barriers for these systems
.. 'require compound-nucleus formation to occur before fission can proceed. '
. Correction of the I,
- results of Ref. 2 for 3 ;;/\s It appears that our model for calcula.tlng I
o may be in error.at the lowest energ1es : :

max values for this effect gives good agreement with the

max

U f_e. V. E. Vlola, Jr:, and T Sikkeland, Phys. Rev. 128, 767 (1962).

SRR S A - Hulzenga, R. Chaudhry, and ‘R. V‘andenbosch, Phys.. Rev. 126,“2.10; :
e (1962). | o |

'8.75. Cohen and W. J. Sw1ateck1, Ann. Phys. 19’, 67 (1962)

9. T. Sikkeland, E. L. Haines, and V., E. Viola, J'r » Phys. Rev. 125,-1350
(1962). o



et S adde .

Feoam rulo

C L5k

eff/

05k

;,32

: plotted agamst X iz

Open pomts refer to. bombardments 'of Au’ _
Bombardlng pro_]ectlles are -

Z2/A |
50,13

bombardments of B1209

indic a.ted as follows

O@,

36 38

L MU.27738

Flg B. 6 1 Ratio"of effe'ctive 'rriorﬁent;'of'inertla at vthe}"'sa“ddl'e S
po1nt \s ff, to the moment of 1nert1a of a r1g1d sphere, :50,

for varlous flss1on1ng systems. R

197"

;aa, clz; 0@, N4

V¥, 0l6, The vert1ca1 hnes are from Ref. 3. The’

lme is a smooth curve connect1ng the pomts from Ref. 3

» closed to

iy,

. i-' il
3
[



P

[rs—

—

..3 )

PRI

gesl

e

ey

jeorad -

"t

-127- . UCRL-10624

<{>.exp't / calc |

MU.27737.

. F1g B.6-2. Ratio of experimental to calcuiatedbaverage angular

-momentum plotted against center-of-mass kinetic energy
- of the pro_]ectlle in excess of the Coulomb barrier. The
. various symbols have the same’ S1gn1£1cance as in F:Lg
- B. 6 1 - . : .



B.7 128~ - . UCRL-10624"

7. SPONTANF‘OU FISS 01\4 OF THE HEAVIEST ELEMENTS( ) -

Sven A. E Johansson -

" The spontaneous—ﬁssion rates of nuéleivwith Z > 98 have been calcu-

- lated. Deviations of these fission rates from the general trend predicted

by the liquid-drop model are attributed to the fine structure of the single- -
particle level diagram. Our calculations reproduce the experimental values

- reasonably well, particularly the rapid drop in half-life with increasing

- neutron number just about neutron number 152. Contrary to previous pre-

dictions, our results show that this drop is a 1oca1 effect and that the half-
lives soon start to increase with increasing neutron number. Heavy, -

neutron-rich nuclei may therefore have cons:tder able stability aga1ns1

spontaneous fission.

The predlcted half- llves rnd1cate that nelther prolonged neutron

" irradiation nor heavy-ion bombardment is a very promising method of °

producing very heavy nuclei.. The most promising method appears to be -
production by means of nuclear _explosive s. o

The dlfflculty of prechctmg spontaneous-fission rates stems from the .-
fact that they vary in a very irregular way, which is contrary to what one
expects on the basis of the liquid-drop mecdel. This author recently pro- ’

. posed a theory to account for these fluc»uamons They are assumed to be

caused by the fine structure of the smgle -particle level diagram. By u51ng

 this assumption, it was possible to account for the half-life systematics.of -~ - ~
- the experimentally studied nuclei. The purpose of the investigation reported .
- here was to extend this work to heavier nuclei, to predict hali-lives in this
" region, and to use the predlcted values-in a dlscussmn of the problems

- mentloned above. : : -

The principles of the calc'ulation'have been deecribed previously..

~ Essentially, the change of energy caused by addition of one or two nucleons

‘to a given nucleus is determined from the single- partlcle level diagram..

The irregular behavior of the spontanecus-fission rates is caused by the

large fluctuations in level spacing. - For de:,arls of the calculatlons the reader

is referred to the prev1ous paper.,

Dependmg on the type oi nucle1 concldered we have several cases.
The first is the even-even nuclei.. -Here we con51der the addition of two-

" protons or two neutrons to ai given nucleus. ' As discussed prev1ously 81nce
‘the two extra nucleons are palred they can move. in the level diagram so

that the total energy is minimized. The. 1nf1uence of the extra nuclecns on.

the barrier can then easily be found and the change in penetrablhty calculated; _ -

In the case of odd nuc1e1 the S1tuat10n is dlfferent._. Smce the spm a.nd
parity of the nucleus has to be conserved the odd nucleon cannot. Jun P 1n o
the level diagram but must stay in its or1g1nal orbit.: “For. the nuclei uf

) 1nterest here thlS means that tne add1t10n of ‘an- odd nucleon 1ncrease< the

Brlef version of UCRL 10474 Sep’ro 1962.:}?:‘{-

1. Sven A. E. Johansson, Nucl_. Phye_ 12 449 (1959)
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barrier height, and hence this can account for odd nuclei having cors:derably

longer half-lives than neighboring even-even nuclei, In odd-proton nuclei,
however, the situation is complicated by the Coulomb energy of the e:tra
proton. Since the extra proton stays in the same level all the time, the
chargs= distribution of this proton may be quite chfferent from the total charge
dlstrl sution of the nucleus.

Finally, there is the case of odd-odd nuclei. Here the odd proton and
the odd neutron couple to give the total spin and parity of the nucleus. When
the deformation increases there are varicus possible ways to change tiwe
proton-neutron configuration while conserving spin and parity. However,
neither the level diagram nor the coupling rules are known well enough to
permit a quantitative calculation. One would expect the half-life to fzll
between the values of neighboring odd-even and even-even nuclei,

The calculations were performed as described in the previous waper.
However, since we are now interested in heavier nuclei, we must include
more levels in the level diagrams. The neutron diagram is complemented -
by the levels 9/2+ [615], 1/2+ [880], 3/2+ [871], 5/2+ [862], and 1/2- [990].
In the proton diagram the levels affect slightly the calculations reported in
the previous paper, but they do not change the basic features. However,
they are essential for the present calculations. Some results of the calcu-
lations for even-even nuclei are shown in Fig. B.7-1 and Table I.

e s e
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EE;'S o ' Table I. Predicted half-lives for some even-even nuclei.
o S o Nucleus' A o Log Ti/Z
’ ' ' (years)
] o ct23® L1
o N T -0.1
- C£260 | 1.9
B | | c£262 50
T Fm2%8 ' -3.1
& o | Fm?260 -2.5
Fm?‘é‘2 o : -1.0
7 o . Fm?264 1.9
b A | 102256 » 9.2
; - 102258 - -10.3
" 102260 o - -9.3
102262 B T
102264 | . -5.9
102266 | 26
104256 -11.2
| - 104258 o -13.6
m I 104260 -13.1
b | 104262 -10.8
ﬁﬂ | K | 104264 , -9.0
{ - ' 104266 5.9
| | 104268 | . -2.5
104270 . -2.6
1 104272 | -1.9
i'l:l
.
i
7
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8. DELAYED GAMMA RADIATTON IN FISSION

SvenA E.. Johansson

Most of the gamma rad1atlon a,c'comp'any'irig the fission process is
emitted within a time shorter than 1 nsec. "Some. prehmmary measurements
indicate that the lifetime is cf the order of 0.06 heec.. However, it has been
found that a portjon of the gamma radiation has a: con51derably longer life-
time, of the order of 25 nsec.. The’ propertles of th1s delayed radiation have .
been investigated in some detall C '

.rv"

The ex erlmental arrangement con51sts of an evacuated chamber con-

taining a Cf Z source and two solid-state’ flssmn detectors The pulses
from the fission detectors are fed to 3 circuit’ wh ch divides the two pulses.
It is easily shown that the output pulse from thlS circuit is proportional to
the mass ratio of the fragments, . The gamma ‘radiation is recorded by
means of a sodium iodide spectrometer. ;. Trlple coincidences between the

two fission counters and the gamma spemrometer were used to gate a multi- .

channel analyzer which recorded either-thé.mass- -ratio distribution or the
y-ray spectrum. When a lead absorber is’placed -above ¢ne of the fission
counters the delayed gamma radiation recorded in the experiments comes

~only from the fragment that is detected in the other fission counter. Hence
it is possible to determine not only the mass ratlo but also the mass of the -

fragments emitting delayed gamma radlatlon

%

The time dlStI’lbuthn of the garnma ~'adlatlon was 1nves..1gated in two

ways. First the standard technique: ‘of: delayed c01nc1dences was used. The. N

delay curves show a tail with an almost pure: exponentlal decay: havmg a:
hali-life of about 25 nsec. In order to getvan'i dépendent ‘check a time-of-
flight method was also used. The y-ray coun itér.was shielded in Such a way

that the fragments had to travel a certain® d’stance ‘before the emitted y rays

could reach the counter. This’ completely eliminated the prompt peak; but.
the delayed radiation was still observed. , This: shows that the tail in the
delay curve is real and not an 1nstrumental effect.. ‘The amount of delayed -

. radiation was found to be about 5% of the tomlgamma radiation. The life-

time.was deterrnined for different mass. rat1os and was found to vary between
20 and 30 nsec. : : -

The mass dlstrlbutlou of the f1ss1on fragments emrttlng delaved gamma o

radiation shows a very Dronounced structure: ~-Most of the radlatlon comes:

from two regions. One isin the llght fragment for A 95 to 110 The other

in the heavy fragment for A > 150

The énergy spectra. of the delayed radlatlon WaS recorded for dlfferent
masses. Figure B.8-1 shows energy spectra correspondlng to the heavy
region (A > 150) and the hght region (A = 95.to ‘110); respectively. It is
interesting to note that these spectra, are qulte different from the spectra

of the prompt radlatlon. ) They show a’ pronounced”structure w1th well deflned
peaks. ‘ : : : : :

In the mterpretatlon of these delaye 5 one pos 51b1e assumptlon

is that they are ordinary isomeric transitions

rmust be -emitted from
many different nucle1 it is d1ff1cult to explam the structure in the energy

-
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spectra and the well-defined half-life. A p0551b1e explanation is sugg ested
by the fact that most of the radiation is associated with deformed fragments.

Fragments with A > 150 are certainly deformed. In the region A = 95to 110 ;

nothing is known experimentally about the nuclear shape, but the fission
fragments having these masses are close tc a region where one would expect
a stable nuclear deformation to occur. Typical transitions in deformed
nuclei are the rotational transitions. There is some evidence that fission
fragments are formed with a high spin. In such a case it is likely that the
gamma de-excitation takes place via the rotational band, for example’

10 »8~6-4—-2 - 0in even-even nuclei. It is then very tempting to

~ identify the peaks in Fig. B.8-1 with rotational de-excitation. In this figure v

the calculated energies for the transition from different rotational levels
have been indicated. As can be seen the agreement is quite good. These
data give the first indications of a new region of deformed nuclei with

Z = 42 and N'= 62. They also give information about how the parameters
in the expression for the rotational energies vary with mass.

It is rather difficult to say anything with certainty about the mechanism
responsible for the delay. It is probably of a general nature, because the
half-life is almost independent of mass, A possible explanation, for even-
even nuclei; is that the delay is caused by the rearrangement when the
nucleus goes from higher excited states to the ground-state rotational band.

The experimentally observed radiation agrees with the order of magnitude
of theoretical estimates,

9. LONG- RANGE a PARTICLES EMITTED
IN THE SPONTANEQUS FISSION OF CALIFORNIUM- 252

Zeev Fraenkel

A triple-coincidence experiment was pe rformed on the properties of
ternary fission of Cf252 in which one of the Iragmems is a high-energy a
. particle. The experimental arrangement.is shown in Fig. B.9-1. It con-
sisted of a fission chamber, approximately 1 {t in diameter, which contained
the source and the solid-state detectors. The source consisted of a )
100- Hg/cmz Ni foil on which Cf2%¢ was ‘rans ferred by the self-tramsfer
method. The source strength was 1. 54 % 107 fissions pen m1n The a-particle
detector consisted of two Li drifted detectors. A 16. mg/cm Au absorber
foil was placed in front of the a-particle detectors in order to absorb the
- 6.1-MeV a particles from the a decay of Cf232, The two fission-fra gment

detectors consisted each of two guard-ring P- duﬂused solid-state detec.tors
"1 cm in diameter.

These results were analyzed with the aid of a multidimensional ana-
" lyzer and a computer. The a particles were found to be sharply peaked at

approximately 90° with respect to the fission fragments. The most probable

~ alpha energy is approximately 16 Me&V. The shape of the alpha spectrum
was found to be only slightly dependent on the angle with respect to the

- fission fragments. The most probable total fission-fragment encroy 18

172 MeV, as compared with 181 MeV for binary fission of C£252, The total
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fission-fragment energy distribution was found to be independent of the
alpha energy and the angle of the a particle, and is narrower than the dis-
tribution in binary fission. The most probable mass ratio was found to be
1.30, and again the mass-ratio distribution for long-range alpha fission is_
narrower than the same distribution in bmary fission.

“All the evxperlmental results can be explained by a simple model which |

- assumes that fission accompanied by the emission of a high-energy a particle
does not differ from binary fission up to the point of scission, at which the

- a particle is emitted and the fission fragments separate. This means that

the a particles may be used as an internal '‘probe' of the conflguratlon of
'the nucleus at the’ pomt of scission, ,

A complete repo rt of th1s work is be=ng prepared for publication,

. 10. THE ENERGY AND MASS DISTRIBUTION
| IN SPONTANEOUS FISSION(*) .

‘.' Relnhard Brandt, Stanley G. Thompson, Raymond C Gattl,
e and Llad Ph1111ps '

Summary

» A back-to-back semiconductor counter system was used to study the
- energy and mass distribution of the fragments in the spontaneous fission of

- Fm?224, E253, cf252, c£250, ang szzf&) The results are compared with -
- the spontaneous -fission propertles of Cf 252" which is used as a standard.
253

All dlstrlbuuons (including those of the odd-mass_isotope E )va're

rather similar to but not identical with the standard. The mean total kinetic
7" “energy of the fragments increases with A. The asymmetry of the mass dis- =~

. tribution shows only small diffefences between the isotopes. The variances
. {widths) of all distributions increase with Z and- seem’ to increase with A.

Experimen‘cal Procedures

-V;VThe roduction, 1solat1on,' and punhcauon of Fm254, E253, Cf“‘50
"and Cm?48 have been reported previously. 1+  The purified samples were

- electroplated on : 5-pin. -thick Ni foils _andlthen placed between two back-to~

_back phosphorus-diffused silicon solid-state detectors. In this case the
Brxef form of report (UCRL 10506 1'96Z)I;Béing},prepared for submission
‘toPhys Rev : :

1, R, Brandt, R. C. Gattl, L. Phllhps, and S G Thompson, in. Chem1stry
Division Annual Report, " UCRL- 10023 Jan/ 1961 p. 66. .

2. Reinhardt Brandt, Spontaneous Flss1on of Some Heavy Isotopes L _—
(Ph. D. The31s), UCRL.-10481, Sept 1962. ‘




r

3

—

S

ey
H El

[~

1

[

T

B. 10" ~137 - UCRL-10624

energies of both fission fragments from a single fission event could be re-
corded in coincidence. With standard electronic equipment it was possible
to store on paper tape the binary equivalents of the energies of both frag-
ments in a fission event. Later the information was transferred to magnetic
tape, and it was possible to calculate with the aid of an IBM 7090 computer
the masses of the fission fragments together with the total kinetic energy
release. It was thus possible to compute the single-fragment energy dis-
tribution, the mass distribution; and the total kinetic energy distribution in
the spontaneous fission of the above-mentioned isotopes. The mean value of
all distributions, as well as the variance (width) were also computed. The
fission fragments of the spontaneous fission in Cf252 were used for the
energy calibration of the solid-state detectors, since the energy distribution
of the fission fragments of Cf252 has been determined by time-of-flight

. measurements. 3

Results and Discussion

The essential results of this study can be summarized as follows:

a. The energy and mass distributions are rather similar (but not
entical) for all the isotopes investigated here,

b. The mean prompt kinetic energy release of fission fragments in-
creases with: Z. This agrees with the findings of Viola and Sikkeland.

c. All mass-yield curves show a strong-asymmetric mass distribution.
In agreement with previously observed trends, the mean heavy-fragment
mass is always around 142+ 1, whereas the light-fragment mass shows more
variation. : -

d. The behavior of the fission fragments in the spontaneous fission of
E253 resembles very ctlosely that of the neighboring even-even nuclei. (It
should be noted that this is the first work in which the mass and energy
distributions in the spontaneous fission of an odd-mass isotope have been
investigated. ) »

%

In discussing the theoretical interpretation of those experimental re-
sults, it seems useful to restrict ourselves here to one semi-emperical
correlation. In order to allow the interpretation of the mean prompt total
kinetic energy release, <EK> » on the basis of the liquid-drop model of
fission, Swiatecki suggested that the ratio <EK> /E° should be shown as
a function of X, the well-known fissionability paraméter® 5 (E%=17.81 XA2/3;
this is the nuclear surface energy). In Fig. B. 10-1 this correlation is
shown, In order to compare the results of this work with other experiments
of the same kind, it seemed useful to show also in Fig. B. 10-1 the straight
line of Viola et 2l. They found that this line represents the trend in the
variation of <EK> /E® with X when all experimentally known cases for
total kinetic energy releases are considered. ' '

3. J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958).
4. V. E. Viola and T. Sikkeland, UCRL:10284 (Aug. 1962).

5. W. J. Swiatecki {(Lawrence Radiation Laboratory), private communication.
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| £:0.243-X+ 00725 (Viola, etal) -
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B 10 1 The mean total prompt energy releace (}:.K’
: represented by £ = (EK)/E (Eg 0 =17.81- A2/3 thp O
vnuclear surface energy) and shown asa functron of X
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. 11.. MASS-ENERGY RELATIONS IN THE FISSION OF
HIGHLY EXCITED HEAVY NUCLEI*)

Eldon L. Haines and Stanley G. Thompson

: h .j"‘v Mass-energy relations in the fission of the compound Fm‘254 have been

stnd1ed at excitation energies in the range 58 to 116 MeV This compound

" nucleus was produc?g by bombardments of Th232, U238, and Pu?52 with the
‘heavy ions Ne?2 and C12, respectively. The kinetic energies of the
- two fission fragments from each event were measured by use of semi-conductor
detectors. From these energies, the masses and total kinetic energies were
‘calculated. The mass distributions were studied as a function of the total
" kinetic energy. The bell-shaped mass distributions narrowed rapidly as the
. kinetic energles of the fragments increased. The quantitative behavior of this
narrowmg suggests that most of the initial excitation energy of the compound
nucleus is not available either for conversion into kinetic energy of the frag-

* ments or for productlon of asymmetric mass divisions that are energetlcally

T unfavorable.

o . VR U

S

”‘"‘“‘ Abstract of paper based on Haines's thesis; UCRL.- 10342 June 196 \

: - OF SOME CALIFORNIUM AND FERMIUM ISOTOPES bl
' ‘R. C. Gatti, R. Brandt, L. Phillips, and 5. G. Thompson "'f"-ﬁgf;_ :

Summary

, Relatively large amounts of short-lived fermium and californium
' isotopes were made available by the recent chemical processing of curium
‘“"'isotopes re-irradiated at the MTR. In continuation of some work reported
prev1ously1 it was poss1b1e to detect 2 new ll-day fermium activity by its =~ .
spontaneous -fxssmn decay and to remeasure the spontaneous -fission half— '
:lives of Cf25% (] /, = 60.5% 0.2 days) and C£250(t;/, = 730, 6>(104y)

Experimental Procedures and Results

) The production of Cf45% ig descrlbed elsewhere 1 c£250 was obtamed
by milking a several-year- -old source of B2 (t 5 = = 480 d). The new 11- day
_fermium activity was found in the original fermium fraction, wh1ch was

1. 'R. Brandt, R C. Gatti, L Phillips, and S. G. Thompson,; in Chemlstry :
“Division Annual Report, 1961, UCRL-10023, Jan. 1962, p. 66. '

“ 2. Raymond C. Gatti, Reinhardt Brandt, Llad Phillips, and Stanley G.
". Thompson, The Discovery of a New Fermium Isotope (UCRL 10456, Sept
: 1962), submitted to J. Inorg. Nucl. Chem.

3. Llad Phillips, Raymond C. Gatt1. Remhardt Brandt, and Stanley G.
. Thompson, Spontaneous-Fission Half-Lives of Cf¢54, Fm?255, and Cf%5
(UCRL 10464 Sept. 1962). submltted to J. Inorg Nucl. Chem.
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east squares analyszs of the. Cf data yields a half- .
This result includes_ a correction for. the spontaneous-~. -
mall amount of Cf250 (L3%), which: was also present -
ible implications of thlS new spontaneous-fission - .
ophys1cal problems are dlscussed elsewnere 2,5 ot wt

ned, value for the spontaneous f1ssmn half- life of szso e
'urmg the alpha/fission ratio in an 1sotop1ca11y pure .
"ndowless propo;tlonal counter.v ‘The measured value =
’ Based.on-a 13-y alpha half-life

’-"'ed spontaneous flS s;on half hfe of thlS 1sotope is

hé_ight .analyzer. A least- squares ana1y51s -of the-
Ly ylelded a half-life 0f-10.8.days ‘with a standard”
ays An estlmated half hfe of 11'*'10 days is

¢ Muga, Proceedlngs of the' Second Internaflonal s
‘ea eful Uses of Atomlc Energy, Geneva, 1_9_58 (United -
1959), Paper Pf825 - o Cy
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Flg B 12-1. Decay of the new Fm isotope. Approximately . ,
50 events have been dlrectly observed. The activity is~ =~
calculated from the observed events and the geometry
factor.” Two different sets of. counters were used ’I‘he
background is subtracted e e
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‘ 13. FISSION FRAGMENT KINETIC ENERGY MEASUREMEN[
S ' AT MEDIUM EXCITATION ENERGY v

Donald S. Burnett and Stanley G. Thompson

' - Two-dimensional measurements of fission-fragment kinetic energies
for Au1‘97, Bi209, U2'38, and Thé32 have been made with semiconductor
detectors, using the 65-MeV a-particle beam of the 88-inch cyclotron. Pre-
- liminary treatment of the data has been carried out by using an energy '
- calibration which assumes a linear pulse-height energy relationship for :. ,
“fission fragments of C£%52 in which the coefficients were assumed to be in~ *
~dependent of mass. To obtain final values a more sophisticated calibration
- method will probably be necessary. - A

. ‘The Au and Bi total kinetic energy results were of special interest _ '
' because they could be compared with the liquid-drop calculations by Nix. * ./

- In these calculations the fissioning nucleus is approximated as two collinear-
symmetric spheroids, a system for which the deformation energy can be
described by two.coordinates. The saddle-point shapes for this madel are
tangent spheroids and approximate the exact liquid-drop shapes of Cohen

and Swiatecki. z Consequently the calculations would be expected to hold for '

. the Bi and Au cases, but not necessarxlv for U and Th.

v Two methods of calculatlng the total kirletic energy release within the
framework of the model give good agreement with experiment: -
Method A. The spheroids are started from the sdddle point and allowed
to separate. A dynamical calculation of the shape of the total kinetic energy
- distribution is made which allows the width of the distribution as well'as the

» most probable value to be calculated. The spheroids are assumed nonviscous; -
-+ hence the observed fragment kinetic energy is less than the initial Coulomb - :

‘interaction energy, since some of the interaction energy (approx 10 MeV)
goes into oscillation of the separating fragments.

Method B. This is a static calculation in which'the spheroids are separated .

-. rather than tangent in the initial configuration. The reason for doing this is _
that, even though the model approximates the exact liquid-drop saddle shapes, -

it gives a saddle-point energy higher than that of the exact calculations. The

- separation of the spheroids is thus chosen to correspond to the proper saddle-
© point energy. If we further assumevthat the spheroids are viscous, then the:
final total kinetic energy is just the initial interaction energy. If the spheroids

. "are assumed nonv1scous, then. the resul s are 8 to 10 MeV lower than shown.

‘“here.

The exper1mental and calculated results for symmetric fission are
compared in Table I. The calculated values are labeled according to their. o
above description.. The experimental most probable values have been
© corrected for the' mass loss due to the emission of neutrons. Two experi'—
_ mental w1dths are glven Column 6 glves ’che observed Wldth after an

Tl J’ R Nix (Lawrence Rachatlon Laboratory), pr1vate communlcatlon

Stanley'“‘ Cohen and Wladyslaw J. Sw1ateck1, The Deformatlon Energy_’_'; :
of a Charged Drop Part V. Results of Electromc Computer Studies, - 3
UCRL- 10450 Aug. 1962 ' : o
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- approximate correction, assuming Gaussian distributions, for the neutron

dispersion. There are certainly other dispersions in the data, so-the ex-

.perimental results are expected to be larger than those calculated; how=-

ever, the calculated widths are 15 to 20% larger. Everything considered, the
agreement is quite satisfactory. : :

"The U and Th results are shown for comparison. The agreement be-

- tween theory and experiment is about the same as in the Bi and Au cases,

although the theory was not ecpected to hold in this region. The agreement
may not be significant, but:this is an unexciting possibility. If one were

"~ more speculative, the agreement could be considered to be an indication

that, experimentally, symmetric fission in the U-Th region resembles the
symmetric fission of the lighter elements. It has been suggested that sym-

“metric fission occurs by a different mechanism than asymmetric fission,

with the symmetric mechanism dominant in the lighter elements (the "two -
mode' hypothesis). The above results could be analyzed in the same spirit:

. namely, the calculations are expected to work for the symmetric mode, so L
~if the symmetric fission in the U-Th region is due to the symmetric mode,

then the calculations may be appropriate for it also. For this type of

analysis, comparison of the U-Th data at various excitation energies would
. be interesting. ' ' : -

Table I. Experimental and calculated results.

) Most probable . ‘ Full width at - -
- o total kinetic energy , half maximum
' Target ‘z%/Aa || Exptl.  (A) (B) || Exptl. Exptl. (A)
= N D ' Tangent . Separated : - (Corr) Tangent
nonviscous viscous ‘nonviscous
A s a3 a3 142 20 177 19.2
- Bi%09 34.0 - || 186. 151 151 18 156 19.3
©Th23Z2 | 36,0 || 171 166 167 24 . 221 23.2
U238 | 3730|175 170 172 267 231 7T




- and angular distributions of neutrons emitted by pairs of fragments.fof

Al4,15 . 0 a4

14. FURTHER STUDIES OF THE PROMPT NEUTRONS -
FROM THE SPONTANEOUS FISSION OF CALIFORNIUM .252/(*

HarryR Bow_man, J. C. D. Mllton,TStanleyG Thornpso
and Wladyslaw J. Swiatecki

The results of prev1ous measurements of the velocity ancl angular
'd1str1but10ns of neutrons associated with léht and heavy groups of fission
._’fragments from spontaneous fission of C£252 have been reported. ! Further
calculations using the same data allowed more information to be’ ob"a,lned
concerning the details of the fission process in Cf 52, The enelgy spect.

different degrees of asymmetry and different kinetic energies, as
in the - laboratory system, have been analyzed for consistency
hypothe51s of isotropic emission from fully accelerated fiss

The center of-mass energy spectra of the neutrons, w the' e.are.
assumed to be emitted isotropically from moving fragments, havé ‘been:
found to be representable, within fairly narrow 11m1ts, by a standard’ shape.
Given this shape, the neutron distribution may be specified by the number v
of neutrons emitted by a fragment and the average energy ('q) ‘The two .

quantities vy and <n) have been analyzed as T’unctlons of the mass ‘number

A of a fragment and the kinetic energy. E, as a fragment palr, ana the de-
talled results are presented in a series I% tables and graphs. The variation
of y* w1th A shows the '""sawtooth' dependence found in earlier. exper1ments, .
~which may be studied in greater detail on the basis of our results. . In.con-
trast, the dependence csf(n> on A does not show a discontinuity in the region,
of symmetrical mass splits, the values of < ) be1ng always approxnnately

. equal for the two members of a fragment pair..

Br1ef form of paper (UCRL 10139 Rev, - May 1962) submltted to Phys Rev

..vTOn leave from Atomic: Energy of Canada, L1m1ted Chalk Rlver, _ Ontano

1. Harry R. Bowman, Stanley G. Thompson, J. C. D. Mllton, and-
'Wladyslaw J. Swiatecki, Velocity and Anéular Distributions of Prompt '
v Neutrons from Spontaneous Fission of C{452, Phys. Rev. 126 2120 (196‘2).

s

‘ 15 DEFORMATION ENERGY OF A CHARGED ROTATING DROD
v Stanley F. Cohen, Franz Pla51l and Wladyslaw J. SW1ateckl s

The- quant1tat1ve studies of the propertles of saddle- pom‘r shapcs of a
unlformly charged drop possessing a sharp surface! have been extended to
~ the case of the rotating drop. . The.total energy of the drop is. now made up
of three parts, ‘the rotatlonal energy being considered along with the electro-’
~static. and surface energies.” A dlmensmnless parameter y is- used to .

.\4-'

1. Stanley F. Cohen and Wladyslaw J Sw1a.teckl, The Deformatxon Energy of
a Charged Drop. Part V. Results of Electromc Computer Studles,_, UCRL-
10450, Aug. 1962 : .
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: épeoify the magnitude of the rotational relative to the surfaLce energiy...It haie

is analogous in definition to x, which specifies the magnitude of Coulomb
energy relative to surface energy.*' The expression for §, the relative
deformation energy in units of surface energy of the sphere, E:, has been
modified to include a term in y and Bp is by analogy to Bg and B of
reference l the rotational energy in umts o}} its value for the spherical con-

: = /2% R
B o T T T %
S Ep o LWy 8

where § and § 5 are the moments of inertia of the distorted di'op" and t_he
spherical drop respectively. ' ‘ '

The only approximation in these calculations is the restriction to
axially symmetric shapes, i.e., shapes having two out of three axes equal.
The error is believed to be serious only when the shape has three widely

- different axes. This is expected to take place in a rather narrow region of

high x values.

The ground state corresponding to a given saddle configuration is ob-

‘tained either by rotating the drop about the axis of axial symmetry (referred

to as Hiskes shapes) or by rotating it about the axis perpendicular to the

-axis of symmetry {(Beringer-Knox shapes). In the former there is no approxi- .
. mation involved; in the latter the approximation described above holds. The
 saddle- -point shapes, which involve rotaticn about the axis perpendicular to-

» the axis of symmeétry, shall be referred to as Pik-Pichak shapes

‘ ’I‘he 1BM 7090 FORTRAN program used in reference 1 has been
modified for this work. For the Pik-Pichak shapes the calculation is

.carried out in discrete steps of y for a given x. Values for the y = 0 case

from reference 1 were used as starting points in this calculation. ' The

~ sphere.at y = 0 was the startlng point for Beringer and Hiskes shapes. A
“typical result (x = 0.5) is given in Fig., B.15-1. The ground state for this
- . case takes the form of Hiskes shapes for values of y between 0 and 0.12.
Beyond the Beringer-Knox shape becomes more stable than the Hiskes

. shape. At y = 0.18 the 11m1t is reached beyond which stable rotating 11qu1d
(“"jv?drops cease to ex1st '

Thls 11m1t of stablhty, the relatxve sta.blhty of the Bermger -Knox

,‘v_?: shapes, -and the: ‘region of stab111ty to asymmetric deformations (a byproduct
- .of the. computer calculat1ons) are of exper1menta1 1nterest

F1gure Bo 15 2 shows ‘the. above 11m1t of otablhty in‘the x v pla.ne

, beyond which the centrifugal force would disrupt the nucleus and compound-
-nucleus formatmn is not expected to take place. A simple correlation could
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F1g B. 15-2.° Limits'.vof stability beyond which
rotatlng drop is unstable,

s — ‘Beringer-Knox shapes are stable
SR ‘relative to Hiskes shapes,
: "".'."".',.‘ drop is stable to small asymmetrlc '
IR . deformations. .

Shaded area g1ves reglon of stab111ty of elongated . B
v Bennger Knox shapes ' '
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be made between this limit and the extent of incomplete momentum transfer
in fission reactions of heavy elements induced by heavy ions.

The shaded area of Fig. B.15-2 is the region in which stable eiv;':,ngated
Beringer-Knox ground states exist. These are stable with respect t¢ fission, .
and because of their very high moments of inertia, these states could possibly -

be detected experimentally. This would be a valuable confirmation oi liquid-
drop theory. _ S » - ’ ' '

2. Momentum Transfer in Hea?yQIon;Induced Fissio'n,.' T. Sikkeland, E. L.
- Haines, and V. E. Viola; Jr., Phys. Rev. 125, 1350 (1962).
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C. NUCLEAR REACTIONS

Iz

. QUASI-ELASTIC SGATTERING: EXCITATION FUNCTION
‘ FOR THE Cl2(r-, v n)Cll REACTION( )

Paul 1.. Reeder and Samuel S. Markowitz

: ‘The excitation function for the reaction C12(n", n'n)Cll was measured
from 53 to 1610 MeV by bombarding targets of plastic scintillator with pions. -
The intensity of the pion beam was monitored with a two-counter telescope
and 40-Mc scaling system. The scintillator target was mounted on a photo-_
tube and became the detector for the C}! positron activity. Corrections were
made for muon contamination in the beam, coincidence losses in the monitor

- system, cli activity produced by stray background at the accelerator, C
‘activity produced by secondaries in the target, and the efficiency of the C"ll
. detection system.

The C 2.(1r", 1r'n)Cll cross. sections rise to a peak of about 70 mb at
190 MeV, which corresponds to the resonance in free-particle scattering at
190 MeV. Calculations based on a 'knock-on' collision mechanism! and
sharp-cutoff nuclear density reproduce the shape of the experimental ex-

* citation function, but the magnitudes of the ca.lculated values_are low by a

factor of six. The calculation shows that the C 2(Tr s n)C11 reaction occurs
in the nuclear surface region at all bombarding energies The contributions
to the (v, v~ n) reaction predominate con the front surface of the nucleus in

: order to give the pion the maximum probability of escaping.

. The experimental setup is illustrated in Figs. C.1-1 and C. l 2 for .
those bombardments_carried out at the 184-inch cyclotron. The B spectrum

‘due to the induced Cl! is shown in Fig. C.1-3.

_The c'ro.ss sections are presented in Table I and displayed in Fig. C. 1-4,

A calculation based on the assumption that the pion interacts with a

"single neutron in the C 2 nucleus was carried out. In Fig. C.1-5a schematic

representation of a (¢~n) collision in C12 is shown. - By dividing the nuclear
volume we are able to calculate that part of the volume which contributes to

- - the . (n~, 7 n) reactien; _the results of the "localization" calcu;atlons are
- shown in Flg C. l 6. : - '

>‘:Bvrie_f'version e'f a reportr ~Paul L, ',Reeder;' Nucléar Reactions Induced by

- /Pions and Protons (Ph. D. thesis), UCRL- 10531, Sept. 1962; also Bull Am.
.. Phys. Soc. 8, 69 (1963); also Paul L. Reeder-and Samuel S. Markowitz,
L Quasi- Elast'i_c.Scatterlng in C* Z('n' ST h)Cll Excitation Functlon, UCRL_- o

) :10548 Abs. Nov. 1962 (full paper submitted to Phys. Rev )

l S.'S. Markowrtz, F S Rowland andG Frledlander, Phys Rev 112,
e 1295 (1958) T , IR AR
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Table I. Cross section for the reaction Clz('n'"', 'n"n)Cll
. Incident-pion energy . Cross section -~ Number of bombardments
(MeV) L (mb) "
53x5 [ C3x2 1
606 . - 11x2 2
808 - - 39=x3 2
12711~ . 5642 3
179+ 10 | . 68%6 3
212+10 S . 68%6 3
245%10 . - 6lzx6 3
3049 R 424 3
342+ 10 . 37x4 2
373x 10 : 30+ 3 3
42310 : 268 4
161020 . . 21 5b 1

%Pion beam monitored by means of a ¢alibrated ion chamber.

bCounte‘r telescope not used for this cross section. Pion intensity calculated

from data supplied by Segre Group experimenters for the pion beam at the
. Bevatron. :

'~ The Pean at 190 MeV in the C (Tr T n)Cll excitation function corre-
sponds to the resonance peak in the free-particle v™n. sca.ttermg This
interpreted as additional evidence for the occurrence of quasi- freeuparticle
scattering within nuclear matter.

The full width at half maximum (FWHM) of the (v, = n) peak is about .
300 MeV, compared with the FWHM of the w™n peak of about 145 MeV. The -

'~ greater width of the (v~, m°n) peak is probably due to the fact that the struck
‘neutron is moving rapidly within the potential well of the Cc!2 nucleus. On
. the basis of the one-step mechanism, only the p3 2 neutrons of cl2 cantribute
to the (w™, v™n) reaction because removal of a 5]/, neutron leaves the nucleus'
. with too much excitation energy to prevent.particle evaporation. If we

assume that the P3/ momentum distribution is the same for neutrons and o
" protons, we can use the data of Garron et al. to estimate the resonance

broadening due to the neutron momentum distribution. 2 For an average
P3/p-state momentum of 150 MeV, we estimate that the m™n resonance should

~ be broadened by about 100 MeV to give a FWHM of 245 MeV for the (r”, 7°n)

peak.- The agreement with the experimental width is satisfactory if one

- considers the uncertainty in both the calculated and experimental widths, =

Figure C. 1-7 shows the comparison.of the calculated excita.u.mn

funetlons for the one-step (''pure knock-on'') and two-step ("knock-on
- followed by evaporation'') mechanisms together with the expenmental ex-
T .c1tat1on functlon The two- step mechamsm did not predlct the. correct

J. 'Garr'on.‘ J Jacmart’,. R. Rio, v__c:._fi’Ruhla,-x J;.-:"Teillafc',vand K. Strauch,

L G Phys. 37, 126 (1962)
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1nC1dent pion energy The.srooth curve is the total cCros
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(a) Representation of a typical n™n collision.
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~a is the impact parameter of the incident pion.

' . x is the distance the pion travels in nuclear: matter

-8

E)

‘before reaching the point of collision.”

n, is the ‘distance the neutron travels after the colhsmn '

‘to reach the nuclear surface.

.1s the distance the pion travels: after the colllslon
(b): .Semicircular matrix P; . : ,
o (c) ‘Deétermination of average exit dlstances,

RERICON

<Snl> + <Sn2>

< >

MR
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(a)
-
. | —
190 MeV
- (b)
0<Pj; < 40 0.
_ 40<Pjj< 80
m

80 < Pjj< 120
S120< Py B

()

1600 MeV

< muezseee L T n L

C 1- 6 " Location of (w, mn) events after 1ntecrrat10n over:
scattering angle 6.° P.. represents the relatlve probablllty

" _of a.(m, mn) event [calculated from P; ij = (Py Pcollp P )]
o after weighting by the angular d1str1but10n. L _ .

(c’)v Inc1dent plon energy is 1600 MeV

(a) Incident pion energy is 190 MeV.
(b) Incident plon energy is 370 MeV.:

bt fremes
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C.1-7. Comparison of experimental and calculated Clz(n", -rr“n)Cl*v -
excitation functions. Solid curve is experimental. -Dashed curve
connects the cross sections calculated on the one-step model. N
The dotted curve connects the points calculated on the two-step
.model. Both calculated curves have been normalized to the

" experimental curve at 1610 MeV.
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energy dependence of the clé(n-, 1r"n)C11 excitation function in the re: sonance
region, whereas the one-step mechanism does predict the correct shape. -

. It is possible that the two-step mechanism is increasing in 1mportance, at

. energies below the resonance peak although the calculation is not expucted

to be valid in this region. The one-step calculation was not attempted at °
energies below the resonance peak because the mean free path of the re-
coiling neutron was not sufficiently well known for very low recoil encrgies.
However, the strong dependence of the one-step calculation on the free-
particle cross section makes it highly probable that the calculated cross
sections would decrease in conformity with the free-particle cross sections.

The magnitude of the calculated cross section from the one- step
‘mechanism was lower than the experimental cross sections by a factor of
about six. This discrepancy may come from the approximations in the
calculation. In particular the use of a square well for the nuclecn density
may be a major source of error. Monte Carlo calculations with a square
well do not predict the correct magnitudes of the (p, pn) reactions. It is
probably necessary to do the calculations with a more accurate nucleon-

- density function because the 31mp1e reactions are very sensitive to the shape
of the nuclear surface.

,_ An alternative explanation for the discrepancy may lie in the isobar
model. If the pion sticks to the struck neutron and both particles travel

" together through the nucleus with the effective cross sections appropriate -
‘to the neutron alone, the calculated cross sections would be raised possibly

. by a factor of five. This would bring the calculated ¢ross sections into

agreement with the experimental cross sections. Refinements of this calcu-

-lation might provide information on the isobar cross sections in nuclear
matter.

Ericson, Selleri, and Van de Walle have recently discussed the use
. of low-momentum-transfer reactions as a means of obtaining ww cross

" sections by radiochemical techniques. The method proposes. that

-peripheral collisions occur w1th1n nuclear matter between the incident - L
" particle and one nucleon. - The c! ( wfn)Cll excitation function shows -
-that pions do undergo quasi- free partlcle collisions within nuclear mditer

3. T;'»_Efilc_sqn,r. Selleri, and R. Van deWa'lle_, Nuel. Phys. _3_'(_:_‘,353 (1962).
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2. .10-MeV PROTON REACTION CROSS SECTIONS¥)
' George Igo and Bruce Wilkins

We havé'obtained proton nonelastic cross sections at 10 MeV 'from Be,
C, Al, Ti, Mo, Zr, Fe, Ni, Zn, Cu, V, Rh, Nb, Ag, Sn, Ta, Th, Auw, and

- Pb. The most significant feature of the data is the appearance of two strong N -
' minima in the elements lighter than Cu. The data are compared with the B ;
optical-model predictions by Bjprklund and Fernbach. These calculations

predict the right order for the reaction cross section when a surface ab-
sorption potential is used which fits existing elastic scattering data. The
agreement is quite good above the resonance region although the experimental
values are systematically slightly larger than the optical-model predictions.
These measurements are compared with other measurements of nonelastic

cross sections for 10-MeV protons.

“Abstract of paper submitted to Phys. Letters (UCRL-10480, Sept. 1962).

3. OPTICAL-MODEL ANALYSIS FOR 10-MeV PROTONS o
Bruce D. Wilkins, Richard H. Pehl, and Norinan K. Glendenning

An optical-model potential well shape which is consistent with elastic
scattering data and reaction cross sections for 10-MeV protons on inter-
mediate-weight elements has been determined. This analysis has been
carried out on the IBM 7090 using an automatic parameter search routine.

The optical potential VI + iWg was used, where -
s o .

f=
1 + exp[ (r-roAl/3)/a]
a;nd'
g = U -a) _ + a'exp[_‘(r-rwAl“)/iAs b]
1+ exp[(r-rWAl/3)/b] '

is the radius constant for the imaginary potential. Changing, a from
OWO 1 allows the imaginary potential to assume any proportion of volume
absorption to surface absorptlon Reaction cross sections, recently meas- -

B ~ured by Wilkins and Igo, have made possible a more precise determination
of the shape of the optical potential than was prevmusly p0551ble with elastlc
'scatterlng and polarization data 2lone. L : ~

1.--B. D. Wilkins and G. Igo, lO MeV Proton Reactmn Cross Sectlons for
Several Elements, submltted to Phys Rev. :
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The elements Cu63, Ni, and Ag were chosen for investigation bzcause
of the availability of 10-MeV proton elastic-scattering data2, 3 on these
elements. - It was also hoped that the sharp minimum in the quantity
OR - O¢cg (0 CH refers to compound elastic scattering) for Ni noted by _
E Wllkms and Igo® could be reproduced. Previous attempts at fxttmg elastlc
. scatterlng data for Ni had been unsuccessful.

The search. routine uses, as a basis for a good fit, XZ; ‘where '

g XZ o Z q(e)expt - O‘(9.)pred

AU(G)expt

Besides the well-known VRZ ambiguity, the parameters showed a
strong dependence on the imaginary diffuseness parameter b. Sets of
parameters giving good fits to elastic scatterlng data fall along a '*b valley"
~ in parameter space. A plot of b vs r, for volume absorption for 10.20-
- MeV protons on Cu63 is presented in Fig. C. 3-1. Figure C. 3-21is a
similar plot of b vs r(; for a Gaussian surface absorption on the same
~system. In this case b is related to the width of the Gaussian. An average

value of 840% 30 mb for IR - Ocg on Cuhas been taken from data reported -

" by several groups. 12,5, Compound elastic scattering i1s expected to be
quite small for 10.20-MeV protons on'Cu. Figure C. 3-1 shows that a .oy
:0£.840 mb lies considerably outside the area of good fits for volume ab-

sorption.

Volume absorpticn with ry, > T, was investigated.to see if the reaction
cross section could be increasegvby tgis means. To obtain areas of low X 2,
’ ‘however, it was necessary to reduce W. The areas of best {fit for Iy up
to 1.6 all correspond to values of ORr of about 765 mb. Above Ty T 1.6
good fits could not be obtained. In Fig. C. 3-2 the 840-mb line crosses -
directly through the area of best fit for surface absorption. An analysis was
carried out for a comblnatlon of equal amounts of volume and surface ab-

- sorption. Areas of best fit with this well shape correspond to values of ¢
of about 790 mb. Figure C. 3-3 shows a fit to the experimental dlfferentlal

elastic scattering data correspondmg to the, area of minimum ¥ 2 for 10. 20- ‘

MeV n;. otons on Cu

M. Hintz, Phys. Rev. 106, 1201 (1957)

E. Glassgold, W. B. Cheston, M. L. Stein, S. B. Schuldt, and
Erickson, Phys Rev. 106, 1207 (1957) L

. Meyer and N M. Hmtz, Phys ‘Rev. Letters 5 207 (1960)

.5?.2‘%*

m.u':'<

La from 5 to 10 5 MeV

Qo v op w

u() , Agl 7 Ag109 Cdlll Cdl

Benveniste, R. Booth, and A. Mitchell, Phys’; ‘Rev. 123, 1818 (1961).

‘Wing'and I, . 'Huizenga, " (F4 Cross Sections of vl Crf'32 Cu63 '
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Fig. C. 3-1. Contour map of ¥ 2 obtained by using volume absorption
for 10.20-MeV protons on Cub3. The dashed lines are the
predicted values of ORrR. For a given point in the b -r( grid
the other optical-model parameters are adjusted with ryy=r

S 0’
so as to minimize Y “. .
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Fig. C.3-2.  Contour map of x >, similar to Fig. ‘C. 3-1, obtained
.. by using surface absorption for 10.20-MeV protons on Cu 3
The dashed lines are the predicted values of ,O‘R.' o
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C.3-3. Optical-model fit to.0/0y for 10.20-MeV protons on
Cub3 using surface absorption. Rl"he parameters used are
V = -48.8, W= -11.5, a = 0.622, b = 0.83, rg = ry = 1.30.
The smooth curve is the optical-model calculation, the
circles the experimental points (reference 2). .
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When velume absorption was used for the analysis of elastic scattering
from natural nickel it was impossible to obtain a good fit. However, very
: good fits were obtained with surface absorption when a surpr1s1ng1y small

value for b was used (see Fig. C. 3-4). The very thin region on the surface |

- for absorption could be related to the circumstance that Ni is a magic-
number nucleus. It is interesting to note that the large difference in O
between Cu and Ni noticed by Wilkins and Igo is also predicted by our
analysis. The experimental value of 680£45 mb for op falls in the
area of the best fits to elastic scattering data, as shown in Fcig C.3-4. A
- fit to the experimental differential elastic scattering data for 9.85-MeV
protons on Ni corresponding to the area of minimum X ¢ is presented in
Fig. C. 3-5.

The Ag elastic scattering data3 are also fitted much better by surface -
absorption ra.t}ﬁer than volume absorption. The measured value of 0p - Ocg

is 700£ 65 mb. © The corresponding predicted value of 0p with surface

a.bsorptlon2 although not quite at the minimum in ¥ space, lies considerably

lower in x © space than does a 0 R prediction of 700 mb using volume

- absorption. : : '
In conclusion, a surface-absorption potential gives much better agree-

ment with o and elastic scattermg data. It should also be noted that, con-

trary to general opinion, increasing the radius of the imaginary potential

does not increase the reaction cross section when one requires equally good

- fits to elastic-scattering data.

4. POLARIZATION OF 22-MeV PROTONS IN
p-d ELASTIC SCATTERING -

H. E. Conzett, G. Igo, and W.J. KnoxT
We have measured significant 1eft-right asymmetries, € (8), in the
elastic scattering of 22-MeV polarized protons from deuterons. The meas-
- ured asymmetry in elastic scattering is given by '
€ (8) = PP, ()

" where P, is the fractional polarlzatmn of the proton beam, and P (6) is the
‘proton polarization that would be induced in the scattering of unpolarized

protons by deuterons. The polarized beam with P, = 1.0 was generated by
- a-p scattering as described before. 1 Thus, the measured asymmetry, € (0),

'is equal to P,(f). Measurements in p-d elastic scattering below .15 MeV
2 P g be

| TPhysms Department, University of California at Davis.

1. H E. Conzett, 'G. Igo, and A. Nir; Proceedmgs of the International
Symposium on Polarization P‘henomeua of Nuc:leons, Helv.. Physma Acta,
' voupplementum VI (1961).. ' '
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- Fig. C. 3-4. Contour map of XZ obtained by using surface absorption

for 9.85-MeV protons on Ni. The dashed lines are the pre-
dicted values of 0. : . o




W

- -166- S ' ‘ UCRL-10624

§ SP

/]

L

-2 R

L T .
L
\

O
QO T T T ||h|) T T L T
. O : N '
. \ : ) .
- T _ - h
\.

N
\H
] 1J_l!l

MU.29676

’ Flg C 3 5. Optlcal model fit to CI/()'R for 9.85-MeV protons on -
' . Ni usmg surface absorption. The parameters used are = .
V= -47.7, W= -16.2, a = 0.580, b= 0.55, r = ry = 1.325,
" .The smooth curve is the optical-model calcu atlon, the o
1<:1rcles the experlmental pomts (reference 3).. :
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have been consistent with negligible polarization. 2 Thus, the onset of
appreciable polarizations within the next several MeV should be significant
with respect to the nature of the nucleon-nucleon force. '

Our results are shown in Fig. C. 4-1 and are listed in Table I. In

.column 3 we indicate that for 6, . < 106° the proton asymmetries were

measured, whereas those for larger angles were determined from recoil-

~deuteron asymmetries,

A phase-shift analysis will be made of these data together with the
20.5-MeV p-d elastic differential cross section data. 3 Also, an impulse-
approximation calculation? has been started to examine, at least qualita-
tively, 'the contributions to the p-d polarization from the p-p and p-n inter-
actions.

Table I. Proton polarization in p-d elastic scattering at 22 MeV

Particle
ec.m, P(0) detected
. 31.4 +0.030+0.007 P

37.2 +0.033+0.010 P
44,5 +0.042+£0.011 P
58.8 +0.039% 0.007 . P
4.4 +0.037+£0.013 o)
72.5 -0.012x0.011 P
79.2 -0.027x0,016 P
85.7 -0.076x0.021 P
92.0 -0.088+0.010 P
98.0 ~0.096x£0.021 P
106.2 -0.157+0.021 p
122.0 +0.023+0.022 d
128.0 +0.271£0.023 d
136.0 +0.253+£0.025 d

2. At 14.5 MeV: L. Rosen and W. T. Leland, Phys. Rev. Letters _8_, 379
(1962); at 10 MeV: L. Rosen, J. E. Brelley, J'r_. , and L. Stewart, Phys.
Rev. 121, 1423 (1961); near 3.5 MeV: M. Shafroth, R. Chalmers, E. N.

Strait, and R. E. Segal, Nuclear Forces and the Few-Nucleon Problem,
Vol II, p. 365.

3. D. O. Caldwell and J. R. Richardson, Phys. Rev. 2§_, 28 {1955).

4. For example, L. Costillejo and L. S. Singh, Nuovo Cimento 11, 131
(1959). . _
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5. TOTAL REACTION CROSS SECTIONS FOR
‘ ' 22.4-MeV DEUTERONS(*)

B. Wilkins and G. Igo

D A

o |

The reaction cross section for deuterons is of considerable interest.
~The deuteron is known to be a relatzvely large, loosely bound system subject
‘to electric breakup processe51 in collisions at interaction distances.larger
. than the nuclear radius in heavy elements. 2 In addition, nuclear breakup

processess at the nuclear surface in light elements have large cross sec-
tions. ¢ If interactions occur at a larger radius? than for a particles or
protons, the total reaction cross sectlon might be expected to be enhanced.
- Indeed, Hamburger, Cohen, and Price? have found that at about 15 MeV the
deuteron breakup cross section is larger, by a factor of the order of 2, than
' the predicted values for electric breakup or nuclear breakup. 1,3 For all
elements investigated in our work, however, reaction cross sections for
.22.4-MeV deuterons are found to be almost identical with those for 40-MeV
a particles. These measurements suggest that reaction cross sections are
- not enha.nced'by the large cross sections for deuteron breakup. The com-
. parison is valid, since the Coulbmb barrier effects are almost identical in
these two cases. o

3 T T3

.

e

-
1
L The experimental apparatus used in the reaction cross section meas-
urements has been described in detail elsewhere, 5 and results are presented
™ ‘ .in the paper from which this report is condensed. :
- The importance of reaction cross-section measurements for deter-
- mining optical-model potential parameters {at least under some conditions)
4 .. has recently been shown by Olkowsky? in the optical-model analysis of data
- . for 10-MeV proton elastic scattering on Cu. The same apparently holds for
-~ ‘the deuteron optical potential. Halbert et al. 7 have obtained striking fits to
¥ _° " the comprehensive elastic-scattering data at 11.8 MeV. 8 They obtain 2051 mb
L . . and 2217 mb for the predicted reaction cross section for Sn in two analyses
of 11.8-MeV deuteron elastic scattering data.® The measured value at 22.4
22 A MeV for tin is 1563117 mb. The theoretical values for Ni at 11.8 MeV --
. © % -~ 1360 mb and 1396 mb -- and the measured value for Ni -- 149163 mb -- at
. 22.4 MeV are in better agreement.  Elastic scattering data taken alone, even
— . .- ~when very comprehensive and with small experimental error, are apparently
.4 " not sufficient to predict the correct value of the reaction cross section.
- ‘Conversely, the experimental values of the reaction cross sectlon are
= - ' apparently necessary data for optical-model analyses. '

' .-»*Abstract of contribution to Phys. Letters (to be published). -

- C. J. Mullin and E. Guth, Phys. Rev. 82,141 (1951). . A
E:. W. Hamburger, B. L. Cohen and R. E. I Price, Phys. Rev. 1_21,_ 1143.(1961).
R. Glauber, Phys. Rev. 99, 1515 (1955). : ' R

1
2
v 3.'
-, 4.. C. E. Porter, Phys. Rev. 99, 1400 (1955).
5
6.

R 5. B. D. Wilkins and G. Igo, submitted to The Physical Review.
- S J. Olkowsky (Centre d' Etudes Nucléaires Saclay, France), pnvate

o A commumcatmn. .
. 7. E. C. Halbert, R. H. Bassel and G.- R. Satchler, Bull. Am Phys. Soc.
e - . ~Series II, Volume 7, No. 4 (1962). ,

- . 8. G. Igo, W.Lorenz, and U. Schmidt- Rohr, Phys Rev. 124, 832 (1961)
= ' " 9. E. C. Halbert (ORNL. Oak Ridge, Tenn. ), prwate commumcatxon.
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6. ALPHA-PARTICLE REACTION CROSS SECTIONS AT 40 MeV
_AND THE MEAN FREE PATH IN NUCLEAR MATTER
IN THE ENERGY RANGE 1011:0 10° Mev(¥)

George Igo and Bruce D. Wilkins

- We have measured the reaction cross section 0, for 40-MeV alpha

R partlcles, and we compare it with the predictions 01 Rf the Igo potential. 1,2

.- The ratio O‘R/O‘ plotted against A2/3 {A; the atormc number) deviates from

- unity in a systematm fashion.” A straight line with a slope of 5.5X 107~ fits
‘the data in Fig. C.6-1l. Superimposed on this trend OR/0q dips by 18% near
A = 28 protons, as was also noted in the 10-MeV proton measurements.

. The experimental apparatus used in the measurements of reaction cross
"section (see Fig. C.6-2) has been described in detail elsewhere4 and will not
be discussed here except where parameters of the experiment: have been
altered because of the change in the projectile. The raw cross section 0,
obtained from the target-in and target-out measurements, is listed in Table
I. Three principal corrections must be made to 0. A "dummy" foil is
placed ahead of the counters when the target is out so that the energy incident
- on'the stopping counter will be the same in the target-in and target-out meas-
“urements. The a-particle energy in counter 3 is therefore different for the
two configurations. Fortunately the counter 3 scattering-out correction nj
" can be measured quite accurately. 3 A second correction, ¢_,, is due to -
those elastic events in which scattering occurs outside the solid angle sub-
tended by counter 5, the stopping counter. The corresponding plane angle
(lab) was set at 28.7° for light and intermediate elements. - For elements
’heav1er than tin, was set at 43.0°. The third correction, Oinels is com-=
 prised from part 015 the inelastic and reactlon events scattered into the solid -
. angle subtended by the stopping counter. In order to facilitate the separation
- of elastic events from the inelastic and reaction events, a degrader foil is -

. 'placed between the target and counter 5. The thickness of the degrader foil
"o . was adjusted so that 25-MeV a particles are stopped by it.

The correctlon Ojp is due to several sources. The first is the correction
, due to (a,a') direct-interaction events?~9 (evaporation-spectrum a particles

- . .stop in the absorber). The correction due to’ (0., p) events has been obtalned T
S by usmg the Nuclear Monte Carlo’ Evaporatmn Model (NMCEM)

1

: Subm1tted to Nucl Phys. . : : : ‘ .
G. Igo; Phys. Rev. Lettersl 72 (1958); Phys Rev; 115, 1665 (1959).

1
9.

2." J. R. Huizenga and G. Igo, Nucl. Phys. 29, 462 (1962).
3. 'G. Igo and B. D. Wilkins, Phys. Letters 2, 342 (1962).

-4, B. D. Wilkins and G. Igo, 10-MeV Proton I Reaction Cross Sectmns for

' Several Elements, Phys. Rev. (to be pubhshed)
. R. Beurtey, R. Catillon, R. Chauminades, M. Crut, H. Faragg

. A. Papineau, J. Saudmos, and J. Thirion, -Compt, Rend. 252, 1756 (1961).
6. J. Van Heerden and D. " J. Prowse, Nucl. Phys. 15, 356 (1960).
7... R. G. Summers-Gill, Phys. Rev. 109, 1591 (1958)
8. J. L. Yntema, B. Zexdman, and B. J. Ray, Phys. Rev. 117, 801 (1960)

D K. McDanlels. J.S. Bla;.r, S. W. Chen, and G. W. Farwell Nuclc Phys. 17

614 (1960).

10. 1. Dostrovsky, Z. Fraenkel and G Fr1ed1ander, Phys. Rev. 116, 683 (1959).
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' Fig. C.6-1. The ratio of the nonelastic cross section for 40-MeV

g, to the corresponding theoretical
value 0y versus the two-thirds power of A. ‘
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 Fig. C.6-2. Schematic diagram of the experimental apparatus. o
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" The raw cross sect1on 0, the counter 3 scattermg -out cor-

rection n3. the inelastic and reaction scattering correction 0,1

(references 5-17), the eastic scattering correction ¢ el (references
7,8, 18 20), and the nonelastic cross sectxon OR - O'CE

- Element,*,\f_"‘{'

" Ta.

. Th

o n RN ¢ 3 o -0
o 5 (mb) _(mb) Tingl (m"'%) "~ R b)CE
- Be, Lo 1897 0 9% 4. 36 7 :5lx 3 - ' 783% 11
c .- . 894% 12 12+ 6 . 60x 9 65+ 3 901+ 16
: S0 110517 0 23x10 0 . 54% 8 41 2.0 1141z 21
CTi <. 1422+30 3218 ° 77x12 31 5 1500 37
Voo T 1397432 3418 0 80x12 31« 5 - 1480% 39
. Fe . . 1363%34 . 36x20 L 68x12 - 31x 5 . 1436 42
©Ni 127128 4018 79x15 . - . 36x 2 . 1354 37
Cu S 152636 42+19 0 128%26 50 3. 1646x 48
~ Zn S5 1511£37 - 4219 0 129x26 - 48x 3 1639x 49
o Zr 0. 1753448 - 45%32 - 197£23 - | 124% 7 . 1771%x 63
- Nb-" - .1704%£52 - 53x27 = 105x24 . . 134x 7 . ' 1728=% 64
Mo 179265 0 4734 103%24 . 16010 - © 1782% 78
v Ag - 188152 6127 . 99£25 -  195%£10 = . 1846=x 64
Sn . 1858%65 - 5934 97%£25 ~ 246x13  1768x 78"
1846 +83 79+ 44 97+25 ' - 136% 7 . . 1886=x 97
- Au 1931x63  88%39 100+ 25 200£10 1919% 79
" Pb 195362  89x42 10030 - 250£13 . 1892+ 82
" Bi - 192387  100+46 100 30 27020 1853+ 105
1973+ 84 92+ 51 100« 30 40420 1761105

Experimental data, 11-15 fitted with this model, were used to fix the parameters =
.. -of the model.
-~ calculated.

The predictions of the model for (a, p) cross sections then were

, ‘v out the periodic table.
and found to be. small (about 5 mb).
because of the large Q value assoc1ated with this reactmn.

11, N. T. Porile, Phys. Rev.

o120 YR Vandenbosch, T. D.. Thomas, S. E. Vandenbosch, R A, Glass,,
-'and G. T. Seaborg, Phys.. o

~+.13." Bruce M. Foreman, Spallatwn and Fission in Thorium-232, and The
y Masses of the Heaviest Elements (Thesis), UCRL~ 8223 Apr11 1958."

o 140N, o. Lassen andV A, S1dorov, Nucl. Phys. 19, 579 (1960)
-'7;15 N. T.»Ponle andD L. Morr1son, Phys. Rev. 116, 1193 (1959)

16. A G. W. Cameron, A Rev1sed Sem1 Empxncal Atom1c Mass
"_Formula, CRP 690, March 1957 p : S

Rev.:

\

115, 939 (1959)

111, 1358 (1958).

Instead of a parameter for shell corrections fitted to each ele-
~ment (as was used in reference 10), Cameron's empirical shell correction®
- was used. This gave consistently good fits to the experimental data through-
The (a,d) and (a,t) corrections were also calculated = = .
The (a, He?) reaction did not contribute . "
The NMCEM

S 177 RO ML E1sberg, G. Igo, andH E. Wegner, Phys. Rev. 100 1309
. (1955) : : o s .

16
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does not treat the direct- interaction (a,p) events praperly. - To compensate
for this the NMCEM calculations were. ad_}usted to fit the average of the
forward- peaked direct-interaction dlstrlbutmns17 deterriined experi-

RN ‘mentally. It is therefore possible that we have underestimated the con-

tribution of the direct-interaction {a, p) events, especially in the light
elements with 0g/01 <1 (see Fig. C.6-1). Unfortunately, there are no
measurements at the extreme fo*ward angles correspondlng to the solid
angle intercepted by counter 5 with, which to check this. The values pre-
dicted by NMCEM when normalized to the measured- OR fitted the excitation
function peaks within 1 MeV, and the absolute magnitude of the excitation
function data was. usually fitted within 20%. :

v The elastic scattermo correction 0ol has been estimated from. the
literature, 7» 8, 18-20 The elastic scattering data consist of the sum of
- shape elastic SCattering Ogr and cempound elastic scattering O g. The
latter is not included in the measured quantity in these experiments. The
final result 0R - Ocgs where 0 is the total reaction cross section, is-
listed in the last column of Table I. The results for (OR-OcE /G_I are also
- shown in Fig. C.6-1, where the deviation from unity ca be seen. The most .
prominent features are the agreement with unity for A2/3 2 16, the dip near
28 proton nuclei, and a 10% deviation for light elements. It has been
‘emphasized above that some of this devi,ation could be due to an under-
estimate of the (a, p) direct-interaction cross sections. The data can be
fitted by a straight line with slope of 5.5%10°3 on this plot versus A2/3 if

the dip near 28-proton nuclei is neglected. It also should be noticed that we
- plot . (O R - O'CE)/O‘I versus A2/3. However, at 40 MeV, 0~ is expected

to be small, and we do not believe that the dip is due to a resonance in 0 ~p-
‘Instead, it probably reflécts the decrease in the cross- -sectional area of:

nuclei‘in this region. The same effect was seen in ORr - 0cg for the 10- MeV o

" protons; 3,4 but not seen in the 22.4-MeV deuteron reaction cross section
data. 2l With the completion of these a-particle 0 g measurements it is
possible to obtain the mean free path of a particles in nuclear matter,.

The attenuation of 18-MeV flux of a particles?Z .in Ar (arrows in Fig. C N 3)
for the Tegion where the Igo potentialt is well defined has been used. 'The

~-amount of nuclear material traversed for a2 1/e attenuation can be obtained by -

- numerical integration (see F‘lg C.6-3). In Fig. C.6-3 are plotted contours
for 'a Woods-Saxon type-of nuclear distributionz_ consistent with charge

\

'18. A. I Yavin and G. W. Farwell, Nucl, Phys 12, 1 (1959).

19. G- Igo, H. E. Wegner, andR M. Elsbe g Phys Rev. 101, 1508 (1956). -

20, H. E Wegner, R. M. Llsberc “and G. Igo, Phys.,_ Rev. 99, 825 (1955).

21, B. D Wllklns and G. Igo, Phys Letters, .3, No. 1, 48,. (Nov. 15,
1962). R

22, 1. McCarthy, in- Proceedlngs of the Internauonal Conference on the =
Nuclear Optical Model (Florlda State Umversuy, Tallahassee, }Florx la,
_ 1959), p. 24. . , v )
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F=0.0043

" Mu-28384

Fig.‘ C.6-3. The flux of 18-MeV a par-tvicles in Ar (arrows)
' (references 1, 2, 22), the flux absorption {dashed lines),
and the nuclear matter contours (solid lines) (reference 16).
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den51ty measurements. 24 The half-value radius is l 2 Al/3><10 3 cm; the
diffuseness parameter, 0.6%X10-13 c¢cm; and A, the atomic weight. However,
it should be noted that these measurements are sensitive to r2} rather than
the shape of the charge-distribution tail. The justification for putting cre-
dence in this shape for the tail of the distribution is that the potential taills 2
has this shape, and Hartree-Fock self-consistent calculations show that the
nuclear distribution must therefore have a similar shape. The mean free
path obtained in this way from the data up to 50 MeV may be expressed in
‘terms of the mean free path in nuclear matter of uniform den31ty po/ZO
where pg is the central density. It was decided to express it in terms of a’
surface density p /20 rather than in terms of a central density p,, because.
the Pauli pr1nc1ple may have a profound effect on the mean free path at low
energies in the central part of the nucleus :

The values of 0 at 40 MeV _obtained in t%lSS icperlment can be com-
pared with.values obtained at higher energies. There is_a slow change
with energy amountmg to about 50% in the energy range 4% 101 MeV to .
- 10® MeV. It is therefore reasonable to assume Ay is inversely proportional
to ORn. Flgure C. 6-4 shows a plot of \yg versus energy thus obtained. A
straight line is drawn through the experimental points. The slow overall
variation with energy and the small average value (12 F) are apparent. These
quantitative values for \yg are of considerable importance in interpreting
attenuation effects in nuclear reactions involving a particles.

23. R. D. Woods and D. S. Saxon, Phys. Rev. 95, 577 (1954).
24. D. G. Ravenhall, Rev. Mod. Phys. 30, 430 (1958).

25. . G. P. Milburn, W. Birnbaum, W. E. Crandall, and L. Schechter,
Phys. Rev. 95, 1268 (1954). : R '

26, E. Lohrmann'and M. W. Teﬁéher, Phys. Rev. 115, 636(1959).
27 M WL Teucher, E. Lohrmann, and M. Schein, preprlnt

28, G. Igo, L. F. Hansen, and T. J. Goodmg, The (a, 2a) Reaction on_

deavy Elements at 915 MeV -submitted to Phys. Rev.
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7. INELASTIC HELIUM-ION \SCATTER'INIG AT
- ‘THE 88-INCH CYCLOTRON

Bernard G. Harvey, Jokn R. Meriwether, William B. Jones
v Plerre Darnulat and Ernest J M. Rivet '

The first expern‘nent to be completed at the 88- mch cyclotron was a
,.study of elas ém and inelastic scatterlng of 65-MeV hehum ions from C
‘N4, and ol The cyclotron beam was momentum-analyzed by means of
a uniform- field circular-pole magnet and an adjustable slit. An image of
~ the slit was thrown on the target by means of a quadrupole lens doublet.

3 By use of a slit opemng of 0.060 in., a beam of divergence 0.2° (full
“angle) and size. 0.080%0.500 in. was obtained at the target. The intensity

. was normally about 0.2 pA, but reached 0.4 pA at times in spite of limitation
of the internal beam to about 20 wA. (This is about 1/50 of what the cyclotron

is expected to produce eventually). With lithium-drifted silicon detectors,

an energy resolution of 140 keV (full width at half maximum) was measured

for 65-MeV partlcles scattered from gold foils. :

' Spectra of helium ions scattered from N14 and Cl‘2 are shown in Flgs
~C.7-1and C.7-2. The (dg é 2 7= 5]level at 9 MeV in N1 4 (see preceding
.. section) is not observably éxcited by inelastic helium ion scattering. To

produce it from the N** ground state would require promotion of two nucleons =

from the p

1/2 to the d5/2 shell and such double exc1tat10ns are known to be
T weak. - : .

S The Nl4. levels at 6,23'3 6.44 MeV were 'not‘de'te'c’tedv; Both of them
“require double promot ion -(pl/z - ZSldS/Z) according to True's theoretical.
‘wave functions. . : o : ' :

The"arigular istrlbutlons of" scattered partlcles correspondmg to .
. formation of the N1% levels at 3.95 and 7.03 MeV were found to be virtually
- identical. In both cases, the’ excxratxon takes place by the promotxon of a

' p3/7_ nucleon to the pl/Z shell.

The 2- level at 8. 88 MeV in O 16 was quite strongly excited even though

_ it is of "unnatural” parity - ... [i.e., w #(-1) ] ‘Such a level can be
excited only by second order procesqes or by a sp1n orb1t contribution to

the inte ractlon

i

1. W W Eldcon andJ G Cramer,_Phys Rev. Letters 9, 497 (1962)

R SO

' 4
B

3

T i



-179-

UCRL-10624

2()C)' . T

Flg_ C.7-1.

) Nl4((1 al )Nl4

(1n1t1a11y 65. MeV) scattered from Nl

, 17 deg(lab). -

T T T T
Elastic peak
2000 counts

‘ ‘ full scale _

160+ | g
’ >
[}
- =
(e} ~
€120} 16 .
o o
ot S
o @
c
e~ @
8-80“ 14 <
o 2
I= 5
= =
O . &)
S 40} 12 &

O Ol UGS '. & - ‘C‘ ’:FR)X O

"0 50 100 150 ZOO 250 300 350 400
| Channel number

MUB-1619

Elastic and inelastic spectrum of helluw' ions -



Chonnel number

.

: 180- | UCRL-10624 -
‘ _ : —— — | — B
R L a43Mev
- 500 | : B 420 :
- =
' qé ' 1.F_Ias’ric peak §
A 10,000 counts |, . =
f:’ 300 full sccclzurvl' ° 12
G | o :
' Al - o ]
S 5
o o
. ‘ S
o 200 48
E 5
g 5
: . - [OO 4 X
VO5O | |OO |5O 200 250 300 350 400 0 Ea

©MUB-1620

E‘lg. C.7-2. Elastlc and 1ne1ast1c spectrum of hehum ions:

' (1n1t1a11y 65 MeV) scattered from C~
Cl2(a,a')Cl2%, 18 deg(lab).



[P

PR

oy

e

=

{"“""' -3

s very specifically probing the ''stratospheric'

4

(o)
(e)}
3]

c..,. - o 1814 | UGRL-1

8. "ALPHA-PARTICLE" SATELLITES IN THE
"NUCLEAR STRATOSPHERE"(¥*)

George Igo

We have investigated the ”alpha partlcle” cluster density in the region

p <1/20" pp. utilizing the (a, 2a) reaction at 0.915 BeV. The results are

consistent with complete clustering of all nucleons in the density region
p <1/20 py. Inthe "stratospheric' layers of heavy nuclei, p <'1/20 pg,

nucleons are less affected by the Pauli principle. When nucleons emerge

from the inner region they give the nucleus extra stability by clustering to
form ''a-particle'” satellites. These structures may have a short lifetime
and be constantly forming and redissolving. The a-+particle nonelastic
mean free path in infinite nuclear matter of central nuclear density PO

very short (0.6 F) and almost independent of energy, as determined fr‘urn

elastic scattering and total reaction cross section measurements for a’
particles. As a consequence the reaction volume in heavy nuclei is known
to be that part of the pole caps where p <1/20 p,, and the (a, 2a) reaction

9 ayer. Coincident events
were observed from a series of heavy target elements in which two emergent

- a particles were identified and in which the sum of their energies was

0.915 BeV. The energies of the individual e particles and the angular corre-
lation between them were found to correspond to the kinematics of a frge,
two-body collision for equal-mass particles. The numbers of such events
were consistent with complete clustering of all nucleons in the density regxon

p<1/2 p,.

Abstract for presentation at Conference on Advances in Meson and Nuclear
Research ‘Gatlinburg, November 12 and 13, 1962 -

1

9. TWO—NUCLEON STRIPPING REACTIONS -

Bernard G.. Harvey, Joseph Cerny, Richard H. Pehl
and Ernest J. M. R.lVCt

In each of the nuclear reactions C"2 d“N14 NM‘(a d)O16 N5 J(L d)Ol'7

7 and Olé(a d)F18, the energy spectrum of the emitted deuterons shows$s one or.
more'very large peaks corresponding to particularly strong excitation of one
. 'or more energy levels of the product nucleus. _For the residual nuclei N
and F18, only one such level is excited. In O"', there are two such 1evels '
.and in O!© there are two and p0551b1y three. Figure C.9-1 shows the deu-
~: teron spectrum obtained from ok (a a)F18, using 47 MeV helu.m ions from

the Croc’:ker Laboratory 60 inch cyclotron

The strongly excited levels are beliéved to be of (dg 2) J = 5 charac-

- ter-—that is, the target nucleus is unchanged in the reaction while the captured
“proton and neutron each enter the d5 2 shell, which is initially completely
..empty. The angular momentum of two units- per nucleon is consistent with

the known linear momentum transfer if the reaction is assumed to occur at
the surface of the nucleus.
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If most of the linear momentum of the captured particles is due to

their center-or-mass motion, then the vector sum of their angular momenta ...

will most probably be 4, since the linear momentum vectors, and therefore

" the angular momentum vectors, will be parallel. Since the outgoing particle

is a triplet-state deuteron, conservation of angular momentum requires that
the captured pair should also be in a relative triplet state, The states most
strongly populated should therefore be those with:a large 3G amplitude“ For
the (d 2)2 J = 5 state, this amplitude is 1.00. For the ( 271= 3 state,
the amphtude is -4/175 so this state would presumably haée to be formed
mainly through the °D amplitude, which.is 108/175. This amplitude, how-
ever, would require fn + £ equal to 2. The angular mormentum vectors £
and £_ (the orbital angular momenta of the captured neutron and proton)
wouldpthus be far from parallel. Such a situation could arise as a result of

- the relative internal motion of the captured particles in the incident helium

ion, but it becomes less and less probable as the orbital angular momentum
of the captured nucleons increases.

A 5% level is already known in Fi8 at just the energy at which the
strongly populated level was found. No such level is known in N14, but
calculations by W. W. True® place it at abeout 9 MeV, in excellent agreement
with the strong level populated in G!2{(q, d)N*4 :

The doublet in Ol (at 7.6 and 9.0 MeV) is behegred to be due to the
coupling of the J = 5 nucleon pair with the J = 1/2 N*° target, to give two
levels of spins 9/2 and 11/2. A calculation by Norman K. Glendenning finds

' -the separation between two levels of this type to be about 2 MeV, which i_s

in’ éeasonable agreement with the experlmemal value. The three levels in
010 are believed to be due to coupling of the J = 5 particles with the J = 1

"N 4 target nucleus, giving levels of spin 4, 5, and 6.

As an extension of these observations, a successful attempt was made

" to find an analogous effect in the f7/2 shell. In the reaction Ca4 {a; d)Sc
a level in Sc42 / 2 J =17 chat acter was populated much more strongly
than any others he deuteron energy Qpectxum is shown in Fig. C. 9-2.

A strong level was found at 1.2 MeV in K% by means of the reaction
A40 (a d)K 42 : o T

These experiments were the last to bé made at the 60-inch cy'clotron'

before it closed down after 23 years of highly successful operation. -

1. " William W. True, Nltrogen—lﬁ and the Shell Model to be submitted for
pubhca’clon . : :
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T EQUILIBRIUM CHARGE DISTRIBUTIONS | o
OF PRODUCTS OF HEAVY- IO\I INDUCED SPALLATION

Naftah I—I Ste1ger ’

Heavy partlcles passing through matter can- lose or capture electrons '

‘1n colhsmns with-the stationary atoms. of the medlum traversed. This pro-
. cess’'results in the establishment of an equilibrium dlstrlbutlon of charges

- from which the characteristic mean charge can be obtained.  In general the
"]equlhbrlum charge z of an energetlc partlcle in thlS case is glven by

C Z =f (Zl’ Al’ ‘v, Z,i A,y state of condensat1on of medlum), A

: .there Z%s Al,,and v.are nuclear charge, mass, and veloc1ty of the movmg
,part1cle ‘and Z.‘2 and A?_ are the nuclear charge and the mass of the atoms of
o the medlum : : : : S :

No r1gorous theory about the charge dlstrlbutlon of heavy partlcles :

o (Z > 1) as a. functmn of the various factors shown in Eq. (1) appears to
“exist at present.. The methods used are highly approx1mate in character,

mainly based on statistical conmderatlons, and are’ not in very satlsfactory
agreement w1th experlments ' - '

The ex1st1ng experrmental data are rnostly for partrcles of Z up to

-_1-20 (Ar), because of the heretofore 11m1..ed pOSS1b111t1es of acceleratmg very
~heavy ions. Measu_rements on fission fragments that have a’continuous
',spread in Z can be related only very roughly to Sr and Xe as the most

representatlve ones. 6, Experlmental studles for partlcles of hlgher z

»would therefore be of 1nterest

Spallatlon products resultlng from heavy ion- 1nddced nuclear re actlons

. .can be produced in an energy interval from a'few MéeV up to about:30 MeV.
- This offérs therefore an-almost unique possibility for the study of charge

equ111br1a of heavy partlcles possessnw even hrgher Z than the f15$1on frag- '

ments

Thls report gives the results of an expemmental study of equlllbrlum

' _charge d1str1but10ns of heavy particles of nuclear: charge Z = 66il (Tb, DY, : .

N' “Bohr, . Phys Rev. 58 654(1%0;

1.
Z W E. Lamb Phys.’ Rev 58 696 (‘940) ‘ o o
!3; 7 ‘Knipp and E. Teller, ‘Phys. Rev. 59, 659 (1941) J. H. M Brumngs,;-f;.

Knlpp,_andE Teller, Phys. Rev. 60,657 (1941):

4 'N.. Bohr and. J Llndhard Kgl Danske Vldenskab Selskab Mat —Fys
'—»'-"-Medd 28, ‘No.- 7 (1954). . : L

R s Dmrtnev, Soviet Phys JETP 5, 473 (1957)

C 6. \I O Lassen, - Kgl Danske Vldenskab Selskab Mat --Fys Medd'ﬂ ‘
/ 30, ‘No. 8 (1955). . o R

c B. Fulmer andB C. Cohen, Phys R_'ev,"10’9,5"96?’(1958);
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and Ho) in the Vel'OClt'y reglon‘ 2.5% 108 to 5.5%108: cm/sec.: A number of |
nuclear reactions induced by accelerated heavy ions was chosen, most of

them leading to ¢ Dy149 as the primary spallation product, and in some cases
, 66 P

'to 65Tb149g or = ¢-Ho 149, which flnally decay into Tb14 9g

‘The study had to be limited to reactions for -which ev1dence for the
' compound -nucleus mechanism has been presented. 8 For these reactions
the mean veloc1ty of the spallatmn products can be calculated

" In the ekperlmental setup used, targets of about 100 ug/cm2 thlckness
. were bombarded by a well-collimated Hilac beam, which passed througha
narrow slit before hitting the target. The resulting spallation products

. emerging from the target and passing through a second narrow slit were

~magnetically analyzed and then collected on a thin aluminum catcher foil.

The experiments were performed at a pressure of about 104 mm Hg. It
could be shown that with the target thickness used, about 95% of the products
leave the targets after achieving charge: equilibrium init. ‘The horizontal
distribution of the collected products, which is proportional to the effective
charge state, was recorded by taking an autoradiograph of the catcher foil.

 The dlstrlbutlon was then determlned by counting mlcroscoplcally the a-

- particle tracks from the decayed Tb1498 (see Flgv C.10-1). :

In all thé reactions used a certain number of neutrons was evaporated.
" When angular distribution of the evaporated nucleons is assumed either

isotropic-or symmetrm about TT/Z in the c¢. m. system, the mean voloc1ty of -

the findl product, . (- > , ._equals the velocity of the compound nucleus, and
S may be obtalned from '
24 E - -
= 1 : :
' <V> = B> 2 v : o - (2)

-where E. . is the bombarding energy in the laboratory system and Ay and

A, are the masses of the bombarding particle and the target respectively.
However, the neutron evaporation causes an appreciable velocity spread of
- the-investigated part1cles for which the curve shown in Fig. C. 10-1 must be
corrected . T : . o S

It can be shown that this spread rna'y be estimate.d‘f_r_o'm

Ephr

<V§> '=<Ab+AT el E>\ ) f ._j"'<3>

v +1
b (A +AT : T:'
where <V > is'the mean square veloc1ty of the products in the c.m. system
caused by neutron evap01 atlon, Q is the mass d1fference (in MeV) between

e b

v' 8. John M. Alexander and Dav1d H Slsson, Reco11 Rande Ev1dence for
- the Compound-Nucleus Mechanism in Reactions Between Complex Nuclei,
UCRL-10098, April 1962.
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Fig. C.10-1. Experimenté,l charge distribution. Horizontal
displacement of particles on catcher foil as a function
of a track density. Nuclear reaction: Pr141(1016, 8n)_I-Io149
E, (lab) = 162.0 MeV; Target thickness = 100 yg/cm
b
mean velocity of Hol%49 particles: V) = 4.50% 108 cm/sec.
Magnetic field strength = 3150 gauss. '
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_reactants and products, and x is the number of evaporated neutrons. E

" is the average total energy emitted as photons; and is based on angular
distribution measurements, assuming isotropic neutron emission.”7 After.
correction for velocity spread according to Eq. (3), for velocity spread

caused by target thickness and geometrical spread, the resultant curve can ‘

be converted into a hlstogram representing the actual charge distribution
(Flg C. 10 2) : o _
s
In Table Iare summarlzed the reactlons used and the resultant mean
.effective charges as a function of the mean veloc1ty of the particles, (v)
“Figure C.10-3 is a graphlc representation of Z versus <V> Figure C. lO 4
shows the equilibrium charge distribution ¢, -~ that is, the fraction of ions

with a charge z -- as a function of particle mean velocity (v) . The results -

for z = 5, 10, 15, 20, and 25 are plotted as representative quantities.

Both sta"ti.s'tical vmodeisé the Bohr rnodel1 and the modei given by

‘Brunings, Knipp, and Tellery relate to an ion in the ground state. In order

to be able to apply the Bohr-Lamb theoryls 2 to a condensed medium, one
must have knowledge of the distribution of electronic orbital velocities in
.an ion that is continually perturbed by collisions at high frequency As this
. distribution is unknown, Bohr and Lindhard? introduced a semi- -empirical
_factor, which they determined as 1.5 for heavy fission fragments (Z = 54,
v = 8.6x108 cm/sec). In this investigation (Z = 66, v = 2.5% 108 to
5.5X 108 cm/sec), the factor found was about 2 for the whole veloc1ty range :
 studied. “When applying our Z/v function to the statistical model given by
- Brunnings; Knipp; and Teller we obtained the following vy values:
(a) For the assumption that the characteristic veloc1ty is that of the
-'_energetlcally most easily removable electron, we ‘get y = 4.3 fof . i
= 2.5% 108 cm/sec, and y = 3.6 for v = 5, 5x 108 cm/sec Extrapolatmg .
frorn these values to Z = 54, v = 8. 8><1'08 cm/sec gives a y value close to -
that obtained for heavy fission fragments in condensed media (y = 2.1).
. (b) For the assumption that the characteristic velocity is that of the
- outermost electron, we get,' for the whole velocﬂ.y range measured the
almost constant value of Y= - 0.8.

The results obtamed for the measured equilibrium charge distributions

wrll be discussed in greater detail in a forthcoming report. Furthermore,

“an . attempt will be made to use the experimental results for improved cal-
culations of range energy relatlons of heavy ions in th1s velocxty and Z
region. : : : .

: 19 Gabriel N.- Slmonoff and gé)hn M. Alexander, Angular Momentum Effects o
. Tb153 'and Tb 5 compound Nuclel, UCRL-

on Neutron Em1551on by Dy
10099 Rev. . Sept 1962
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Mean charge; Z:= 167 positive electron
units _
Most probable charge; zmp® 17 positive
electron units

e

(arbitrary units)

sy

%
track density

e

Alpha- particle

o~ . [
' o ' 0 4 8 12 6 20 24 . -28 32

ITonic .chorge (positive electron units)

MU-.29615

Flg C 10-2. Corrected charge distribution. Effective charge

state (in positive electron units) as a funct1 n of a- §>4“t1cxe

track density. Nuclear reaction: Prl4l( , 8n)Ho
‘Mean velocity of Ho 149 particles <v) = 4.0 lO8 cm/sec,.

189~ o UCRL-106
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(positive jé!ectr.on units) -

" Mean chdrge,@), .
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5 G - . ! ) : . i . . o

2 3 4 5 6

."_:"Pcrticlé mean veloéify,(v) (10 cm/sec)

R
- MU-29614

Flg C 10-3. Effectlve mean charge z (in p051t1ve electron umts) .

““-as a function of particle mean velocity (v); nuclear charges
: of movmg partlcles Zl =65, 66, 67 (see Table I) '
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~Particle mean velocity, <v> (10~ ®cm/sec)

MU.29614

Flg.. C.10-4. Equlhorlum charge distribution ¢ (fraction of ions
with charge z) as a function of particle mean velocity <v>
- z=5, 10, 15, 20, or 25.

z 65, 66, and 67 ; v
Z% 56 through 60 } - see Table I -



Tabj.é'_l Summary of the reactlons used and of mean effectlve charge Z.
S : : (Syrnbols as. used in text v

01D

. o , o . o (10-'8cm/sec;). 01/2, ;‘(‘:aused by (positive '
v V] , ‘ electron
- [Me : . . .neutron . target- units)
L : . . " evaporation thickness C
: ‘ R L (%) -~ (%
14 (clz “4n )Tb149' 6407 65 59 . 2.52 9.3 3.2 9.3
d147~(ch 5n)Dy149 . .95.2 66 60 .- 3.05 11.1 29 112
Prl4l(n14, 6n)Dyl49 . 105.7.... 66 . 59 . 3.45 10,9 2.6 . 12.8 .
| __Pr141(N14 6n)Dy 149 1300 66 59 3.82 11.8 2.1 14.6
Cel38(016, 7n)Dy149 133.1 66 58 4,08 10.0 1.5 14.9 o
Cel38(016, 7n)pDy 149 141.0° 66 58 4,24 10.8 1.4 157 e
Pri41(016, 8n)Ho 149 144.5 759 4.24 10.3 1.8 15.9 '
Prl‘“(o16 8n)Ho 149 162.0 . 67 59 4.50 106 L7 167
Bal38(Ne20, 9n)py!4? 181.6. 66 56 5.27 10.0- 1.9 - 20.4
.Ba138(Ne22 11n)Dy149(a) 205.0 66 56 - 5.83 ' | (a)
. a, | this"ty_pe‘vof ekberimént is té-b_e performed in the very near'fﬁture.
o
Q-
W
i
i
—
o
O
4]
RN
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11,  DETERMINATIONS OF NUCLEAR "RADII"
FROM HEAVY ION ELASTIC SCATTERING

Homer E. Conzett

1ot heavy-ion elastic scattering data have yielded

1/3+'A21/3L

' Phase-shift analyses
"interaction'' radii,
| R = ra(Al
where A and A, are the mass numbers of the projectile and target nuclei, .
respectively. Hereafter, a radius so determined will be called an absorp-
tion? radius, since this terminology explicitly defines the method by which
the determination was made, The radius parameter has typlcally been cgn—

sistent with r, = 1.45 F when obtained, for example, from C N1

and Ne20 scattering data. 3-5 By contrast, the radius parameter determlned

- by optical-model analyses of elastic proton and a-particle scattering data

has been ry € 1.30 F.° The purpose of this note is to point out the reason
for this apparent discrepancy.

In the cptical.model, r, is the radius parameter correspondlng to the

“half-value point of the real nuclear potential,

| 'Vf(r) with f(r) =

-1
1+expr;Ril ;

and, also, .of the imaginary potential when the same radial form, f(r), is
assumed. (This radius is expected to be larger than the nuclear density
radius by the range of the nuclear force.) By contrast, a phase-shift
analysis determines the actual absorptionZ of particles as a function of the
orbital angular momentum, £+, of the projectile-nucleus system. This can
be transformed.into a determination of the absorption as a_function of im-

pact parameter of the corresponding classical trajectory. 7 Thus, r, 1is

1. We include here 2ll analyses in which the partial-wave (complex) phase

shifts are explicit parameters in the calculation and are not adjusted through
an intermediary optical potential; e.g., J. S. Blair, Phys. Rev. 95, 1218
(1954), "sharp-cutoff' model; J. A, MciIntyre, K., H. Wang, and L. C.
Becker, Phys. Rev. 117, 1337 (1960), modified sharp- cutoff model.

2. As used here, any transition out of the entrance channel is deflned as

' v,-absorptlon
3. T A McIntyre, S. D. Baker, and T. L. Watts, Phys. Rev. 116, 1212

'_V_(l960)

4. Jonas Alster and Horner E. Conzett Heavy-Ion Elastic Sca.ttering, to be

submitted to Ph)rs Rev, (revision of thesis by Alster, UCRL-9650;, Aprll
1961), - v

5. D.: D. Kerlee,-H L. Reynolds, and E. Goldberg, Phys Rev. 127, 1224

(1962).

6. For example, Proceeamgs of the International Conference on the Nuclear

- Optical Model, Florida State University, Tallahassee, 1959.

7. In the 51mp1e case ¢
eter is. r = [L(2+1)] _l/z/k , where Tk 1s the center-of-mass moment 21

f an uncharged projectile, for example, the impact param-
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" the ra%lus parameter correspondlng to the radlus at which the amphtude, :
“Ap(r),® of the outgoing £th partial wave has been reduced to 1/2 A(For
compleue absorption AE = 0, for no absorptlon AJZ = 1. ) o .

Smce T (A 1/3 1/3&23 the radius at Wthh the optical potent1a1 is -

- V/2, wherea.s r ](A 1/3
N 1nc1dent partlcles is 75% [that is, A% —Zlf— intensity of outgomg wave;
(1 - ) =3 fractional absor tlon] anr, =r
: l 4 P : 0 a

Figure C. 11-1 demonstrates this pomt graphically. There, the curve f(r)
‘with rg = 1.30 F represents the optical potential f(r) appropriate to the

) is the radlus at which the absorption of

would be purely fortuitous.

scattering of protons from Ta. The curve A£ (r), with r, = 1.45 F as deter?_ o

mined from analys1s of 124- MeV clé.Ta scattering data, * demonstrates
that the strong absorption of the incident particles in the outer region of the
potential (and nuclear den51ty) explains the larger value of r_. Thus, it is
‘apparent that r, should not be a constant, but can be expecte%i to vary w1th
- type and energy of the incident particle.

8. The a.rgument rin A {r) is wrltten here to indicate the ”equlva.lence”
“between £ and r. S :

* ' L . o

i

oo
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: " Fig. C.11-1. Comparison of.radiﬁs’parameters, ryand r

(see text). &
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D. PHYSICAL CHEMISTRY =

: l,- MASS SPECTROSCOPY SURFACE IONIZ.ATTON STUDIES
' F. L. Reynolds '

This work has to do with the ‘possible improvement of surface ion
sources for use in mass spectroscopv and in the evaluation of surface ioni-
zation as a method of ascertaining ionization potentlals The latter depends
on the assumption that the Saha Langmu’r equation describes the correct:
relationship between the surface work function @ of a metal and the ioni-
zation potential I of an atom having t}'e*modynamlc equ1hbr1urn residence

.on the metal surface ' ‘ S

" The ra.tio of the number of ions to atoms leaving a hot metal surface

is a = N,/Nj, and is known as the degree of ionization. Ina simplified case,
with NO >> Ng» a is determmed by the Lelatlonshlp expressed 1n the Saha- L

E Langmulr equatxon, .

,a___lfi___ _g_-_‘r exp e(’@—I)., _
- 'NO: g KT

The ratio” g /g gives the statistical weights of the i1onic and atom1c states,
Ithe 1on1zatlon potentxal of the impinging element, and K and T have their

usual meaning. . The deterrr[nnatlon of a experimentally depends not only on

the measurement of the metal temperature, or ?, and on the ionization

-energy, but is also dependent upon the. physmal and chemical condition of

the metal surface, the degree of surface coverage by foreign atoms and the:

desired impinging atom. It is influenced by the.eléctric field extracting the ;ons

from the metal surface and is also sensitive to the potential drop along the
emitting filament, since in most experlmental cases thxs filament is not an
: equ1potent1al surface. '

e

To minimize a number of these experxmenta; effectss a. homoceneous :

single-crystal surface was used, ultrahigh vacuum conditions were main-

tained, low-intensity beams employed ‘and part;cular attentlon glven to field

ext ractlon condltlonsa ‘

The WOI‘k was done on single-crystal tungsten ribbon filaments and
.studles were made using the (110) and (111) crystal surfaces. -These oriented
filaments were heated in a mass spectrometer and a beam of either Ba, Sr,

. or Ca atoms impinged on the hot filament surlareo The atomic bearn was
held constant by effusion from a small Knudsen- -type oven. The oven could
be heated by radiation alone, or by electron bombardment when hlgher '
temperatures were requlred ' : : :

It has been known for come tlme that the elect*on emlssmn from the
(110) plane of tungsten is. corsuierably lower than from other planes. " This
has been determined by various methods, ‘bui aoreemenf in the work function -
of this plane is not too impressive. The spread of values reported ranges

i

B
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from 4.58 to 6.0 eV. For the formation of positive ions, where I > &, a
high-work-function surface increases the emission. A high-work-function
surface is desired for greater sample efficiency in mass spectroscopy, and
¢ in addition a factor of stability and reproducibility is required in first-

{ ionization potential determinations. :

Only a few values for the first-ionization potential of elements deter-
mined by surface ionization methods appear in the literature. Agreement
with other values, when available, is again not impressive. For example,l
the greatest difference 1nvolves the element uranium. Bakulina and Ionov
gave 6.08 eV, Wernlng 6.25 eV by surface ionization methods. Spectro-
scopic (emission) methods quote 4.0 eV. 3 In most other cases the surface
ionization method has given a slightly lower value for the elements Nd, Pr,
! . Ce, Er, and Tb than other methods. -See Table L

¢ ~ Table 1. Comparison of first-ionization methods determined
' ' by different methods.

[

! » | Element Surface-ionization Other methods  References
s ' method
— (eV) (e V)

; Nd 5.51 6.3 4,5 .
v 6.31 5.7 6,7

) : , 5.10 2
. -~ Pr | 5.48 5.8 5,6
t Ce ' 5.60 : 6.54 5,7
. ‘ _ : _ ' 6.91 5
Thb ' 5.98 6.7 57
- U 6.08 1
. 6.25 4.0 2,3
1 ' 4.5 to 5.0 8
“ Pu i 5.1 —-- 9

10

¢ ) Am -—- 6.0

-7 - 1. I. N. Bakulina'and N. I. Ionov, Soviet Phys. JETP 9, 709 (1959).

2. Joseph R. Werning, Thermal Ionization at Hot Metal Surfaces (Th~31s),
UCRL-8455, Sept. 1958.

i B 3. Smithsonian Physical Tables ({prepared by William E. Forsythe), Sth
- Revised Ed. (Smithsonian Institution, Washington, D. C., 1954).

. 4. R. G. Johnson, D. E. Hudson, and F. H. Spedding, Mass- Spectxmnetrlc
: . Determination of Latent Heats of Metals, ISC-293, Dec. 1952,

;"“i ' _ 5. W, FinkelnburgA and W. Humback, N’aturwiss %_2_: 35 (1955).

N. I. Ionov and M. A. Mitsev, Zhur. Eksptl. i Teoret. Fiz. 38, 1350
1960); see also Soviet Phys. JETP 13, 518 (1961) and 11, 972 (1960).

6
o
- 7. J. C. Boyce,; Rev. Mod. Phys. _1__3_, 1 (1941).
8. E. G. Rauh and R. J. Thorn,.J. Chem. Phys. 31, 1481 (1959).

9. Ralth V. M. Dawton and Kenneth L. Wilkinson, Plutonium: Evaporation
Tests, Ionization Potential, and Electron Emission, AERE-GP/R 1906, Apr. 1955,

10. M. Fred and F. S. Tomkins, J. Opt. Soc. Am. 47, 1076 (1957).
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. Filament Preparation ‘ 3 v [

Single-crystal filaments were prepared by slicing bulk-single crystal -
tungsten into 0.020-in. -thick wafers. The wafers were ground to about -
~ 0.005 in. thickness and then slit into 0.035-in. -wide strips by cutting with .~ =
a miniature sandblast cutter. The strips were then ground to 0.002 in. o
thickness, and electropolished. Each filament was checked for final orien- o
tation and single-crystal properties by back-reflected Lane x-ray techn1que R
before being placed in the mass spectrometer. . ; oo

i
f Results
.
v Work on polycrystalline tungsten filaments was reported prev1ously 1 . v
At this time it was ascertained that so-called polycrystalline filaments, upon .~ 7
heatlng, soon developed single-crystal surfaces of preferred orientation, but -
a given surface orientation was not often reproducible. The surface could
- consist of a few large crystals all oriented within 2 or 3° of each other, and S
© from 'a number of such filaments it was found that the surface plane could be - .
-{211), (311), (511}, {310}, ’4 1) or other closely associated higher-index - ’
planes. In spite of ’che multltude of planes, their work functions must be °
reasonably close. . Impinging Ba on W, Werning obtained 4.58 .01 eV for . .
. ‘the work function of a heated polycrystalline tungsten filament; a value of - . 1
4.59£.03 eV had been obtained in the previously reported worL11 for the o
. (310) plane using Sr on W. A paper by Allen reported a value of 4,58 eV from - 7
the (311) plane of tungsten. This was determined by electron emiss ion. I

" It is indeed remarkable that such close values are obtained for tungsten

. likely to be identical.

"surfaces whose metallographic history and experimental condltlons were not -

A (110) surface-= orlented filament, p*’epared as outlined above, was
substituted for the polycrysta’hne ilament. The oven was charged with
both Ca and Sr. By accident, the beam intensities of Ca4o and Sr88 viere
of the same magnitude. An average of 10 Sr runs gave 5.44%.05 eV for -
the surface work function, and a similar number of runs with Ca gave . .
5.45+.05 eV. Values of 5.69 eV for Sr and 6 111 eV for Ca were taken as o :
 the first-ionization potentlals 13 - S b

A second (110) surface oriented f lament was substncted for the »
. prev1ous emitter. - Four determmat ons with Ca gave 5.39%.04 ¢V and 9 runs - .-
_ with Sr gave 5.38%.03 eV for this surface. A comparison of the suriace-

" planes of these two fllaments by x-~ray techniques. checked w1th1n a degree or-
" two of being (110). L -: : X

Similar techhiques Wer_e then used on a filament whose surface normal . -
- was the (lll) plane. For this surface, the_published_liter‘ature values agree

11, F. L. Reynolds, in Chem1stry D1v1510n Annual Report, UCRL 10023,
Jan. 1962, p. 216, |

12, F. G. Allen, Phys. ca‘e'm‘ Solids 8, 119 {1959).

13, C. E. Moore, Atomic Energy Levels, Vol Ii., Natl. Bur. Std. U. S.
"Circ. 467 1962. _
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within + 0.2 eV and center about an average value of 4.4 eV. Initial runs on

this surface were yielding much higher values as shown in Table II.

Table II. Surface work functions (initial runs) on filament
with surface normal (111) plane.

Date ‘ v Experiment | ' @(.l-l 1)

7 {eV)

8-6 , Baon W ' 4.79
- 8-7 Baon W : 4,79
8-8 ' Ba on W 4.80
8-12 : Ba on W , 4.80
- .8-13 : Caon W 4.81
8-13 Ba on W 4,92
- 8-17 Sr on W _ . 4.95
10-17 ' CaonW 5.01
10-23 CaonW - 4.98

There also appeared to be a trend upwards in the work function of the surface

- with time. It was postulated that the (111) surface was not stable and that

other planes were being presented. To check this, the filament was removed

.and an x-ray orientation picture taken. The Laue pattern indicated a (111)

surface plane, the crystal structure giving a perfect single-crystal pattern.
The filament Kovar leads had become slightly conducting from filament
evaporated metal, which is believed to have biased the results in Table IL
The same filament was.replaced in the mass:spectrometetr and the leads
protected from recoating. A second series of runs was taken on this surface;
the results appear in Table III.

Table III. Surface work functions (second run);
surface normal (111} plane.

Date | - . Experiment | . . ‘ (ll l)
(eV) .

11-27 ' o Sr on W ) 4,50
"11-27 o Sron W : - 4,55
11-28 ‘ o Sron W 4,56
11-28 - Sr on W ' 4.52
11-28 - SronW ‘ 4.47

S 11-29 - ~ SronW o 4,47
11-29 j Sron W o 4.41
11-30 Sron W . _ . 4.43
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A value for the work functlon of the (1 lO) plane of tungsten has been .v
- determined. It is also demonstrated that this surface is stable and constant . .. '
“at high temperatures over: long permds of t1me.:‘ ‘An;_aVerage value for the . -

" (110) plane is 5. 41:!: 04 ev,’

A value for the (111) plane of tungsten agrees qmte well w1th prevmus o L

. - literature values. This value is 4.49%.04 eV.

These results were determined: by using three different elements,

whose first-ionization potentials have values of 5.21 eV for Ba, 5.69 eV for. )

~Sr, and 6.111 eV for Ca. 13‘, Essentially, there was good agreement in the

.. " experimental work-function value of the surfaces studied by using either of
- these elements. .

The Saha-Langmuir equation can be used to give correct values for

. unknown ionization potentials provided detailed attention is given the param=-. ' .
eters of physical and chemical adsorption, clean surface conditions, low ... .. -7~

.. residual gas pressure, and electrical and electric field conditions. The
“ibnization potential should, ' of course, be greater than & for this method."
. A more detailed -account of these experiments will be given in F.. L. Reynolds,
;‘"'Surface Ionization of Tungsten Single-Crystal. Ellaments. " to be subm1tted '

o

CHEMICAL EFFECTS FOLLOWING THE S (n, y)S REACTION
' IN GASEOQOUS SULFUR COMPOUNDS(*)

M. Lee HyderT and Samuel S. Markow1tz

The cherrucal behav1or of S 5 formed by the S (n, Y) reactlon has been

studied in gaseous H,S, SOZ, SF6, CH3SH, and thiophene. The gases were o
. sealed in quartz ampules and irradiated with thermal neutrons in the thermal
'-.. column of the Livermore pool-type reactor. Among the effects studied were .

those of pressure, surface area of the container, and additive gases mcludmg

Ar, NO, O;, and H,. The 835 was recovered in gaseous compounds and in .
o dep051ts on the walls of the ampules; the chemical compos1t1on of both portmns

" of activity was determined by aqueous. chemlstry using carriers.- The results-
~ are consistent with a model in' which the or1g1nal molecule is broken up.in

., “'the recoil process and the resulting fragments contalmng S22 react with the”

A' - surroundings only after they have slowed to thermal energies; in general,

‘ the final chemical form of the S35 is determined by the chemical environment
in whlch 1t 1s produced rather than by 1ts orlgmal oxzdatmn state or chemxcal.«w L

Condensatlon of paper (UCRL 10360 Rev., Aug 1962 based on Ph, D.
' ‘(»_,'thesm by M. Lee Hyder) to be pubhshed in J Inorg Nucl. Chem. i, 1963

xif}fTPresent address Chemlstry Department, Savannah R1ver Laboratory.

R l. duPont deNemours and Co., A1ken, South Carohna.
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= form. However, irradiations of mixtures of several gasesg with NO gka\/e
results possibly indicating that the chemical form of the 535 immediately
b after molecular disruption may depend upon the nature of the original mol-
_ ecule. :
Lo - The study of the chemistry of radioactive products of nuclear reactions -

offers a ‘unique tool for an examination of the chemical behavior of molecular
fragments with high kinetic energy. The nuclear reaction imparts a high
recoil momentum to the atom involved. This momentum may suffice to
break the atom's chemical bonds and give it high kinetic energy as wel}, so
r . that it recoils through its surroundings as a '""hot'" atom or ion. Following

i

. . its subsequent chemical reaction, it can be identified by its radioactivity.
" A hot atom recoiling through a liquid or solid is restricted to a relatively
small region by recoil from surrounding atoms, and when it is finally slowed -
to thermal energies it may react chemically with the excited chemical species

" . produced in the slowing process. In the gas phase, however, the interval
between collisions is so large that chemical reactions witk the undisturbed

¢ ~surroundings are possible. Experimental systems of this type have heen

iw -investigated by a number of authors who studied particularly the reacgtions
~of tritium with organic materials, ! reactions of various halogens; “# ¥ and

others. % > Estrup and Wolfgang have been able to characterize the reaction
.of tritium with methane to give CH3T as being due to tritium atoms with

- kinetic energy above thermal energy.® Gordus and Hsiung have further ex-
e tended th§ theory and have given a theoretical treatment of the bond-bx eakmg
f process

' In our work the reactions of $>° produced byg v) were studied in

. a variety of gaseous systems. The reactions of S~ we;e f1*s* investigated
' . by Levey, Milham, Rice, and Willazrd, 8 and have recently been sfudled b%f

B - Herber, who reviews earlier work. In most_of these experiments the S
- was produced in condensed systems by the C135(n, p)S35 reaction. It was
i felt that study of gas-phase reactions of $3% would help answer questions re-
bee garélng oxidation or reduction resulting from the nuclear process, and might
- - additionally indicate to what extent multiple bonds are broken.
- 1. This work is reviewed by (a) Alfred P. Wolf, Ann. Rev. Nucl. Sci. 10,
o 259-290 (1960), and in (b) Proceedings of 2 Symposium on Chemical Effects
i. . ofNuclear Transformations, Prague, 1960 {Internaticnal Aicmic Energy
L : Agency, Vienna, 1961) Vol. 2, pp., 67-I48.

2. J. B. Evans, J. E. Qulnlan,, M. C. Sauer, Jr., and J. E. Willard, J Phys.
~Chem. 62, 1351 (1958).

.3, Edward P. Rack and Adon A. Gordus, J. Phys. Chem. 65, 944 (1961).

R 4. C. MacKay, M. Pandow, P. Polak, and R. Wo]fgaﬁ Reference 1(b),
- op. cit., 2, p. 38. . :

= - 5. W. S. Koski, H. Schmled and W. C. Pe*klns, Refevence 1{b), op. cit.,
- 2, p. 217,

6. Peder J. Estrup and Richard Wolfgang, J. Am. Chem Soc 82, 2665 (1960).
7. Adon A. Gordus and Ch-hua Hsiung, J. Chem. Phys. 36, 947 (1962).

, 8. -Gerrit Levey, Robert Milham, William Rice, and Jokn E. Willard, in
. ' Conference on Hot-Atom Chemistry Brookhaver\ Nationzal Laboratory Report
AECU-50, Aug. 1948, p. 6.

9. R. H. Herber, Reference 1(h)op. cit”.?_,- pp. 201-208.

e W
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The radioisotope S‘35' is formed from 834, which is 4.2% abundant in

. natural sulfur, 10.with a cross ‘section that is 0,26 b for thermal neutrons.

~ The half-life of 535 is 87 days, and it decays by emission of B~ particles

- with a maximum. energy of 0.168 MeV, No gamma rad1at1on accompanies
decay : :

reaku of the ori gmal mmecule has been shown to be general following - |

" the 534 (n, y)S ‘reaction, ‘but there remains a possibility that not all bonds
will be broker\, ~depending on the nature of the orlgmal spec1es

v Except p0551b1y for the results obtained wi ith added NO, oxidation or
‘'reduction of the sulfur activity appears to depend upon the surroundings --'

walls, reactive gases, etc. -- rather than upon the oxidation state or nature -
of the or1g1nal moTecule ' : -

The H 835 has been found tc be a major p*'oducf in irradiations of
H,S, CH3SH3 and.thiophene. (The H,S 35 fraction may also include H, S835,)
‘The results of SOZ irradiations are complex, an important contribution to .
‘the reactions appears to involve the walls.. Oxidation on the walls seems to -
take place readily when gas-phase reactions do not.compete; this is not'4
-~ unexpected in view of the ease with which oxrdatlon occurs in C** recoils™ -
and in S35 formed in crysuails '

_ Impllcatlve reoults were ob‘amed from 1rradrat10ns of various gases
- mixed with NO. Although S3~’ was recovered in gaseous compounds that were

not definitely identified, the study of the hydrolyws products of these com-
- pounds implies that the chemical form of the s3> immediately following -

breakup may vary with- the chemical form of the or1g1na1 compound

'
St

No eplthermal reactions have been 1denf1f1ed as such for 535 recoﬂs, S

they have probably been ruled out in the SO, and H S systems. The results
from the irradiation of CH SH or th_ophene uggest that hot reactlons may
take place in these syst,ernc - - :

10. D. Stromrnger, J. M %Hollander, ard G. T. Seaborg, Rev M'od. Phys..
30, 615 {1958). B :

11, D, J. Hughes a.'qd R. B Schwar tz, Neumron Crossi- Sectlons (an Ed.),
_‘_vBrookhaven Natlonal Laboratory Report BNL- 375 1958 : :

3
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3. THE RADIATION CHEMISTRY OF ISOPROPYL COMPOUNDs!*!
Michael P. Sweeney and Amos S. Newton

A study has been made of the effect of radiation quality on the radiolysis
of a variety of liquid organic compounds. One major aspect of this study :
was to investigate the extent of molecular rearrangements of the type

i—C3H7X ——-'vwv‘—-ﬁ C3H6 + HX.
Because many such rearrangements have been postulated to occur from ’

H atoms on carbons $ to the group X, the aliphatic group in each compound
was the isopropyl group and X was any one of the functional groups Cl, OH,
C6H5, CN, COO0H, CH,COOH, COCH3, and OCOCH3, In each case purified
degassed liquid samples of each of the compounds were irradiated at a number
of dosage levels with Co 0 vy rays or 40-MeV helium ions. The volatile
products of each irradiation were isolated and determined, and the zero
bombardment yield of each product was found by extrapolation to zero time

of irradiation. The yields of products are shown in Table L

Certain pi‘oducts in Table I can be formed only by radical-radical

~reactions. .In these cases it was found that the yields of these products by

the two types of radiation were in the ratio G ++/G = 1,8%0.2. Propylene
can be formed in the irradiation of these compcunds by
- (1) a disproportionation reaction of isopropyl radical and another
radical, and

(2) a molecular dissociation of the excited molecule to propylene and HX.
The radical part of the propylene yield should bear the relation of a factor of

1.8 between the two radiations, while the unimolecular part should be in-
- dependent of radiation quality if it is assumed that no deactivation of the ex-

cited state leading to the dissociation occurs that is a function of radiation
quality.  Thus one can set up two equations in two unknowns and solve for the

extent of rearrangement to form C3Hy.

4t )
(1) He» : Grearrangemerit'-+ 1.8 CYdispo - GHe'H"

(2) | Co _Y rays: 'Grearrangement * Gdisp? B GY

- The results are shown in Table i1.

" . The results show the rearrangement to propylene to be a major-
mechanism in the radiolysis of isopropyl chloride, i:;obutyronitrile,
methyl isopropyl ketone, and isopropyl acetate, and a minor contrlbu or to

‘the rad101y51s products of the other compounds irradiated.

Brlef presentat1on from thes;.s by Mlchael P Sweeney (UCRL-9983
March 1962)



Tabhle I. 1n1t1a1 product yxelds (G values) from He++ and Co(’0 y-ray irradiation

of various, liquid isopropyl compounds

" ic,H

HC1 -

R vIsop_ropyl lsopr‘opyl 'Isopropyl Isobutyro- . Isobutyric Isovaleric Methyl iso-. . Isopropyl
Product - o .chloride R alc?hol ‘ ben‘zene . nitrile acid __,a_fifd,_ o butyl ketone acetate
: | Hé.++ C.ol()0 | ﬁe++ .Co60 ‘He++ Co60 HeJrJr Coéo HeﬂHL C060 . He“»Jr .Cc;60 _H'eH- Co60 He“r Coéo
é; f1{3; ; L};g__}tgg‘_;gggfy~qzj _0.21. 106 @;4 . 0.84 073 0.77 0.67  0.90 0.70 0.88 0.76
cH, .0.24 025 L35 168 007570008 0.39 0.44 0091 0.102 012 0.15 043 058 098 1.85
Zﬁg' ) _o.orb 0.003 0.16  0.079 0.0638'9.0016 0.026 0.014 0.01 <0.005 ~0.008 =0.005 0.065 0.034 0.59 0.34
‘"Cafis L14 338 010 0.11 | 0.0069 0.012 0.26 0.51 1.40  3.47 =0.04 0.1 0.032 0.083 0,15 0.43
: C3Hg 2.68 =2.16  0.37  0.25 0,028 0.017 0.79 0.63 171  1.04 =0.29 ~0.26 0,52  0.82 0.82 - 0.78
4Hio 0.040 0.02  0.050 0.028 0.001 0.0005 0.045 0.020 0.055 0.035 =1.04 =2.8 - 0.27  0.56 0.26  0.15
ﬂ:4H8>- 0.002 " 0.002 o;oov: 0.002 0.0002 0.0001 0.010 0.005 0.008 0.005 <Qﬁ43 <0.26  0:23 0.15 6.024 0.011
"xcsHlZa.fﬂ‘ o : o ' o >0.07 >0.03  0.13 0.08
co- - 0.04  0.03 . SR . 0.33 0 0.42  0.15  0.22  0.47 =0.38 119 1.02
. co, S ‘ o ' ‘4.46 478 35 a2 0.79  0.76
513 5.55
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Table II. Propylene yield by rearrangement.

1 G

Tota G(C Hé) (C3H6)

Cor.pound
++

He y-ray (rearrangement)
i-C,H,Cl - , 2.68 2.16 1.5
i-C43H,OH 0.37 0.25 0.1
i-C H,C Hy 0.028 0.017 0.003
i-C3H,CN - 0.79 0.63 ' 0.4
i-C;H,COOH 1.17 1.04 - 0.2
i-C4H,CH,COOH 10.29 0.26 - 0.2
i-C3H;COCH, 0.52 0.82 _ 0.5, 0.8%
i-C3H,0COCH, 0.82 0.78 0.7

a. All propylene must be formed by rearrangement, as almost no propyl
radicals are present.  Hence the assumption of no deactivation obviously
fails in this case.

4. ION-EXCHANGE STUDIES IN CONCENTRATED SOLUTIONS.
I. THE ALKALI CATIONS WITH A SULFONIC ACID RESIN (¥)
~ David C. Whitney and Richard M. Diamond
The elution of tracer alkali metal cations from sulfonic acid cation-
exchange resin (Dowex-50) columns by several uni-univalent salts and acids

has been investigated. The tracers used in this study were Na, Rb, and Cs,
and the eluting agents were HC104, HNO,, HCl, HBr, HI, the corresponding

-Li salts, and CsCl. The elution order in dilute solution is explained as
‘resulting from the water-water, ion-water, and ion—resin sulfonate inter-

actions.  Reversals in this order, and deviations of the elution behavior from

.the simple mass action law as the salt or acid concentration is increased,

are interpreted.as being due to three main effects. The first is that the

-availability of water to solvate the ions decreases, as shown by the decreasing

water activities. The decrease in water acitivity diminishes the hydration :
of the ions and makes them more susceptible to anion-cation interactions,
partlcularly the sulfonate-cation interaction in the resin phase. The result,

. 1s to increase the elution volume for the smaller ions and decrease the

elution volume for the larger ions, causing a reversal in the elution crder.
The second effect is that.cation-anion interactions are becoming more im-
portant in the aqueous phase also, and the extent depends on the nature of

Brief form of forthcoming report, UCRL-10595, 1963.
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both cation and anion, being stronger for the smaller of the alkalis. The
more strongly the anion reacts with.the cation, the better it is able to re -
place the diminishing hydration of the cation with anion solvation, thus ex-.
tending the dilute solution order to higher external phase concentrations.
Thirdly; the effect of nonexchange electrolyte increasingly entering the resin
‘phase and providing more ""exchange' sites tends to increase the elution
volumes of all cations. Theése three effects are sufficient to account for the
variation in behavior of the tracer alkalis when eluted from sulfonate resin .
“column by concentrated solutlons as diverse as L1C104, LiAc, HNO3, and :
,.CsCl ‘

5. ION- EX-CHANGE' STUDIES IN CONCENTRATED SOLUTIONS
IIL. THE ALKALI CATIONS WITH A CARBOXYLIC ACID RESIN
' '~ David C. Whltney and Rlchard M Dlamond

The prekus summary deecrlbed the eluuon of alkali tracers from .
Dowex 50, a sulfonic-acid type ion-exchange resin, by concentrated salts’
~and acids.. In order to investigate more throughly the role of resin ion-.

' cation interactions, the elution of Na and Cs tracers from Bio-Rex-70, a
carboxylic-acid type resin, by solutions of LiClOy, LiCl, LiNO,, and L1Ac :
was studied. It would be expected that the much stronger attraction of the

_ carboxylate group than of the sulfonate groups for cations would caus2 resin-

" ion-cation effects to play a much greater role in selectivity. Since the
smallest alkali ion is most strongly complexed by the carboxylate group, the -

" effect would be a reversal of the elution order of Na and Cs at lower concen- -

trations than in the sulfonate case. This is seen for the first three Li salts,
- where the reversal occurs at concentrations only 1/4 or 1/5 as great in
Bio-Rex-70 as in Dowex-50. Since the complexing groups in both resin and
aqueous phases are the same when the elution is carried out with LiAc, no -
reversal would be expected; none occurs, Thus it is seen that the select1v1ty

of a resin for (alkali) cations from conccn‘(ra‘red electrolyte solutions is. related

.. to its complex1ng ability compared with that of the electrolyte in the external

-/rsolution. - As described in these papers, this cation-anion complexing may be

" of a.more subtle nature than the usually considered complex-ion formatloni '
' resembling the 'localized hydrolysis'' hypothésis of Robinson and. Harned

-

1. 'R. A. Robinson and H. §." Harned, Chem. Rev. 28, 419 (1941).

R ninie g
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6. THE EXTRACTION OF ACIDS BY BASIC ORGANIC SOLVENTS.
II. TRIBUTYL PHOSPHATE-HBr
David C. Whitney and Richard M. Diamond
In order to determine the generality of the extraction model previously

proposed for HClO, into dilute CCl, solutions of tributyl phosphate (TBP), 1,
studies were extended to the extraction of HBr. The results obtained were

very similar to those for HC1O,. That is, the extracting species hag the
formula g,0%~ 3‘TBP‘= mH,0:--Br”, 0 <m <1 for the range from 1 to L0%
by volume TBP in CCly, and the proposed structure for the species is
(R = C4H90)
' R R
3 p / P 3.
o, , 0 |
~ ”
o
| +
H Br~
@)
P
Rj

It is suggested that as the TBP concentration rises, the excess H,0 is in-

cluded in the species as a bridge between the TBP and H O ; thisis discussed
in the HC1lO4 paper.

Owing to the lower extraction coefficient and ready oxidation of HBr,
the experimental difficulties are much greater than in the HC1O, case and
presumably account for minor differences between the two acids. It is hoped
that these problems can be surmounted by use of a stronger base, trioctyl
phosphine oxide, to extract HCl from aqueous solutlons this work is

~current1y in progress.

" 1. "Preceding annual report (UCRL-10023, Jan. 1962), p. 160."

2. David C. Whltney and Richard M. Diamond, The Extraction of Acids by
Basic Organic Solvents. 1. Tr1buty1 Phosphate - I—IClO ‘and Trlbutyl Phosphate-
HReOy4, J. Phys. Chem. (1n press)
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:7. 7‘ THEORY OF FOCUSING ELECTROPHORESIS

Ernst J. Schumacher

A forrner theoretical study on electrophoresis of cations w1th a super-
“imposed concentration gradient of a complex-forming ligand parallel to the
. electric field! was based on a number of idealizing assumptions. - The work
" mentioned in the next repert stimulated some further thoughts and experi-
ments, espec1a11y concerning a system in which the ligand concentration
..gradient is coupled with a pH gradient (pH-pL gradient). The aim was to
predict the composition of anode and cathode solutions to optimize the
* pH-pL gradient for a given separation’ problem in regard to separatlon time

and. component pur1ty

Ordinary zone electrophoresis -- e.g., on a paper strip -- irnplies a
mobility difference AU(IK) for the separability of two components I and K.
It is usually possible to choose some ligand L, complexing both I and K,
which makes AU(IK) much larger than that of the uncomplexed components.

At a'certain concentration Cy (IK), AU(IK) shows a maximum.  If the mixture

.contains the set AB--:IK.:- N of components, ordered along decreasing

- complex stability with L, the concentration Cy (IK) gives only optimum
separation conditions for the pair IK butf not for any other pair of the set. , It
is therefore necessary to provide a range of C, values along the separation

- system that covers all C (IK) values charactefistic of the components. Two

questions arise: . A
(2) Since Cy (IK) is the optimum L conceniration for the separation of IK,
L P : p

.- .- any other concCentration-(also a concentraticn distribution) is less desirable.

- How do we choose a Cy, distribution that 1s optimal for the whole set A---N?

(b) If the range of C; covers all Cy (IK) values, how do we provide con-

.~ ditions such that each pair IK of the set migrates to that part of the apparatus
"+ where its separabxhty is optimal? : :

S The answer to (a) is a'CL distribution of the form

. c'<<CL(AB) o X << X

‘1, A
= CLAB)T X, <X <Xy
=: CL(IK) S XI< X <XK
= CLN-LN) Xy l<X <XN |
>>C(N1N)' - Xy <X '

On leave frorn Anorganlsch Chemlsches Inshtut der Unlver51ta.t, Zu.rioh,
- Switzerland. : . :

I. E. Schumacher, Helv. Chim. Acta 40, 2322 (1957); UCRL Transl. -627 (L

).
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whére_ Xps XgeeoXpy X oo0 X are points along the direction of the electric
field where the first moment of the concentration distribution of the com-

~ponents A, Be.-I, K:-- will be, i.e., a stepwise increase of Cy, from the

anode to the cathode, the C; (IK) values being the plateau concentrations

- between steps, and with as many steps as there are components.

Condition (b) can be satisfied only if Li is an anion and the complexes
are anions too. The plateau values Cy (IK) are then concentrations for which

Uy <0; Uk >0 and JAU(IK) = max.

Such a system separates all the components and enriches each one at that
particular Cy step where it passes its isoelectric point (focus). Gradient
electrophoresis is, therefore, the best electrophoretic separation for a
multicomponent mixture provided that the Cy, distributionis optimal.

The separation pattern is not dependent on the initial zone width of the
applied sample as long as the component concentrations are smali coinpared
with the buffer capacity of the ligand-concentration gradient. Since the
mobility of each component is finite everywhere except at its focus posgition,
the component spectrum develops in a finite time. The latter is directly
proportional to the current density.,

The well-known theory of moving bouncdaries in electropkoresis shows
that a System of concentration steps can be maintained in an electric f{ield by
an appropriate choice of anode and cathode electrolytes and of fhelr concen-
trations. In our case, we have to choose weak acid-base systems in which
the steps develop between a strong acid anode solution and a subsequent series
of acids, with increasing pK values terminating with a cathcde solution con-
taining the conjugate bases in various defined concentrations. An expansion
of the weak-electrolyte moving-boundary theoxry is necessary to cover this

- problem, which has by now been solved for up to eight components of which

six are chemically interacting. This leads to six '‘natural'’ pH steps {main-
tained by a constant current at a stationary height and five moving with a
constant velocity) in which six pL steps carn be established. This is sufficient
for the separation of six very similar components like actinides and rare
earths. '

The mathematical details of the theory have been worked out for metal

ions, but may also be interesting for the separation of other electrolytes whose

mobility is pH-dependent or pL-dependent {or both), like polypeptides. 2 The
applicability of the theoryto a practical problem of separation of metal ions

" .implies the knowledge of the complex stability constants for each component
or, more exactly, of the ""isoelectric function'' in a pH-pL diagram (which

has to be measured). As a corollary, a separation pattern with known (meas-
ured) Cp steps yields interesting information on the isoelectric function and,

‘' therefore, on the nature and charges of complexes present.

Several series of experiments confirm the features of the calculated
PH step function and its voltage-time behavior (with constant current) or
current-time behavior (with constant voltage).

2. Harry Svensson, Acta Chem. Scand. 15, 325 (1961); 16, 456 (1962}.



1 thank Dr. Harry Svensson for a very st1mu1at1ng correspondence on T
. . the problem of "natural" pH gradients.in electrophoresis.’ I would like to .~
‘.. express my deepest gratitude to Dr. I. Perlman and Dr. s. G. Thompson ;_,f S
-’-"._v_"for thetr hospﬁ:ahty at the Lawrence Ra.dxa.tion Laboratory. L
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‘8. SEPARATION OF ACTINIDES AND RARE EARTHS =~ B
BY FOCUSING ELECTROPHORESIS . R

Ernst J. Schumacher™ = ‘ '

Focusing electrophoresis has recently been used to separate all the
~~ rare earths from one another within a few minutes. L' The study presented . .
- here has been undertaken to work out a similar separation scheme for mix« - -
. tures of actinides and of actinides and rare earths.l

The’ mobility d1fferences between aqueous three-valent actinides or N SO

. . rare earth ions are not large enough for zone electrophoresis to produce a = 7+ |
" clean separation in'a reasonable time, even in very high electrical fields. U

As with ion exchange techniques, one increases the differences, therefore, Com e
~ by partly complexing some or all of the components. Suitable ligands in this - S
.., connection are chelate ligands like EDTA, NTA, or similar polyammoacetates R
:. They convert, in certain pH-pL areas.[pL = -log (ligand conc.)], the A3t S
'_j',R3+ cations (A:actinide; R:rare earth) into AL™, RL"~ or AL3‘, RL%"'aruons o
. - (where L refers to EDTA and NTA). - For each component A, R1 there exists. ’
V-1 spec1f1c function IA ’ IR1 of the variables pH and pL, called isoelectric Lo

- function. It defines *the* locus on the. pH-pL area where the transport of e
‘7;that component in an electrical field applied to the solutj on vanishes exactly. ' .- (, ‘
i~ This function is related to the transport properties of AT R?"", ALT, R;L", o
' etc., to the stability constants of the complexes, and to %he protoly51s , _ :
- constants of the complexes and ligands. Among these parameters the trans=_" ..
“port coefficients are the least accurately known. The isoelectric function . - . ¥
.. must therefore be measured directly. For.this work, only ratios of these.. ’
-+ functions are necessary, for which the assumptlon of equal transport co-
. efficients among the respective A3t and AL ions is suff1c1ent1y accurate. - -
" A knowledge or an estimate of the complex—ctablhty constants is then the .
sonly requ1rement for the cho1ce of expenmental conditions.

If a pH pL grad1ent is rnamtamed in the water solutmn along a filter
- paper strip, a sample of actinides will be collected or focused under the.in-
. fluence of an electric field at a number of specxﬁc isoelectric points (pH. pL)
characteristic for each component i. - The time necessary for the formation ™ g
... of the isoeléctric separation pattern depends on the initial spread of the
.~ sample and on the current density.. For the latter there is a limit, set by’
.. the efficiency of heat transfer from the paper strip to a cooling bath, Under
N . favorable conditions 30 sec is the lower limit, a few m1nutes belng the =
'v"'"-';'}average for a five- to ten- component solut1on S

RET.

~  On 1eave from Anorgan1sch-chem1sches Inst1tut der »Un1vers1tut, Zur1ch R

- Switzerland, = - FE Y f’

1. W..Friedli and E. Schumacher, Helv. Chzm. Acta 44 1829 (1961), o
- UCRL Transl. No. 851 '
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Experimental procedure

A sample of 5to .20 X\ of a solution containing not more than 500 ug
total of actinides and rare earths (and no excess of mineral acids-and as
little as possible of inert salts) is applied in the middle of a filtes paper

'~ strip about 14 ¢m long and 1 cm wide (Whatman #1, Schleicher & Schuell
. ¥2043). The strip is held by a plastic holder with a free gap of about :0 cm. 1

On one side of the sample the anode solution is applied, on the other side
the cathode solution, and both ends are connected with the respective elec-

. trode compartments, usually by means of a filter paper bridge. The whole

strip is cooled in a bath of carbon tetrachloride (< 35°C). Current is applied
from a constant current supply, furnishing 1 to 15 mA (as preselected,
usually 5 mA for EDTA or 10 mA for NTA, and capable of delivering up to
2000 V filtered dc, After 1l to 10 min, depending on the problem; the strip
is dried over a hair drier (requiring approx 30 seconds) and is ready for
inspection. All these operations are ca*rled out conveniently in a standard

‘Berkeley Box.

A typical choice of anode and cathode solutions is given in Table L

Table I. Solutions used for obtaining autoradiographs shown in Fig. D.8-1,

Number on Fig. D.8-1 Anode solution Cathode solution

452HNTA |
0.10 M NH,ClAc
0.08 M (NH4) H,EDTA
0.13 M NH,Ac
0
0
0

1, 2, 3,5 7 - 0.2 M HCI 0.05 M (NH

4 _ , » 0.6 M HC1
4

.10 M NH,ClAc

.20 M HCl,Ac

.30 MNH,Cl,Ac,
pH = 3.5 adjusted

_ with NH, |

6 ~ 0.2M HCl 0.15 M (NH,), HNTA

10.20 M NH,Ac

0.16 M NH,ClAc

pH =5

(Ac = acetate; ClA = chloroacetate]

The experiments were done before the thévory described in the previous
report had been sufficiently developed. Improvements in the composition of
the solutions and therefore in the separatlop, especially between Es and Cf,

‘are easily possible.
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Ty,

Cf Eu Pm

Cf Cm Lo Pm

ZN-3569

Fig, D.8-1. Autoradiographs of actinide separations.
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‘Re sul.*s

A separatlon scheme was worked ‘out for the act1n1des from Am to -

and including Fm (except for Bk, which was available only as a very weak

tracer and not detectable accurately enough on the paper strip); see Fig.

D. 8-1for typical separation patterns. The autoradiographs were obtained
- by the method of Latimer, Larsh, and Corum, ¢ which has been very helpful

for this work. The paper strips are held between two very thin Mylar foils
on the block of the camera. Five strips can be exposed simultaneously. An

- exposure of 2 to 5 min is necessary for a sample of 1000 a. counts/mm

Numbers -l and 2 on Fig. D.8-1 are overexposed considerably (2 hours for

2000.a counts/min for C£252 and Cm?244) to show the background between -

the focused lines. Numbers 3 through 7 are exposed between 5 and 10 min,

to 5000 to 10, 000 a counts/min and 5% 10% B counts/m1n The radiochemical

purity can be estimated to be better than 1: 104 from these autoradiogr fS‘l -
)

{e.g., see also §4, showing the background after disappearance of Fm

and from quantitative studies during rare earth separatlon.l' 3 For better
separation one can wait longer (see #3) or repeat the procedure after cutting

‘out the desired line: elute with 1 drop 3 M HCI onto a Pt disc, evaporate and

take up in 10 X .1 M~ HAC ‘Decontamination factors -- e.g., for. Fm from

'Cf -- of the order of 1: 107 can easily be obtained in about 16 min (6 min

. first separation, drying; 3 min autoradiography for location of Fm; 2 min
‘cutting out, elution and application to prepared strip; 5 min for second separ-
ation) or in about 11 min by the use of a cross-form paper. 3 See Table IL

Table II. Separation times for cases
demonstrated in Fig. D. 8-1

Number on * _ Time
Fig.D.8-1 . (min)
1 1,5
2 5
: 3 3, 6, 12
4,5 5
6 8
7 10

The Fm, Es, Cfi, Bk and Cm are separated from all the rare earths

. below Eu, which make the largest contribution of fission rare ‘earths; see.
. 'B7, in which Cm coincides with Eu. Other 11gands may. glve an even larger
- .shift between actlmdes and rare earths (EDTA?). : :

The identifications of all the lines have been confirmed by various
means: half-life (Fm, Es), isotope dilution, cross separations, alpha spec—
trum, or relatlve p051t10n in the separation pattern. - . T

Ithank A. E. Larsh for the introduction to thls beautiful techmque and for

the loan of equipment.

3.7 E. Schumacher and W. Friedli, Helv, chim. acta 43, 1706 (1960).

i

2. Chemistry D1v1s1on Annual. Reporf 1961, UCRL '1.002'3 Jan. 1962, p. 230.
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The. reprodu01b111ty of a separation’ depends somewhat on the skill of
_the experlmenter After a training of a couple of days a technician is able -
to perform the operat1ons rehably They are as simple as ‘with 1on exchange g

" columns.

_ | - There are no detectable losses of alpha activity during the usual handling
of the paper strips, especially during separation (into the CC14) drying . (into
. the hot air),, and au’coradmgraphy (onto the Mylar fo1ls)

The: techmque seems- apphcable to remote handhng as well _The short
- duration should make it attractive in strong radiation fields where damage
-to ion-exchange resins and elutmg ligands is so excessive as to prevent the

. applicability of the much slower ion-exchange chromatography. -The filter

-.'paper can be replaced by glass fiberpaper (fine version) or, for alpha
'spectroscopy, by a very thin sulphonated polystyrene fllm

An exten51ve report 1s in preparatlon

. 1 would hke to thank Dr Stanley G.. Thompson for his interest: and
‘hospitality and Ray Gatti for providing me with suitable tracers..

4. Sven Bjfrnholm and C. Michael Lederer, Nucl. Instr. Methods 15, 233 (1962). .

9. CHEMICAL SEPARATION OF TRANSURANIUM ELEMENTS
. FROM Si ROCK

Raymond C Gattl, Stanley G. Thompson, Sherman Fr1ed
: - Lo and Reinhardt Brandt

One of the programs under the Plowshare Program of the AEC is the .

'.productlon of large quantities of transuranium elements by nuclear explosions.

' "As in the "Mike" experiment the presence of U438 ina very high neutron flux
-produces very neutron-rich uranium isotopes which decay by B~ emission to

P~ -stable end products. Some of the p0351b1e "reactions are. shown dintthe @7 -
chart.on the followmg page -

Slnce the nuclear explosmn is set off underground a chemical pro- =
" ‘cedure was devised so that the transuranium elements could be cherrucally
. separated from one- another in a 4-to 5-hour perlod - The flow sheet is

. shown on pages 216 217, and 218.: ' o

In general a: chemlcal yleld of about 70% was ach1eved for the fast

- chemlstry (4 to:5 h). In the B1PO4 precipitate step, the more dilute the
solution is made, and thé lower the HNO, concentration, the better the

. BiPO, carries the 3+ actinides. Therefdre a much higher cherical yield .
(approx 90%) can be expected if more care 1s taken at each chem1cal )tep
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‘ . FLOW SHEET ’
= 68% 510,; 5% Ca0; 3% Fe 035 3% K0; 3% €O,
| rock . g . N
|- . 11% A_1203; 1% Mg0; 2% Na,0; 3% HZO; fission products -
' ool - s w /2 noava s00% '
S L
« S5iF, , H . S S
'.'F‘*' _20 rock '
“ Mo, W, 106 L - Lot ’
fisaion. products Anhyerous Kz'c03; fusion % 1/?}? at 1000_°C
: K.CO. - Vo
R . flux N
,Diséolva in HNO .
Make 0.1 i KNO LT
L .
. 0.8MHPY, - , '.
- - “+ . . N
0.05 3 i H, s ZHNO;%' :
o : 0.025 mg/ml La**¥ .
“~ - - E . 005 mg/mi Zr+\.\++"_ .
: 10.6 mg/m BT
-Beat,. digest, stir,‘ ‘centrifuge

R v
X R Superpate
Zry(R0,),; BL PO, insol. CO,” ppts _ . U, AL, Ca, Mg, Fe, Na, K, fiséion products
" Zr, B, 104 Np —=> 103, W, Te, 105, rare carths S
Dissolve BAPC, ppt in edne HCL and 0.05 ¥ HH,
! , R
Precipitate ha _Supernate -
(See Part B.) - - : : o ety " (Seo Part C.)

FRC |
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Part B.
¢ . Precipitate
I =
[ . Zr3(PO)u; insol. 003 ppL s
Zr, HE, 104 | 0B wptt
; . . : . Dissolve in conc HF, cone HClOk
L v ) Make & 0.5 mg/ml La™'"; » 2 M HP, heat, stir, digest, centrifuze
_ l
- v Supernate
! { LaF, ppt - : Zr, Hf, 10k, fission products
‘ | TR
. 1 p
b, Make % 3 mg/ml Ba‘t
Heat, stir, digest, centrifuge
' v
E» Ba Zr FG Pt fission products
Zr, HE, 104
& Dissolve in 3 M HI\‘03 sat }i3303
i Make m 0.6 M H%Pok, hLeat, stir, digest, centrifuge

Supernate

Zr4(P0, ), ppt 52", H_BO ,BF)

! o Zr, BE, 104 373

i : ’ Actinides contamination

o A Dissolve in 3 M HCl, 3 M HF !

Make s 0.5 mg/ml Lavt¥
Heat, stir, digest, centrifuge

.
§
: - ’ \ \l/
i o L8F3 ppt Supernate
. a i Zr, Hf, 10k
Afetinides i
. . i . Make m 0.5 mg/m> La
f_ ' S ) ' : . Heat, stir, digest, centrifuge
L v 1 Do .
- LaF. ppt Supernate -
Zr, Hf, 104
Actinides
i . , . Make a 0.5 mg/ml La™
¢ L | Heat, stir, digest, centrifuge
) T 1ar Ppb Supernate
— Zr, Hf, 104
Astinides . A
N Make x 2 mg/ml Ba

Heat, stir, digest, centrifuge

o ’ ‘j/ : /
T Zr ¥ - Supernate
) : . seor Fo R Fission products

Zr, Hf, 10L&
Dissolve in 3 M HNOj sat H3BO3
© A&d conc NH),0H _

Heat, stir, digest, centrifuge

. 1
| - - r _ Supernate
L R : Zr(OHyu ot Ba*"",’ BF;, H3B03
. R Zr, Hf, 10k . . .

Dissolve in 6 M HC1 sat H’EOB
Reppt with conc NHI‘OH Y

, ~ Heat, . stir, digest, -centrifuge '
L } - —~

. . {/ . . - ’ » Sune\{‘r'xate :
(' ) . ZriOH;u ppt ) . . Bru, H3B03
i o - A Zr, Hf, 10% L .
I T T Dt e o . 2h)
[ Dissolve in conc HC), add Am” © 4racer

Anion column {Dow Al-8%) €1 form
4 ¢ 4

: 3 i
P 08 HE  or
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Supernate
. w43
304 Np' '; Pu'o——> 103; Wb, Ta, 105; Rare ‘earth; Bi
fMake ~ 3 M HCL, and 1 g}m
Heat, stir, digest, centrifuge
. Suuﬂrnu“re

Rare earths, (30% Np) Pu —> 103

Dissolve in 6 M HCL sat H3HO03
Ipt with conc NHLOH
Keat, digest, stir, centrifuge

La.(Oh) PPt

Rare earths ; Np——>103

Dissoclve in conc

: Sup'ernate : ]
H3B03, BFL» - '

HC1

Make & 9 M HC1, and o.os M HNOB

Cold anicn column (Dow AL - 8% ) C1™ form

oV
Resin
‘Np, Pu-

Strip off with 1 M HCL
Meke 9 M HC1+ 0.1 M Ngﬂu

Cold anion column {Dow Al - 8%) C1” form

v
"Elute Resin
H
Pu+3 Np+4

Cook with H.NO: to dryness’
Meke 9 M HC140.05 M HNOg

Co"d anion column (Dow AL - 8% ) c1” f'o*‘m_

Elute
Am daughters

Elute
Rare earth
Am —=> 103

Evano:ate ‘co Dryness, make 0.1 M HC1
20% Alcohol, 80% sat HCL coltmn (Dow 50 - 4%) K™ form

A% -V
Elute . . Resin.

Eveporate to dryness
Make 0.1 M HCL

Cleanup colunn (Dow 50 - 4%) H' form

v ) ] v
Elute ' S Resin

An —> 103 R » ' Impuritie‘sv

r..vaporate to c.1yn
ad Lul77 Tml70 H0166 Y91 tracers

No, Ta, 105, B

, Po:

. Hot amwnonium 0= kydroxy isobutyrate dolumn (Dow 50 = 12%) Nh| form

w77, 103, T

v 70 L e ¢

i 91 v 4 4 3
»-102, Ho™ ", Mv, Y77, Fm, E

; Cf, Bk, Qm, A:n_
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10. THERMODYNAMICS OF THE ACTINIDES
Burris B. Cunningham

Department of Chemistry -
. and
Lawrence Radiation Laboratory
University of California, Berkeley, California

- INTRODUCTION

Herein, the term "ectinides" is applied to the elements of atomic

number 89-103, All members of the series have now been discovered[ ),but

the productlon of weighable amounts of the elements has not been extended

beyond einsteinium (atomic number 99). There is little hope that experlments

v

with macroscopic quantities of the transeinsteinium elements ever will be

'.POSsible,.owing to the very short half lives of even their most’ stable isotopes.

It has been of particular interest, therefofe, to éttempt to discover whether

the properties of the more stable elements of this series vary in a gufficient-

1y sysﬁematic way to justify:confidence in the prediction of the properties
;:bf'macroscppic amounts of the heaviervelements. In this connection, ét the
- Lawrence Radiation Laboratory’in Berkeley, pérticular effort has been devoted
g‘to,the'investiéationvof tﬁe,tranéplutbnium{eléﬁents. |

'.'Electronic Configurations

Optical and atomic beam resonance methods have been used to determine’

(2,3]

of the neutral_gaSeous atoms of the actin-

 ides.tthugh_curium, with the results shown in Table I. On the basis of

~‘their electronic configuration:.the transactinium elements, with the exéeptién.

of thorium, are members of 'a 5f transition Séries;_ The gaseous ion,Th+3 '

(spectroscopic notation; Th IV) has been shown to hdvé a Sfl configuratiohEZJ
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TABLE - I
:Electronie’Cenfigﬁretionf of the Actlnldeq.

Radon core plus 79 plus

Element | Ac | Th Pa U _Np | Pu| Am | Cm

CoﬁfigufétiQﬁ 6a | 6a® 5f26dv 51364 5564 Sfév; 5! .5f76d

~and Th™3 may'thefefore be ineluded in the seriee,e;Theﬁlighter aetinides are
‘_more readily ox1d1zed beyond the +3 atate then‘are,the,ﬁf (lanﬁhahide) elements,
v'doubtless because the llghter Sf elements haQe'smallereyalues'for theirquurth,f

[3]

Ilith and sixth 1on10etlon polcnthWs

Prdperties'df.Metéle
A Americiem
v Amer1c1um ﬁetal was. flrst prcparea by Weutrum and Eyrln [u]‘who'-
enoted tha£ 1t waerless‘dense (bulk den51ty ll 7 O 3 gm em ) and mofef'
.malleable and ductlle than ﬁlutonlum Westrum aﬁd Eyrlng[u]- ag well.
.bas Lohr and Cunnlngham[sl, measured the heat of solutlon of the metal
—1n 1.5 M:HCl' and Ioundva value. of 162 ¢ 3 Kcal mol |
| -Tﬁevfifst 1n§esb1gatlon'ef the'cfystal structure.of‘americium me%el 
ffl‘reveaied tﬁe ex1°tence of anlalpha lanthanﬁe llke double hexagonal cloee ;;;
packed phasea(space gfoup P6 /mmc w1th lattlce éafameters S
‘fv?faglé:3j6§ o oosA »5 11, 76 * o OlA '_ b S e
.at room tempc”aturc, W1th a'calculated den51ty of ll 87 + 0, 05 gm. e

A second double hexagonal close packed phase hav1ng lattlce para—:

me‘cers :

[

e
i
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a = 3.474 + 0.005A, and e, = 11.254,

vas well as a face centered cubic phase (obtained by condensation of .

americium metal vapor on tantalum) with a = 4. 895 = 0.0054,

' vhave been reported by MéWhan,'Wallmahn, Cuhningham, Asprey, Ellinger

and'Zachariasen.[7] Both of these phases have calgulated densities of
13.7; end a metallic radius (C. N, 12) = 1.73A. |

The thermodynamics relatioﬁship’émong thése»phases is not clear aﬁ‘
the.presént time. In an attembt to establish the temperature order of
stability McWhan, éﬁnningham and Wallmann[SJvinvestigated the crystal
suructureﬁof‘the more dénse double ﬁexagonal phase of the metal from

-120 to +6OSOC. No change in the structuré or discontinuity in the

- expansion behavior was observed in this temperature interval., Because

of rapid volatilization of americium and reactiqn_with the quartz x-ray

s, the extension of the investigation to higher temperatures

‘was not feasible at the exposure times required for the standard'x-ray

equipment.  Exposure times were shortened, however; by wrapping the pro-

tected film directly around the high temperature oven (~3 cm diameter).
By this means diffraction patterns were obtained at 700 and 8SOOC.' Al -
though extensive volatilization of the metal and oxidation to‘AmO still ,

occurred during the exposure, a few lines were obtained which could be

~indexed as fcc with a = 4.91A.  This cell constant is consistent with

* the room temperature value for the fcec phase and its experimentally de-

termined thermal coefficient of expansion. (See below. ) '
Coefficients of thermal expansion were calculated for both the fecc

and double hekagonal close packed phases, the former from diffraction

patterns teken.on a single sample at abbut'SOO.intervals from 22 to
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360 C and the latter on two samples of metal bthe first from 20 to o
605 c and the second from -121 to ;88 c. _f e N
| The data were then fitted to a polynomlal of second order by the .: | iﬂ
':;: method of least squares w1th the results S ’-?'ﬂ;‘i _ »it?_?ﬂ rv;% é
- Sample No 1. ‘ l , T . . ‘
Cag = 3. h671 ‘2. 62 x 10 5T 0. 56 x 1070 2 oy
cT= 11, 238 £ 6. 59 % 2051 6. 3% 10 82 .' R ‘
| _Sample No. 2. o - _ , ;
'aTi 3&673+257x105T+052x108T |
"c,I;v= 11.236 + 731 x 10 ST +7.3 %10 8’I‘2 o -

v

'Asmmentioned previously, in contrast to the behavior of plutonlum ’-y“'”“ :

' ino.anomalies were noted in the expan51on behavior of amer101um ¢
'i;Melting Point of Americ1um
A number of early attempts to dctermine the melting p01nt of '_"ZLﬁ ) ‘_'?“ ]
‘-fiameric1um failed to yield satisfactory values, owing, no doubt.to:_ | )
P the formation of a hard ox1de skln on the’ surface of the small | S
-{ samples of metal McWhan, Cunningham and Wallmann[ ].oyercame this

t”_“ difficulty by soldering fine tantalum wires together w1th freshly

‘{;sproduced ameriCium metal and subJecting the 301n to a mild strain j
iifqrat gradually 1ncreasing‘temperatures until partlng occurred | é

‘ The method was first 1nvest1gated With s1m11ar quantities of. };trﬁt:; ;;:”2 yt

i.pure rare earth metals okanown melting p01nt and found to be re-x | . %
A“f;.i.liable to about §Q¢ii?The best valuef for the melting p01nt of 'L
';i:americium- as determined by this method, 1s 995 7 C _?”;
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‘Magnetic Susceptibility of Americium.

~ McWhan and Cunningham[9] have investigated the susceptibility
of‘séQef§i-sah§les of americium metal in the températuré range from
-196 to.SSOOC. Accurate measurements are difficult because of the
low susceptibility of the metal, but from these measurements>the

temperature variation of the susceptibility may be set at less than

7% in the interval studied. The value for the susceptibility at

room temperature is:

X (881 + L6 -6 L2 -l
20°¢ = (881 + 46) x 10~ erg gauss mol

There have been several measurements of the susceptibility of
’, both in aqueous solution and in compounds. - The data are in

poor agreement, especially as regards the magnitude of the tempera-

‘ture dependence. Howland and Calvin(lo] found XM for Am*3 ion in

~dilute acid solution to be 720 x 10 © BYrgs gauss 2mol 1 at room
) ' i o) R
temperature. Crane, Wallmann and Cunningham found -a much higher

value (namely, 1040) for AmF_ at 295K and a marked temperature
: J
(9] 3

o+ .
on Am ~ adsorbed

" on a single bead of cation exchange resin ("Dowex 50") give a value

of 670vt 100 at ZOOC and Tl £ 120 at 77OK,':The room: temperature

value;agrees with that of Howland and Calvin within?QXperimental

Aierrof{ The higher susceptibility and.more_prdnounced temperature
dependence -observed by Crane, et al, for smericium trifluoride may
‘have been_dué to the presence'of a small-amount:of curium impurity -

C . +3 o :
An their sample (XM . Cm-3 = 24,000 cgs units).
, ST : ’ =

The §uscéptibility df»americium metal appears'to'be slightly

. higher than that of the +3 ion and ‘the temperature depéndénce to be
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slightly less. Thssé d'if'f’erences, however, are baréiy outside t_he_*_"‘ K o
“Ltipresent rather large experimental errors .' :- | i | '{5
_ ‘An analysis by Gruber[-ZJ of the 1ow lying electronic levels "g“
- Vf;fxof An 3 in a lanthanum trichloride matrix gives a separation of 2215 1'€‘
!ﬁi-cmfl between-the ground state 7Fo, and- the next higher J l.level :lge
Lo %;,The separation is such that the higher level is only slightly popu--;-*tilfi': %h
- iidg; lated even at temperatures as high as 850 K (~ 600 cml;)l | "ﬁc

+3

The'susceptibility'Of Am arises, then, almost entirely from -

“ftemperature independent second order terms of the ground level in

iuyxlagreement with those measurements which show but little temperature T ﬁﬁ'g

dependence

Although both Am 3 and Eu *3 have an.f6 configuration for the

;;ground state, the calculation of a theoretical value for the suscep-“i:‘[fﬂp.f¢f=

i tibility of Am 34 more. difficult than for Bu 3, since the departure

’; p”from pure LS coupling is quite significant for americium

[12]

Gruber has made a preliminary calculatlon of” the mixing of .

5D and 3P 1evels with the ground state of Am 3 From his -i:_:f'x

) 6

;rcsults McWhan and Cunningham calculate a value of 682 X. lO

Afergs gauss_-2 for the molar susceptibility of the ion The agreement f@g
"with the experimental values is considered reasonably satisfactory.‘i“

. The susceptibility data strongly suggest that there are clo
‘to . three electrons per atom in the conduction bond in the metal, in

[13)°

disagreement with the valence'assignment proposed by Zachariasen._..,

'iu

: Wallmann lCunningham and Fuger have obtained data on the

o

‘crystal‘ tr‘ ture melting point and heat of ‘A;x" J curium_metai'.

USRS
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(15]

in 1 M HCL. Marei and Cunningham have measured the magnetic
susceptibility from 77 to 350° K.

A mixtufe of face centered cubic and hexagonal phases is obtained

. , . o
. by reduction of the trifluoride.with barium vapor at ~ 1300 C,

Preliminary values for the lattice parameters of the hexagbnal

‘phase are:

a.

5 = 350 A

C
(e}

11.3 A

The unit cell volume is about three percent more then that of the

. more dense hexagonal phase of americium.

The melting point is 1340 # 10° ¢.

The susceptibility data are given in Table II,
TABLE II

Magnetic Susceptibility of-

Curium Metal

T (°K) . x_(c g = upits)
| | . % 10
329 . 16,700 £ koo
306 ':-;:  17,600 + 40O

L2971 B 17,700 * 400 -
273 | 18,400 £ 400
230  '-' 20,100 £ 400

7T 32,200 % 400

i+
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IW1th1n the acoﬁracv of measurements ;'fhevméfdl'dbeys ﬁhe (Jt,nfif;.~
Weiés reiationsbib dowﬁ‘to"liquid nitropeﬁ temperatu%es‘viThe ﬁolar.
ousccptjblllty of the mptnlnasmular to that of the trifluoride %s
 mea§urea‘by Crane, WaLWmann and Cunﬁlnrhom (21)
The heﬁt'of.éolutidn; @f curium’metal iH'I'M}HCl5iS —1?8 %f7:K§ai
:mél:l,.éimilar'tovﬁhat>of piutonium,‘ﬁﬁt éome 20 kiléééldries:morev
- positi?e thén that of americium. The more»gléétroboéjtive nalure of
americiﬁm ma§ be éssociéted witb.itg'low heat 6f vaporizaﬁibﬁ‘[lsl
.;{_SUNMARY OF PROPERTIFo OF TﬁE METALS . |
In the metalllc state, the néxﬁ two eléméntéfgeyohﬂ plutoniﬁm
' afé raréfearth-like in'charécﬂer>iﬁ'cdhfofﬁit& Withhtheir genzral
rare eafﬁh—iike'cﬁemiéal:behavio%A‘ Asisﬁown by tfééér ekpérimeéts
‘oﬁ the avtlnlae elemert% throuﬁh $endelev1um the +3 stn*e p6131sh
..w1th hlgh Stablllty thlonghout the rest. of the series. ?*It appears
ﬁ_probable thaL ‘the. metalb b@yond curium wlll in general res em51¢A
ﬂthe rare ealth elémente in ciructure and propertles
Zachafiasen[;31'hasvcalculated valuesvfor the_numbers>of_valeﬁ¢é
cand 51 ;i Lrons 1n £he éctlnld; mébals égAthe'ﬁasié‘bf 5bséryed‘.'

SR ,,,inter-atomic'distancev 1n the solid phases. He assigns 5.5 f

g Gcnee double nexaboan (lOSL pdcked phaoes of. amerlclum‘ =Our latticév,-'

'}”parametel Ior mctal‘lc uurlum a prcdomlnantly Lr:valent elcm@nt
_  >quL”t° Lhat thc numbel oi valen<e e¢e<tron° in both vurlum and th

'morevdgnSe‘fbrmzofiamericium,is closé tdfthree;»

R

clecirons and 3 5 val@nccfrlgctrons to Lhe faue veﬂtpred cubic and more. -, .

o

o
i 1
i

R
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Propertigs of Actinide Crystals

" CRYSTAL FIELD SPLITTIN: 18 P1E ACTINIDE TRICHLORIDES

Crystal field‘stabiljﬁubion plays ah important part in defernining

the’ thormodynqmlu stability of "d" transition element compouﬂdg and

it has been of interest, therefore, %o determine crystal field

Lammermann

and Staplebon[17] have examined the optlca] ‘and paramagnetic resonance

spevtrum of trlposltlve plutonium in both e lanthanum trichloride. and -
a lanthanum ethyl culfate matrix and find that the Crys stal fl@ld

'bsplittihg df‘ﬁhe levels is small and of about the same magnitude as

+3{ Gruber[ 12] has

observed in the analagous lanthanide: ion, Sm
'dbseryed crysﬁal field splittings for»Am+3 in & LaCl3 matrix to be:
\éimilar to tﬁbse found for Eu+3. For the trivaiént actinides, crystal
field effecﬁs appear to havé little more impbrtanceiin.determiﬁing

the stability of vérious‘éomPOUnds.thaﬁ ih.the case of @he lanthanides,

CRYSTAL STRUCTURES OF THE TRICHLORIDES OF CURIUM AND CALIFORNIUM

The'trichlorides'of the lanthanide elements. exhibit the hexagonal

- UCLl, structure type from lanthanum thrbugh gadoiinium, a triclinic

3

- structure  from holmium to lutecium, while'TbCl3 and DyCl3 have a

‘"‘sﬁrgcturevwhich has-not'yet been identified;‘_It seems reasonable to

">Supposé that thevtréhsitiOn f}om ongvéﬁfuéturé type to anothér is

'5- determined”primérily by the'ratio 6f'£he rédiﬁs-of,the méﬁal cation
 to thatiof»ﬁhe chloride ibﬁ. Fbr é'giVén‘number of eléctrons in the

‘?f subshell the trlvalent actlnlde 1ons are O 02 to- O 03A lﬂrger than

o

(the correopondlng tr1Valent rare earths Hence, if radius ratio is

the critical factor,:the UClQ structure’might-be éxpected»to-persist_
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’Tid the:éet{ﬁiae‘tfiéhlonﬁes to'abéenlelemeet §9l(eiheieinium)ﬁ
"feWallmann andﬂéeeniﬁvndm[lgj heve_obtained-eﬁe“d;ffreetionpatteree:of
>mec13 and CfCl &ed find pﬂaﬁquth baveJtheehexeéeeei stfeetgre;
m,gxpecped; | |
e{IIILffMegﬁeticffrogerties_of ehe'Actinidé Compouhds:
As have been menfioncd previou ly, analy 23 ofbthe obtical'
abrorption sPoctra of the trivalent aetinid 1eva LeCl3 matrix by
: 'Gruberglz]iiand by Lammermann and Staple*on[l7q have sﬁoﬁn that the

"wdepurfurn from purf 5 coupling in the ground etate is con51delably

'areafer for fhe hnavier f tranoition elements fhan for the lanthanides.

+3

VThe anulysis of the spectrum of Pu ~ in LaCl‘ by Lammermann and

3

. "Stapleﬂonvir suffifiently extensive to allow a good compariJOn to be

3_#mude:bepWCen cal(ulated m&pnﬂtie susceptlbilitles for PuCl3 and the
'gﬁexperimental valees réported by Duwson Mandleberg and Davies 19]
The eompurieontg-] 16 shown in Table ITI. |

The:sutcrp1ibiliiy minimum 1ndicated by the cyperlmental point

S et SMBO K 1is not predicted by the theoretlcal calculations, ahd"

v»perhups should be reinvcstiwated Thc magnetlc susceptibllitles of SRR

.”'Bk 3 and Cf *3 (ad orbed on Thc cation exchange resin Dowex 50) have.':
}Voocn.meauurcd from 77 K- to somewhat above room temperature but

”.anulyces oi Lhc' pectra of the ione are not sufflciently detailed as'
':-:ynh Lo p(rmit an accuratofcompariaon of experimental and theoretlcal

‘.fvulues.;i-'

c_"u'm;ignf;,r, Wu]lmunn Phillipo fmd (;atti[ZO] h:}.ve attempled to

7{;meanﬁ}&ﬂ{hc mugnctie )ugacptibility of Lhe trlpogitlve 1on o1

'_<jnfl~inium, uoing uppxoxjmutely O OO3 1:4 of the ox1de

.?
g
y
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| TABLE _IIi
Magnetic Susceptibi;iﬁy of 'Pu013
'Experimental Theoretical
Temp X (8106) |
90°K | 1607 1567
200 BH7 78.?.9 |
300 658 528
334 e 606 587
‘373, | 571 549
397 548 529
128 525 507
b57 515 490
491 8k W72
vszo L6k 458
548 462 g
583 k12 L3k
300 659
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‘ ”.{ 15g m&ffix by the”rad10%<f1va d:clnteprdtlon of fhe qamDIO. ihe_V
-fpfincipal isotOpe used fOr thé susceptibility méasurements'on
“pincteinlum was the 20 Aay o~ emifblnﬁ E?537

In order to correct for the indu¢ed param&éﬁeti$m;‘tﬁe 5”5?eptifvv 
' 7bility of the sample was meaéufed;aéfa fﬁnéﬁioh bfvtimé,;andithrapo;v
-11a£ed tq zéro time . The data ‘thus cor?cctcd.glvc if for . | |
R E+3t;f8.l;i l;5>Bohf.ﬁagnitoﬁs.
CONCLUSIONS | o

'(oupllng for the heav1er elcmento.g

~230-° - UCRL-10624.

~(from yCRI-101.76)

o

Lomplnkatlonf'arlrh'in méasuring uhe sUs Leptlbngcés:of highly

‘:radiOactive samples be(ausﬂ of paxamagnetlsm Jnducvd in the qupport—

On the baols of present knowlpdpe of the prope”tle of'thef

:;avtlnlde elpments it woula appear pxobable that the thermodynmnlo

;Vf.propertles of Lhe transcurlum elomento probably will be rather

' ”élm;lar to those ofﬁcurium with a more or less regular Yariation'aé‘

Va function of aﬁb@iglnumber,.as obsér&edVin the léﬁthanide eleéénts;i
 Thetfemaining elements in the éerieé‘&ill be predominanfij‘tfi-li

pésitive and their Pryotallopzaphy w1ll resemble,that of;the corrv.’ﬂ

"f}respondlng rare earth element off q1m11ar 1onic ‘radius.

_ Magnetlc and optlcal propurtles w1ll resemble Lhose of LUP“'

_analogous lanthanlde elemnntq after maknng allowanc@ for uh“

«.grcater multlplet &pllttlnb and more ulgnlflcant deparhurv Fvom 15

e > e e e st

R s izt

A . T
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11. CRYSTAL AND MOLECULAR ST UCTURE or
XENON TETRAFLUORIDE'"

David H. Templeton. Allan Zalkin, J. D. Forrester,
and Stanley M. Williamson
Because of interest in the molecular structure of xenon tetraffuoridel
we have determined the structure of the crystals by x-ray diffraction at
room ternperature. - The structure consists of a molecular packing of g$quare-
planar molecules of XeFy.

A 4-to-1 molar ratio of F, and Xe was passed through a nickel tube at
300°C. With a residence time in the hot zone of 1 minute, essentially all
the xenon reacted, and crystals condensed in the cooler part of the flow sys-
tem. The solid was then sublimed under vacuum into other Pyrex containers
and finally into thin-walled vitreous silica capillaries for x-ray examijnation.

Preliminary crystal data were obtained from oscillation and Weissenberg
photographs of several crystals, The accurate cell dimensions and the in-
tensities of the reflections were measured with a ,goniostat and scintillation
counter with Mo Ka radiation, (Ko.l) = 0.70926 A. The well-formed
dodecahedral crystal had diameters ranging from 0.13 to 0.24 mm, corre-
sponding to pR about unity, No correction was made for absorption. Be-
cause the crystal grew about 30% during the intensity observations, the data
were normalized by repeated measurements of a few reflections.

The monochnlc unit cell has dimensions a = 5,050, b = 5.922,

= 5,771 A. {each £ 0.003 A), and B = 9906° * Oqlo, in reasonable agreement
4

‘ w,.th values found elsewhere. 2, 3:4 With two molecules per cell the density

is 4,04 g/ml Systematically absent reflections correspond to space group
PZl/n Reflections are strong when htk+{ is even and weak when it s odd,

showing that the Xe atoms are at 0, 0, 0 and 1/2, 1/2, 1/2 Fluorine atoms

are in two sets of general positions 4{e): =(x, vy, z; 5 - X5 7+ Vs _%_- z).

Intensities were measured for the 329 independent reflections of the
primitive cell with 0 less than 25°. Of these, 36 are absent because of the
space group symmetry. Of the other 133 reflections with htkt! odd, whose
intensities depend only on the fluorine scattering, 96 were recorded as non-
zero. An extensive search for other weak reflections which would demand
a larger unit cell was made by sweeping along many lattice rows and by
counting at approximately 100 positions corresponding to reflections of cells
with some or all of the axes doubled. No such reflections were found, with
the sensitivity about 10-% of the strongest reflection.

“Letter to be published, J. Am. Chem. Soc. (Jan. 20, 1963).

‘1. H. H. Claassen, H. Selig, and J. G. Malm, J. Am. Chem. Soc. 84,
13593 (1962).

2, Stanley Siegel (Argonné National Laboratory), private communication,

3. Henri A, Levy (Oak Ridge National Laboratory), private communication.

4. James A. Ibers and Walter C. Hamilton (Brookhaven National Laboratory),
prwate communication. :
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_ A trial structure was derived by s1mp1e calculatlons 1nvolv1ng a few
reflections. It was refined by least squares in several series of calculations.
. With independent isotropic temperature factors and equal weights for 286 .

. reflections (omitting the seven at the lowest angles) the conventional

-'R ZHFOI - IF I ZiFOI was reduced to 0. 086 with the parameters-

Xe (0 "'(0). @ 164
F, o 0261 0,147 10.847. 3.6
F, =~ 0228 0033 0295 - 3.7

Standard dev1at10ns are 0.003 for each coordmate Calculations with -
anisotropic temperature factors gave the same coordinates within 0. ﬁv.. or
less. Isotropic refinement with the 96 nonzero reflectlons with h+k+£ odd
,"»gave the - same coordmates Wlthln 0.005 or less.

- The above coordmates correspond to Xe- F bond distances of 1. 92 and
1.90 A, with standard deviations of 0.02 A. The F-Xe-F bond angles are
89.7° (and 90.3°) with 0 = 0.9°. The molecule is planar by the symmetry,
and we find 1t to be square within the experimental uncertalnty :

The thermal motion of the fluorme atoms exceeds that of the xenon
““atoms.’ As a result, the average Xe-F distance is greater than that given.
. above. . With the assumptlon that - "rldes” on Xe, we estimate (from the

: amsotroplc temperature parameters) that the average corrected dlstance is
-1, 93 A. . : .
The F-F. dls’cances W1th1n the molecule are 2. 69 and 2.71 A(o' = 0.03 4).
" The shortest F-F contact between molecules is 3. 03 A. S

_ _Ibers and Hamilto‘n have'.deduced two structures by refinement of data
with htkt{ even., These data do not permit determination of the relative signs’.

 of the two y coordinates. One of these two structures is in approximate

) -_agreement with our result.

. The structure and molecular dlmensmns are. shown in F1gs D.11-1".
 znd D.11-2. SR - - : -
‘ We thank Dr Henri A -Levy for helpful infor'matvion_ concerning the

-
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' Fig. D.1l=1.

Structure of Xe F4.
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12, CRYSTAL AND MOLECULAR STRUCTURE OF InZI6
John D. Forrester, Allan Zalkin, and David H. Templeton

Experimental Procedure

Inl; was synthesised by heating indium metal at 250°C in an atmosphere
of iodine vapor... The Inl, was distilled to a clean portion cf the glass tube
which was then sealed off from the rest of the apparatus and opered in a dry
box, as the trihalide is extremely hygroscopic. Small quantities of the Inl
were loaded into quartz capillary tubes (0.6 mm diameter and 0. 015 mm wall)
and recrystallized by heating in an oven to 250 C (mp of InI3 is 210°C --

- Handbook of Physics and Chemistry) and allowed to cool slowly.

Unit Cell and Space Group

" The dimensions of the monOclinic unit cell of InI3 are |

‘a= 9.837x0.004 A,
b = '6.102&0.004 A,
c= 12.195%0.009 &,
B =107.69 £0.05".

Reflections of the type h0f are absent for £ odd. and of the type 0kO. are
absent for k odd. This indicates PZl/c (CZh) as the space group; and the
success of our structure determination supports thlS

With four formula units (InIz) per unit cell, the density is calculated

as 4. 72F cm3, as compared with the reported measured densities of 4.69

g/cm3, D'and 4.66 g/cm3.

Structure Determination

- This monochnlc unit cell, of space group P2 /c, has four Inl; formula
units per unit cell, with the iodine atoms arranged 1dea.11y in a close-packed

© -cubic array.. Placing the or1g1n of the unit cell at a center of symmetry
‘midway between two iodine atoms allows the symmetry elements to be in-

- serted satlsfacforlly and the close-packed iodine array preserved This puts

. the iodine atoms in three dlfferent fourfold general positions cf the type

4(e): x, v, z; x,y,z, x, 1/2+y, l/Z—z X, l/Z-y, 1/2+z,

. w1th the ideal coordlnates of

——————— e

1. W. 2. Klemm, Anorg. u. Allgem. Chem. 163, 235 (1927).

. 2...W. Klemm and F. Dierks, ibid 219, 42 (1934).
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RECE S 1/4, 1/8,

L 1/3,3/4,:5/24, S e
Iy 2/3, 3/4, 1/24, R
“and. . Inat 1/6, 0, 1/24.

' Discussion of the Structure’

The overall packing of the dimers in the structure is shown in =
Fig. D.12-1., The closeness of the arrangement of the iodine atoms:to a
* close-packed cubic arrangement can be seen in this figure, where the back-
ground grid of side a/2 for the ideal face-centered cubic cell is drawn to
‘accentuate the relation. Table I, in which are listed the ideal and the final

‘ positional parameters,.also demons..rates the nearness to the ideal structure.
" The shortest I-1 distance in this st*uctu:e is 4. llO A, and the mean I-I dis- o

- tance for nearest neighbors is 4.353 A, in comparison with the shortest I- I
~ distance of 4.44 Ain Inl . ' - : - .

' The indium atoms are in tetrahedral holes in the close-packed iodine
‘ ar*angement but are slightly further from the ideal positions than the iodine
atoms, probably owing to repulsion between the two metal atoms.

The dlmerlc molecule InZI/ is formed by two tetrahedra of iodine atoms
. around the indium atoms sharmg an edge, and is analogous to the dimer in
. solid Al,Br; and in Al,Cl; vapor. The entire structure, in fact, is very:
similar to that of AlZBr s which has both a dimeric molecule and close
" packing of the halogen atoms. The shape and dimension of the dimer are
. depicted in Fig. D. 12-2. The crystal symmetry gives the dimer a center of
" symmetry, but, in addition to this, the dimer has a mirror plane through '

" the bridge iodines.to an accuracy better than the standard deviation. ' This is

not demanded by the crystal symmetry

' The dimensions of the dimer are in ;easonable agreement with those

; '”reported by Wood and R1tte~~3 for x-ray-diffraction measurements on fused "

Inl;, provided the assignment of the bond distances to the bridge and terminal

“"iodine atoms have been reversed. The In-in ‘distance is, however, not in

" such good agreemen being only 3.15 A, as opposed to 3.883 Aas found'in

this work. - This distance compares w1th the shortest In- In distance of 3 58 A -

found by Jones and Temp;eton in InI

The repulslon and 1ncreased separation of the metal atoms leaves four

of the angles at the indium atom from the iodine atoms in the tetrahedron
very close to the tetrahedral angle (107.4, 107.7, 109.3, and 109. 3° ) but

R _d1storts the other two, making the angle to the term1na1 iodine atoms larger e

' ‘(125 1 ) and that to the bridge- 1od1ne atoms smaller (93 7 )

B 3 "R. E. Wood' and. H L. Ritter, J. Am. Chem SOC 74, 1760 (1992)

R. E. Jones a.nd D H Templeton, Aeta Cryst 8 847 (1955)
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Q I ot y~0-25
O I at y~0-75

O Inaty=0
O Inat y=05

MUB-1483

.~ Fig. D.12-1. The packing of the dimers of In,Ig, togefher with
: the approximately face-centered cubic arrangement of the
iodine atoms.. The square grid is drawn with side = 3.05"
A= a/2 for the face-centered cubic lattice. The actual values
- of y for the iodine atoms are: I,, y=0.236; I, y=0.229;
. _ : S Sl 2 e
13, y=0.231. - v _
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In 216

MUB- 1484

Fig. D.12-2. .The InyIg dimer. This is formed by the sharing of an
edge by two tetrahedra and is very similar to the Al,Bry dimer.
The estimated standard deviation of the shorter distances is
'+.0.005 A and for the longer distances, * 0.007 A,
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13. CRYSTAL STRUCTURE OF THE HYDRA'I‘ED DOUBLE NITRATE
: ‘ OF MAGNESIUM AND CERIUM(“) o

Dav1d H. Templeton, Allan Zalkm, and J D. Forrester

B Accordmg to single - crystal X-ray dlf raction. data, crystals of '
Mg3Ce2(NO ) (H O)y4 are rhombohedral, space group R3. The hexagonal
cell with a = 1112 00 and ¢ = 34.59 A contains three formula units. By least-

squares refinement the conventional unreliability factor R was reduced to-

~ 0.04 for about 1600 reflections. The Ce atoms, on the threefold axis at
2z =% 0, 2497, are each surrounded by 12 oxygen atoms at an average distance
of 2.64 A. These oxygen atoms, belonging to six nitrate ions, are at the

corners of a somewhat 1rregu1ar icosahedron. The Mg atoms are at the :

~ origin and on the threefold axis at z =  0.4279. Each Mg atom is sur-

- rounded by six water molecules with the oxygen atoms at the corners of an
~ octahedron with an average Mg-O distance of 2.07 A One-fourth of the

water molecules are not coordinated to cations. Evidence for the hydrogen C

atom positions from the diffraction data indicates that six of the eight in-

.- dependent hydrogen atoms are involved in normal hydrogen bonds The
- structure is shown in F1g D.13-1, : ‘

Abstract for American Physmal Soc;.ety Meeting at Stanford Un1vers1ty, o
Dec raber 27- 29, 1962 Buil, Am. Phays. Soc. T, 608 (1962)

14, CRYSTAL STRUCTURE 'OF.

KHZF3 AND GEOMETRY OF THE H2F3 ION(*)

I, D Forrester, Michael E. Senko, T Allan Zalkln,
and David H. Templeton

, Alkali fluorides crystallize from HF solutions in the form of many
solvates. For example, in the KF-HF system Cady observed the phases

- KF-HF, KF.2HF, 2KF: 5HF, KF* 3HF, and KF-4HF. !l It is well known that
~in KF+ HF the fluorine atoms are connected in pairs by stron _g hydrogen bonds,
and it is convenient to consider this substance as a salt of KT and HF," ions.

- We speculated that in the higher solvates other polymeric ions occur:

© FHFHF-, FHFHFHF", etc. By a determination of the crystal structure by

_ ~x-ray diffraction, we have confirmed that in KF+ 2HF the fluorine atoms are

grouped into FHFHF " ions, and consequently we wrlte the formula as KH2F3

S Crystals were prepared and photographed (by M. E. S, ) in 1954, and
" the unit cell and space group were determined. The prospect of locating
eight atoms in the: asymmetric unit of a noncentric crystal with data of

-.doubtiul accuracy and with rather inadequate . computing facilities was not as
o '1nterest1ng as several other problems, ~and the work was suspended In

®_

~ Brie f version of pubhshed pape Acta Cryst 16 58 (1963) |

' ow at nternatlona usmess Mac 1-1es Corp. ,' Yor own ei ts, .
TN I 1 B hi p kt H gh N. Y
1. G. H. Cady; . J. Am Chem. Soc. 56, 1431 (1934). '
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Fig. D.13-1. A sectlon throucrh a unit cell of the structure along a
~{110] plane. Only the cerium and magnesium atoms in thi$
plane,. together with the atoms, closely coordinating them, are
shown.  One example of each type of hydrogen p051t10n and
~each type of hydrogen bond are. shown
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7 _.1961 and 1962 the old photographs were examined agam and were used to
_determme the structure reported here. -

-~ Unit Cell and Space Group o

The d1ffract10n patterns show orthorhomb1c symmetry thh unit cell
d1mensrons EREE

1 8.5220.02 A,

a =
b =11.09%0.03 4,
c = 669:!:0 OZA

' f' Reflectmns are absent for hOO with h odd for OkO w1’ch k odd, and for 004
~with £ odd. - These absences correspond to space group P2.12121, which is

confirmed by the success of the structure determination. ‘The number of

formula units per unit cell must be divisible by 4. Ionic volumes in other

crystals suggest that 8(KH,F 3) is the- only reasonable content of the umt cell
ddensﬁ:y is 2.06 g/em3.

Determination of the Structure

" The- asymmetric ‘unit conta1ns two pota551um atoms and six fluorxne

. ,-.3_atoms The coordinates of the potassium atoms were determined umquely
. ‘_‘f"from a three d1mens1onal Patterson function.

+ The three—‘dn'nensmn_al electron densxty function was calculated by

~.using phases'calculated from the potassium atoms. . This function was per- . . =~ -
plexing, but we identified four fluorine atoms by rejecting peaks that corree -
~ sponded’ to unreasonably short interatomic distances and those for whlch we
could not fmd Kl-F and KZ -F peaks in the Patterson functmn

A second electron den51ty function was calculated with phases deter-

‘mined by the two potassium-atoms and the four fluorlne atoms.: With the same o
~criteria, we were able to 1dent1fy the rema1n1ng two fluorlne atoms o

u

" The structure was then refmed by least squares with an IBM- 7090

- computer and'a full-matrix program written by P K Gantzel,"R. A, Sparks,
K. N.. Trueblood w1th m1nor changes : _ v TR

2 Ref1nement Wlth all the data made At ev1dent that absorptlon errors

. were present Refmement was cont1nued with 551 reflections (of which 56 are_

" zero) where sin§/\. exceeded 0.2.- For these .data the conventional re-

-~ liability. factor R  Z [l FOI -|F II/Z!FOi was reduced to O 202 after six - "
o cycles ’ = . R o _ : :

‘The - computer program used had no prov1s1on for refmmg the separate

_ v""scale factors of the different 1ayers, so these factors were adJusted by hand, .
‘and R fell'to 0.186." Because the low-angle data still seemed to be affected AR
o by -absorption, further refinement was done with reflections for which

51n 9/>\ exceeded O 3 (487 terms’ of Wthh 54 are zero) After further

o

Qunia i

. .
pmazed

5

- ,,3 e

,
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Fig. D. 14-1. Crystal structure of KHZFs, projectedvalong c.



41"e‘scvaling,. R was reduced to 0.142. At this stage,v .shifts of ooordinatc 5 were .
‘negligible. A total of 37 parameters {including sca.le factors) was used to -

' Q_ achleve thlS fit.

: Fluorine atoms occur in the structure in groups of three, as was ex~
pected for hydrogen-bonded H2F3 ions (Fig. D. 14-1). The two non-
equivalent groups permit independent measurement of four hydrogen-bond
‘distances and two bond angles, which are listed in Table I. These bond
~distances average 2.33 A and the deviations from this average are of doubt-
ful significance. The difference in the two bond angles is significant, and
. we infer that the molecule is not very rigid and that it bends to improve the -

o crystal packing. This idea is consistent with the F-F-F angles reported for .

hydrogen fluoride. In the solid, HF occurs in zig-zag chains with angles of = -
120.1°. 2 In the gaseous polymer, the angle is observed as 144° by electron
d1ffract10n 3 : : :

. The distances that we observe for the hydrogen bonds in KHZF3 1mply :
- that these bonds approach in stability those in bifluoride ions. This fact

»_suggests that the potential curve for the proton in one of these bonds may

also be of the single-minimum type. The accuracy of our x-ray-diffraction .
data does not permit us to test this conjecture, nor do we know of any other

. evidénce that bears on the question. If such a minimum does occur, symmetryv -

does not requ1re 1t to be at the center of the bond.

: . 'I‘he structure as a whole is salthke, with the potass1um ions well dls—
- persed among the. HyF3” ions. The shortest K-K distance is 4.34 A. Each :

- potassium atom has eight fluorme neighbors, each a member of a dlfferent .
CHpF3 1on, at. dxstances averagmg 2.83 Afor Kl and 2 82 Afor KZ '

2. M. Atoji and W_.;N.j .Lips'_comb, Acta cryst_.ﬁl,v 173 ,(_1954).

3. S H: Bauer, J. Y. Beach, and J. H. Simons, J. Am. Chem. Soc. 61,

-_19 (1939).
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Table I. Interatomic distances and angles in KH,Fs.

(The standard deviation of each distance is 0.02 A.)

' Distances ‘Angles
(deg)
F,-F, 2.35 F,-F -F, 1302
F,-F, 2.34 |
.l F,-F, . 2.29 F -F,-F 1394 2
Fy-Fy 2.34 -
Distgnces
" . AL
K -F . 2.69 K,-F, 2.67
K,-F, 2,69 K,-Fy 2.69
K, -F, | 2.78 »-F¢ 2.72
K <Fg 2.80 K,-F, 2.78
K,-F, 2.81 K,-F, 2.80
K -F, . 2.85 »-F 2.94
K,-Fy | 2.94 K,-F, 2.96
K,-F, 3.05 K,-F, 2.99
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15, ELECTRON TRANSFER IN DILUTE GOLD ALLOYS ()

P H. Barrett, R. W. Grant, Morton Kaplan, D. A, Keller,
- =+ - and/D. A, Shirley S

The chemical properties of systems involving two metals, rather than
one metal and one nonmetal, fall in one of the least understood areas of
modern physical chemistry. In contrast to the situation for ""conventional'
chemical compounds, there is no satisfactory theoretical model available
for the metallic bond, let alone the bonding in intermetalli¢c compounds.
Similarly, unlike the case of ions in dilute solutions, even the charge states
are unknown for metal atoms in dilute solid sclutions with other metals. To
attack the charge-state problem one must study some parameter other than

" just the spatial disposition of atoms in solid solutions. The disposition of
.the outer electron is required; this can be studied in part by nuclear resonance.

We have used the Mdssbauer resonance technique in a survey experimént to
study the charge states of gold atoms in very dilute solid solutions in eighteen’

metallic elements.

In these exper‘iments the isomeric chemical shift of the gold resonance

. line'was measured in each case. The results are given in Table I. The

shifts are all taken relative to metallic gold, which was used as an absorber.

We believe this to be the first experimental investigatio_n into this type

- of chemical bonding. There are so few guides available that a precise quan- -

titative interpretation seems out of the question. However, several qual-
itative features may be extracted from the shift data. First we note that

. the theoretical expression for the chemical shift in a Mossbauer resonance

experiment may be w1~1tten as the product of an electronic factor and a
nuclear facto*" _ :

AE - 2“5262 R* [A (xZ”)MA @! 41)-0} -. (1)

The nuclear factor, given in the first square brackets, is the difference
between the average 2pth reduced radial charge moments of the nuclear states:

- it is usually unknown. The second set of square brackets contains the elec-

tronic factor: the difference;, between source and absorber, of the electron

-densities at the nucleus.  Thus the chemicalishift is directly proportional to
this dlfference., ' '

The concept of electronegativityis frequeritly useful for discussing
electron transfer in more conventional chemical systems. We have tested

- its applicability here by plotting the chemical shift against the electro-

negativity of the host (Fig D. 15-1). There is a strong correlation between
the two quantities. This is established dlrectly from the expernnental data,

"and rests on no further assumptlons.

Brlef version of paper to be submltted to J Chem, Phys, (UCRL-10608',
March ;963) : v

3

Brnlin2d
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197 in several metals

(probable error in the last place given in parenthesis).

"Host

Chemical shift
(cm/sec)

0.59 (5)
.42 (4)
.87 (5)
14 (2)
.45 (4)
76 (3)
.74 (5)
.43 (4)
.76 (4)
24 (3)
19 (3)
.33 (3)
.63 (3)
.53 (2)
.52 (2)
47 (2)
.34 (5)
0.13.(2)

O 0O 0O 0O 00 OO0 0O 0 0 0 0O O O O
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s Fig ‘D. 15~ 1 Isomerlc chem1ca1 Shlft vs host electronegamwtyf

 for solid solutions of Aul97 in the metals listed in Table' I,

. plus gold.
: shows some ev1dence of saturatlon

The curve, representing: an emplrlcal best ﬁt,;-; L
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By further rather qualitative reasoning we have reached the followmg o
tentative conclusions:
1. Electrons are transferred toward the gold atom, which is more
electronegative than the hosts, in every case.
2. In each alloy gold gains electron density equivalent to a fractlon
{up to 0.4 to 0.8 in calcium) of a 6s electron.
These tentative conclusions should be tested by further work. If they are

~correct, the data for charge transfer in these systems fit quite naturally in-

to a simple chemical model: the more electronegatxve host metals contribute
electrons to the gold solute atom, roughly in proportion to the electro-
negativity difference, until the 6s shell is nearly full. Then the Pauli prin-
ciple prevents further transfer, and the shift-vs-electronegativity curve

- begins to saturate. There is some evidence in Fig. D. 15-1 for the onset

of saturation.

1. The arguments are too complicated to reproduce here. They may be
found in the paper from which this report is condensed. ‘

16. INTERNAL FIELDS IN EUROPIUM
'P. H. Barrett and D. A. Shirley

The internal magnetic fields at the nuclei of rare earth metals and

‘divalent europium compounds are of interest in studying the '"canted spiral"

type of antlferromagnetlsm These fields can be measured by Mossbauer
resonance techniques in elements that have suitable isotopes. Europium-151
is such an 1sotope,l it exhibits a sizable Mdssbauer effect, and single-line
sources can be made. We have used this isotope to characterize the hyper-
fine structure in europium metal at low temperatures, thereby deriving the

internal ma%netlc field and the spin and magnetic moment of the 21.7- keV‘

state of Eu

The hyperfine spectrum of Eulsl in metallic europium is shown for
several temperatures in Fig. D. 16-1, The Néel point® of 87°K is confirmed

by the transition between the 90°K and 86°K spectra from a single line
characteristic of paramagnetic relaxation to a wider pattern characteristic

of materials below the collective magnetic transition point, where spin-
lattice relaxation is slow compared with lifetimes of the isomeric level

(=107 -8 sec).

At 4.2°K, where europium is presumably fer*omagnetlc, a well-

- resolved pattern is observed (Fig. D. 16-2), This spectrum may be repro-
. duced theoretically by referring to a ''g-factor diagram'' (Fig. D.16-3), on

which the ratio vof g factor_s _‘o’f the ,isomeric states is plotted against the -

‘1. 'D, A. Shlrley, M. Kaplan, R w. Cr *n':,"'and D.l'JA. Kener, Phys. Rev.

127, 2097 (1962).

2. C Olsen, N. Nereson, a.ndG Arnod J Appl Phys ,» Vol. 33
Supplement, Apnl 1962. ' ,



-252- . - UCRL-10624

3

’ - Europium: Ty=87°K
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F1g D 16 1 The resonant absorptlon spectra of ]uu RN ¥ o
u'europlum metal d.t several ,)temperatures near the, Nwl
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‘D.16-2. The resonant absorption spectrufn of Euls in

- europium metal at 4.2°K. "The sweep did not go to high
enough velocities to detect the weak line at -2.6 cm/sec

_in.this run. _
" theoretical curve is for a g-factor ratio of + 0.528.

In other runs this line was observed. The
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{ Fig.” D. 16-3. The g-factor diagram for a dipole transition :

L. . .1 between two'states of spins 5/2 and 7/2, having magnetic ;-
B , . The line A-A fits the Eul5l -~

- . "’spectrum.. Numbers near lines denote-relative intensities.
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' energy of splittirig,’ Zeeman components of the isomeric Ml transition are .

drawn in with appropriate intensities. Only for the g-factor ratio given by
the line A-A does the theoretical spectrum {it the experimental data. The
curve in Fig. D, 16-2 is derived for this ratio. There are eighteen Zgeman

- components: accidental degenerac_ies leave only six strong, and two very

weak, lines. Similar g-factor diagrams were drawn for the other poasible
spins of the 21.7-keV state allowed by conservation of angular momentum in

: dipole transition to a spin 5/2 state, as well as for negative g-factor ratios.

Only the diagram in Fig. D. 16-3 gave a satisfactory fit. Thus the spin of.
the 21.7-keV state is 7, 2 from the g-factor ratio +0.528+0.005 and the known

ground-state moment of +3.419 nm; > we find, for the excited state, p =
+2.53%0.03 nm.

" The internal field, derived by comparison of the nuclear moment with
the numerical value of the splitting, is 2648 kgauss. This is comparable

to the 311 to 343 kgauss which mav be derived from paramagnetic resonance

da*a on divalent eurcpium ions, 4,5 and tends to confirm the idea that the
47652 europium configuration forms ion cores characterized as 4f7, 857/2.
which produce the internal field via configuration mixing, plus two bs
conduction electron’s, which remain unpolarized in the conduction band.

.

3. F. M. P1chan1ck P. G. H. Sandars, and G. K. Woodgate, Proc. Roy.
‘Soc. (London) A257, 277 (1960).

4. B. Bleaney and W. Low, Proc. Phys. Soc. (London) A68, 55 (1955).
. 5. W. Low, Phys. Rev. 106, 1827 (1956). '

17. - THE INTERNAL MAGNETIC FIELDS AT NUCLEI OF GOLD
- DISSOLVED IN IRON, COBALT, AND NICKEL

R. W. Grant, Morton Kaplan, D. A. Keller, and D. A. Shirley”

Since the discovery of large magnetic fields at nuclei of diamagnetic
atoms dissolved in ferromagnets, ! these fields have been of particular
interest in connection with conduction-electron polarization. from which they
are believed to arise. The sign of the internal field is especially important
in eluc;dating the mechanism of this polarization. The magmtude can.be
useful in deciding whether conduction-electron polarization is indeed the

~origin oi the fields.

For solutions of gold in iron, coBé.lt, and nickel the measurements

- have been particularly uncertain. Two general experimental techniques

have beéen apphed Mossbauer resonance and nuclear polarization. 3 The

1. B. N. bamoﬂ.ov, V. V. Sklyarevskn, andE P. Stepenov,.Zh, Eksperlm.‘
if, Teor Fiz. 36 644 (1959)

2._ D. A. Shirley, M. Kaplan, and P. Axel, Phys. Rev. 123, 816 {1961);
L. D. Roberts and J. O. Thomson, Bull. Am. Phys. Soc. 6, 75 (1961); 6,
230 (1961); 7, 350 (1962); 7, 351 (1962). -

3. N. G Stone and B. G. Turrell, Phys. Lettersl 39 (1962)
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".'Mossbauer experxments have suffered from the fact that the magnetic mo-~
- ment of the 77-keV state of Aul97 is unique in being nearly in the wrong

"Schmidt group. ' This has 1mpeded the measurement of the internal fields

E -for some time. Now the moment is known to be small, however. This

.- -moment helps to establish:a new kind of nuclear excitation, ''‘core ex-

“.citation. "4 The polarization experiments requiré several assumptions for
_: their interpretation and are probably less reliable. Recently severé'tl,?groups
_~have studied these fields intensively, all by different methods.

experiments have involved direct compamson of the internal fields with ex~

. ‘ternal fields up to 94,000 gauss, using the Low- Temperature Laboratory ‘
7-megawatt magnet, ‘Bhe hyperﬁne structure of the Mossbauer resonances-i

- “in Au 97 was measured.

The maximum effectwe external field (1 e., the d1fference between
: the field at the source and that at the absorber) was only 65,000 gauss. In
' iron this is only 5% of the internal field; it causes each resonance line to
- move only.0.03 em/sec, or 1/20 of one line width. To measure such a
small effect accurately it was necessary to take all the data at points of
mammum slope on the mtensxty Vs~ Doppler velocity curve (F1g D.17-1).

In Flg D 17-2 are shown the observed hyperflne sphttmgs for Au

‘an effective field H off given by the vector sum of the internal and external
fields plus a "magnetostnctxve field, ' which varies W1th the magnetxzatmn
"M of the. specnnen, i.e.,. :
] 7 o+H (™). o 1)
eff Hlnt ¥ Hext * H-mag(M) . o (1)
. Here the "magnetostrlctlve field" mcludes effects actually due to magneto-—
-‘-_str1ct1on as well as those due to strains and domain orientation.  For large

‘: externa:. fields (H larger than about 10,000 gauss) the magnetization, and .
" “hence the "magnetostrlctlve field, " saturates. . Thus at these high fields it

is possible to compare the internal and external fields (which are now

" collinear) directly by measuring the magnitude of their sum. The stralght -_" ’

-lines in Fig. D. 17-2 were fitted to the data and used to derwe the internal.

fields ‘given in Table I. The 51gns of these fields were obta.1ned from the T

o ;S1gns of the slopes of the lines in Flg D. 17- 2

'«?_4 AL Brau'lsteul and A. de-Shalit, Phys Letters 1, 264 (1962) LR
5 Louls D. Roberts and T O., Thomson. _ Phys. Rev.. Letters 9, A8 (1962)..1:

4-_‘6 _4B N. Samo1lov, V. V. Sklatrevskli c..ldV D Gorobchenko, Sov1et
""L-‘,“Pl"’ "s JETP 14, 1267 (1962) = . , R

708 R W Grant. M. Kaplan, Dv A_, Keller, and D A"thﬂey, Bull Am TR

;‘A.‘:Phys. Soc “ 7, 601 (1962)

Our /. '

197_“

- iniron, ‘cubic and hexagonal cobalt, and nickel. This splitting arises from -
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Fig. D.17-1. Transmission curve for resonant 77-keV y rays from

: a source of Aul97 in iron, using a single-line absorber of
metallic gold. Data at various external fields were taken at
points indicated with arrows which are near the points of
maximum slope. Between 2.5 and 3.0 million counts were taken
at each point for every value of the external magnetic field.
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Table I. Internal fields for Au197 in ferroma_gnets, derived from slopes;
Host v - Internal field ' Ry
{(kG) (nm)
Fe . - 1350+ 300 0.34%.09
Co (cubic) - - 910150 0.36%.06
Co (hex) ~ 830150 0.39%.06

s

Ni =- 200  eeae

The internal fields are all negative, supporting the conduction-clectron
polarization hypothesis. Moreover, the magnitudes of the fields are larger
than for the lighter elements, suggesting again that it is the és condustion
relectron of gold, with its very large hfs field, which is being polarizc¢d. In
[ Fig. D. 17-3 the magnitude of the internal field is plotted against th: .tomic
magnetic moment of the host. The internal field follows the atomic riagnetic
moment closely.

By comparing the internal fields with the total splitting in each case,
we fird a value of

Bon = 0.37%0.04 nm

 for the magnetic moment of the 77-keV isomeric state of Aulg,?.

18. THE INFLUENCE OF HIGH PRESSURES
ON THE MOSSBAUER EFFECT IN DYSPROSIUM-161

John A. Stone

- An experimental study has been performed to determine the influence.
of pressure up to 100 kbar on the resonant absorption of y rays emitted with-
out recoil. 2 The system under study was the 25.6-keV gamma ray of Dyl 161
from the decay of Tbl6l situated in gadolinium metal, using thin dysprosium
absorbers. _ : P

l.. The experimental portion of this work was, performed with the assistance
of Malcolm Nicol and Dr. George Jura of the Inorganic Materials Group.

- 2. R. L, Mossbauer, Z. Phy31k 151, 125 (1958) Naturw1ss 45, 538 (1958);
- Z. Naturforsch. l4a, 211 (1959) .
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The results of this work are summarized in Figs. D. 18-1 through
D. 18-3 and in Table I. Figures D. 18-1 and D. 18-2 show the spectra of
transmitted y-ray intensity versus relative absorber velocity at pressures
of approximately 30 kbar and 50 kbar, respectively. Considerable hyperfine
structure is evident in these spectra. Figure D.18-3 is a comparison of
spectrum envelopes, where the hyperfine structure has been smoothed out
and ignored, at 30 kbar, 50 kbar, and 100 kbar.

Table I. Quantities measured in high-pressure Mdssbauer absorption
experiments. (See text for explanation of symbols. )

o1 yAND! -
P x - ._.....P.. AEP~AE3O, -'—‘E v
B > AR
(kbar) z 30 (cm/sec) 30 (mm/sec)
0 (1 atm) ~ 0 <0.3 .- S
30 1,00 1 0 1 4,0£0.2
50 1.71 1.81%0.05 2.67+0.05 2 1.9 2.0£0.4
100 3.14 3% 1 5.5 =0.2 22.8 ---

Table I gives several quantitative results derived from the experimental
‘data. Because the absorption effect at atrmospheric pressure was too small
to be measured in these experiments, all quantities are quoted relative to
the 30-kbar spectrum, where the most precise data were obtained. The
nomenclature used in Table I is defined as follows:

P = approximate pressure at which an experiment was performed;

- x = ratio of the experimentally measured loading pressures on the oil in
the hydraulic press, at pressure P and at 30 kbar; this is equal to the ratio
of the pressures;
fP
— ratio of the fraction of y rays emitted without recoil, at pressure P
30

and at 30 kbar; this is equal to the ratio of the areas above the transmission
curves at these pressures; :

AE = energy difference between the highest- and lowest-energy com-

- ponents of the recoil-free y-ray emission spectrum, at pressure P; the
observed width of a velocity spectrum is the sum of this quantity and a
corresponding quantity for the absorber, so that the difference between the
observed widths at pressures P and 30 kbar is independent of the absorber
and is equal to AEp - AE3g; lower limits on AEP/AE3O may also be obtained;

-+ v = velocity coordinate of the centroid of a velocity spectrum,; this is
related to the chemical shift between the source and the absorber.

Two qualitative conclusions may be drawn immediately from these
comparisons. With increasing pressure,
(&) recoil-free fractions increase;
(b) hyperfine splittings increase.
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These two effects summarize the influence of high pressures on the Mossbauer
effect in Dy161 as determined from this experimental work.

 An mterpretatmn of the increase in recoil-free fractions with pressure
may be made by using a treatment similar to that of Hanks. 3> To do this it
is necessary to derive equations for the case in which the ambient temper-

cature T is higher than the Debye temperature 8. Starting with the expression

for the recoil-free fraction f from the Debye model of lattice vibrations,

1nf=--§~—13—l\1+4z IG/T' £ dt
Z X0 S N

where R ‘is the normal recoil energy of an atom due to emission of the

vy ray, and k is Boltzmann's constant, one may introduce the pressure

dependence by the following series of approx1mat10ns and assumptions.
() The volume dependence of § is given by the Griineisen relation,

d1ln 0 -
dmv_ " Y

where y is the Gruneisen constant for the material.
(b} Volume changes in the system are small.
(c) T/6 > 1.6; this allows the use of the high-temperature approximation,

g t = g/ -
, 0 e -1

{d) Volume changes can be expressed by

v— =~ aP - bPz,

where a and b are empirically determined coeff1c1ents
~ {(e) Pressure is proportional to loadmg

- Using these assumptions, one ﬁnally obtains -
£ AV RN -
In o= = 2RIV ( - _bp,° x> (x - 1),

I Z '
1 ke 0

"3.- R. V. Hanks, Phys Rev. 124, 1319 (1961).
- 4, Peuer W Montgomery, Harold Stromberg, George H Lura, and

George Jura, Calibration of Bridgman Anv1ls, A Pressure Scale to 125

kbars, UCRL- 9807 Aug 1961.
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where the subsc*’lpt 1 *efers to the reference state near 30 kbar, and the

“subscript 0 refers to the atmospheric pressure reference state. With 6 /y _'

~-as an adJustable parameter, Flg. D. 18 4 shows the fit of the calculated
“.curve to the exper1meneal points for 0 /Y = 6000. The experimental results.
appear to be consistent with values of "4 from 75to 100 for a dysprosium

impurity in gadolinium metal. This is somewhat lower than the values for .
o the puxe' metals, Whls.,h are near: 150

Work 1s belng contlnued on the 1nterpretat10n of the hyperflne
, sph*t}ngs : :

19. ANION EFFECTS ON THE Pr ' SPECTRUM"

Ralph D McLaughlm and John G Copway

_ Sl"ifts in- spectral lines of P*3+ that result from changmg *he cation-
anion distance have been studled This was done by recording the spectra
of a2 few per cent-of pr3t which had been incorporated into the anhydrous

trichlorides ¢f Ce, Nd, Sm, Gd, and the anhvdrous tribromides of La and
Ce. In addl"lon, data for Prot in GAEtSO 4)3-9H,0 were compared with
exlstlng data on P?‘3+ in Ce(E*SO4)3 9H,0. In all these systems Pr3’l has
"rhe same pomt syfnmetry ~The results a*'e d1sp1ayed in Fig. D. 19 l

Two types of shlfts occur, The main sh1f+ results. from the change in
‘position of the center of gravity of the crystal-field states. A minor “hlft
of c*ystal fleld sta’ces w1th respect to.each other is also observed

\’Brle* versmn of note to be publ shed in J ,Che'rn.' 'Physu (UCRL’-‘I 0458,' :
’Sep'r 1962) A R R B - o

: ZO THE ABSORPTION SPECTRUM OF Pu3 IN :
LANTHANUM TRICHLORADE AND LANTHANUM ETHYLSULFATE

delore Lammermann and John G. Conway

. "Stud*cs'of t‘"ze pOLarmed absorp’rion spectrum and some special effects
were conducted -on clystals of lanthanurn trichloride and lanthanum ethyl- "
sulfate containing.0.1 and 5 mol % of Pu3t at various low temperatures. The
ground-state. levels as well as several excited states are well characterized.
_ Attempts at. fltung the pesitions of levels to 5f hydrogenic free-ion states
- give good agreement for F, = 245 cm’ -1 and { = 2290 cm~™ 1, " Figure. D. 20 l
'1c an energy level scheme Qhowmg the daua and the calculatlons

oK

¥ Abstract of paper to'appear in J. Chem. Phys. 38 (Jan 1963).
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D. 20-1. Energy-level scheme of trivalent plutonium between
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arbitrary designations of the levels). To the left: the freg-ion
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are labeled in the LSJ coupling sczheme.1 The values for
X = 9.35 ({ = 2290 cm~1, F, =245 cm~ } are considered the
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_ WBIZ Ground Term of the First Spectrum of Cunum R
" EARL F. WORDEN, RaLen G.'GuTMACHER, AND E. KENNETH .
.HuLeT, Lawrence Radiation Laboratory, University of Caliw i °
fornia, Livermore, California, axp Joux G. Conway, Lawrence . . .
“Radiation  Laboratory, University of Culifornia, Berkeley, . Lt
' California,” AND MaRK FRED, Argonne National Laboratory, '~ - . .
. Argonne, Ilinois.~~The emission spectrum of curium has been- - |
-observed-in the region 2400-9000 A: Electrodeless discharge - .
'lamps containing 100 ug Cml; were used as sources. In operas . .
“tion: of the lamps at high temperature, a number of arc lines-"
.were observed in reversal. Wavenumber differences of these *
lines weré “calculated with an IBM 650 computer. Analysis of "~
tie dmerences yielded the ground-term levels. Approximately = e
.200 lines can be assigned to combinations with'the ground: ' o
term. Zeeman' patterns were used to confirm J values and cal- * =
“ealate Lande g factors. The g factors are in agreement with .~ .
‘those found by the atormic-beam thethod.! The data show that” & - .~
"the ground term of Cml is.?D% arisihg from the electronic ™
! “configuration §7 64! 7s% The observed levels of the D% ferm
. .= and g factors are J=2(0.00 cm™3) g=2 567 J=3(302.15 cm™),’
2,005 J=4(815:65 cm™), -1.78; J=S(1764 26 cm"‘), 167
. .J=6(3809 34 cm™?), 1 62 (18 min. )

o lJ c. Hubbs.R Marrus, and 1J.0. Winocur, Phys Rev. 114, 586 (1959). fij L

s .
<o

VU e

¢

2 LOW LYING ENERGY LEVELS. OF LANTHANIDE ATOMS
Lo _.AND INTERMEDIATE COUPLING(
John G Conway and B G Wybourne

: The effects of 1ntermed1ate couphng on tne propertles of the low- 1y1ng e
"levels of lanthamde atoms have been examined in detail.’ Part1cu1ar attentlon IR
has been given to the effects of a breakdown of Russell-Saunders ‘coupling on' '
the energles and magnetlc propert1es of the levels of'the ground multiplets.
- The energy levels were calculated by diagonalization of the combined elec~ . - %, .
trostatlc and spm -orbit matrices of the fn conflguratlons. It is found p0531b1e e
_to fit the energy. levels of the. ground multlplets of NdI and -Sml to within o
2 cm” “1 of their observed energies using 4£- -hydrogenic ratios for the Slater
Fk 1ntegrals. - The g-values are found to agree within the experimental .
-errors of the: atomlc -beam measurements. An. explanatlon for the apparent
©rsuccess of the- 4f hydrogemc e1gen£unct1ons is offered, ‘and it is. demonstrated
" that the succéss of these eigenfunctions does not imply that the actual eigen= = -
. functions -are hydrogen -like. The effects of intermediate coupling on the -~
 relativistic' and. d1amagnet1c corrections to the g values are examined; and - SR
- shown to.fall within the range of atomic-beam- measurements. The 1mportance
of 1ntermed1ate couphng'xn the actmxdes is noted g = SRR

J——




‘those of an excited level L!J"J., , both of 4fN, the oscillator strength
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*
23. OPTICAL ABSORPTION INTENSITIES OF RARE EARTH 1ons )
B. R. Juddt

- Electric dipole transitions within the 4f shell of a rare-earth ion are

permitted if the surroundings of the ion are such that its nucleus is not

situated at a center of inversion. An expression is found for the oscillator
strength of a transition between two states of the ground configuration 4fN,
on the assu 1%tmn that the levels of each excited configuration of the type
4N n'd or 4f'n' g extend over an energy range small as compared to the

" energy of the configuration above the ground configuration. On summing

over all transitions between the components of the ground level {y and
% corre-
sponding to the transition Y3 = ¢! 51 is found to be given by

P= BT, vyl My g I 2,

where U(M‘is a tensor operator of rank k;, and the sum runs over the three
values 2, 4, and 6 of \. Transitions that also involve changes in the vi-

brational modes of the complex comprising a rare-earth ion and its surround-
ings, provide a contribution to P of precisely similar form. It is shown that
sets of parameters Ty can be chosen to give a good fit with the experimental

‘data on aqueous solutions of NdCly and ErCl,. A calculation on the basis of

a model, in which the first hydration layer of the rare-earth ion does not

possess a center of symmetry, leads to parameters T, that are smaller than
those observed for Nd3t and Er3* by factors of 2 and g\respectlvely Reasons
for the discrepancies are discussed.

* Abstract of published paper, Phys. Rev. 27, 750 (1962).

tPresent address: Laboratoires de Bellevue, Bellevue (Seine et Oise), France.

24, ENERGY MATRICES OF THE f{° ELECTRON CONFIGURATION (")

B. G. WybourneT

"In a recent paper the calculation of the complete spin-orbit matru es
for the f5 electron configuration was reported. In an earlier paper thc_ com-
plete electrostatic matrices were presented. Using the results of thes:
calculations it has been possible to construct.the energy matrices of 1h« £5
configuration. These energy matrices have been applied to the analysis of
the crystal spectra of trivalent samarium, dysprosium, and plutonium ions.
To permit a wider usage of these energy matrices they have been tabulated
by a direct print-out of the matrix elements which were checked and '=tored
on punched cards.

- Abstract of UCRL~-10448, Sept. 1962.

TNow at: Dlv;smn of Chemlstry, Argonne National Laboratory, Lemont, -
Illinois,
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Lo e R 2:). ELECTROSTATIC TNTER_ACTIONS
IN COMPLEX ELECTRON CONFIGURATIONS(
B U (P R v B G, WybourneT ’ '

o S1mp11f1ed expressmns for the matrix elements of electrostatu :nter- '
. »"actions both within and between several types of complex. electron con-" .
..+ figurations have been obtained by the application of angular-momenta ee T

7 _coupling techmques. . The use of these recoupling techniques avoids the : f:f)
'~ usual extensive calculatlon of the sums of products of the matrix elements B
- . of tensors of the types v«K and UK, The derived expressions involve the

’ :3.-._-j,sums of produms of coefficients of frac’cmnal parentage and n-J symbols, e T
"_f._v.:and as such are. amenable to machme cornputatlon,. St S R T
Abstract of paper to be pubhshed in J Math Phys ’ March 1963
' (UCRL 10443 A.ug 1962) : . ,

L _"",.TNOW at- Dlvxsmn of Chemis'try,."ATr"gonn’e"‘Nafieha‘lb i'Labbrator'y,f-_Lex_:‘rient.' SRR ﬁl

?26 PARAMAGNETIC RESONANCE OF THE TRIPOSITIVE CURIUM ION R
IN ETHYLSULFATE AND TRICHLORIDE CrysTALS®*) -
Marv1n Abraham,'f' B.- R Judd % and H H. chkman ' . S

The paramagneuc resonance of the Jion Cm3+ has been studled by in- o “

g corporatmg various amounts of curium in crystals of lanthanum ethylsulfate ...
: and anbydrous lanthanum trichloride. For the ethylsulfate: crystals, a single
"+ line wag observed at helium temperatures, characterized by g, = 1. 925 0. 002
SRR -;'7’and g, ="7. 73%0, 02.- A similar line; for which g, =1.925=0. 002 ‘and - T
" g = ('167 +0.02, occurs for the trichloride crystals.  These lines are inter-- "
"";preted as correspondmg to transitions within the. 1owest ‘doublet of the ground
level. 517 8 29 which;,, owing to the high degree of mtermechate couplmg,
“:.does not pos!ess the extremely small splitting. typlcal of S states. - The. -
© " Landé& g wvalue of the ground level is found. to be 1.925.. . Previous experi- .
.-“mental results on’ the. paravnagnetxc resonance. of’ Cm3+ ~which were difficult’
-to account for: theore‘cxcallv, ‘are shown to be’ spurmus, ev1dent1y the reported
f~'.jspecfra should have been ascrlbed to Gd-’ B ’ « U

- 'v"TTemporary address
'RlorNegro, _Ar entlna'

: Present address Laborato‘res;de Bellevue, Bellei('de (Semeet01se)y
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E. INSTRUMENTATION

1. PERFORMANCE OF THE IRON-FREE BETA SPYECTROMETER-’/ .
Jack M. Hollander and Robert L. Graham
The new iron-free 50-cm double- focusing beta spectrometer was

brought into initial operation in the sping of 1962. 1 Much of the past year
has been devoted to solving the many technical problems that usually attend

the initial operating period of an entirely new instrument. As a result of

these efforts, the instrument was operating at the close of the year on a
fairly routine basis. :

During the initial operation of the cooling system, a serious overheat

. occurred which was caused by the failure of a safety interlock. Decomposumnl; _

of the Freon-11 coolant and chemical attack of ferrous materials in parts of
the cooling system resulted, which necessitated that the whole system be .

disassembled for thorough cleaning. All ferrous materials were '--sub’sequently‘::vi

replaced by copper or aluminum or chemically protected by '"Bisonite'' coat-

-ing. The cooling system was restcred to operation in September 1962.

During October, a detailed study of the focusing properties of the in- |
strument was undertaken. This is of fundamental importance because the

- practical utility of the instrument as a precision research tool will u1t1mate1y -
‘be determined by the ava11ab1e transmission and resolution.

. It had originally been hoped that the spectrometer would achieve res-

~olutions as sharp as < 0.02% {in momentum) and also that it could be

""opened up" for transmissions in excess of 1% (at appropr1ate1y reduced
resolutmn) Indeed, in the initial "post-factory' tests in Uppsala, Sweden,

- a resolution of 0.018% was achieved with the ThB I line. In the early stages

of operation in Berkeley, it was realized that the transmission of the instru-

. -ment was less than expected, however, at given resolution settings. It -
~ therefore appeared desirable to carry out a set of detailed experimental tests

of the focusmg properties, with the aim of gaining a fuller knowledge of the
present capabilities of the coil system and of gaining the information needed

. to design a system of baffles that would give the maximum- transm1ss1on for
-particular resolution settings.

'I‘he essential deta1ls of the test arrangement are shown in Fig. E. 1 -1.

""" A small aperture in the test baffle permitted only a '‘pencil beam' of electrons:
' _to pass. The position of the aperture could be vaned vert1ca11y by £ 20 cm | -

and radially by £ 8 cm.

-~

At each of 90 different aperture ''positions" (h‘,t '), .the K661, 6 con- .

version electron line of Cs-137 was scanned to establish its .intensity, shape L L
~and ""position'' (mean current settmg) The results for h*=0, shown in o
- Fig. E. 1-2, reveal that there is an up-down asymmetry. i. €., the rad1a1

1. K. Siegbahn, C. L. Nordling, and J. M. Holla.nder,, in Chemistry Divieion"

Annual Report, 1961, UCRL-10023, Jan. 1962.
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‘Fig. E 1-2, Variation of the K661.6 peak position as a function -

of the height, t*, of the exploration bafﬂe aperture. All
curves are for a radxal position of h* = 0. The disappearance

of counting rate at t* = +9 and -11 cm is due to vertical dis-

placement of the focused image (axial aberrations). ‘
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position of the image is not independenf of the axial departure angle from
. the source, as one would expect for a "h1gh aperture'' double-focusing
spectrometer

By graphical interpolation of the peak positions one can deduce con-

tour lines in the baffle plane representing the family of electron-orbits which

all come to focus at the same current settmg In(1+A), i.e., at the same"
9] where 7 (n) is called the

radial aberration. Figure E, 1-3 shows a map of these "isoaberration' lines

in the baffle plane. The contours labeled 0 correspond to K661.6 conversion

electron orbits that come to focus at 43.11 amperes (see Fig. E.1-2) and,

- for example, the contours labeled -0.2% correspond to orbits that come to

focus at a current setting of 0.2% lower than 43.11 amperes.

The information in Fig: E. 1-3 has been used directly to design a set
of baffles for different resolutions, two of which are shown in Fig. E. 1-4.
We have retained the original mouting plate with its fiducial markings and
- 'have made a set of intercharigeable plates with apertures shaped to match
. the contour lines in Fig. E. 1-3.

, The substantial improvement in the performance of the spectrometer
so obtained is illustrated in Fig. E.1-5. All three curves were obtained by
using the same calibrated 1 X6 mm source of Csl37 (strength - 200 pCi) as

was used in the tests., Curve A shows the results obtained with what were the

"best' settings for a rectangular baffle and 0.5X 10-mm counter slit, taken

' _prior to the focusing study. Curve B shows the results. with the same ''best" ) _-

‘rectangular baffle aperture after the counter slit aperture had been enlarged
- to 1X20 mm. Curve C shows the improvement on going to the 0.05% shaped
baffle aperture. - The line width of 0.07% is due in part to source thickness.
With thinner sources under 1dent1ca1 cond1t10ns the line width is < 0.065%
in momentum. v ] "
i - 4

- From the areas between the contour lines in Fig. E. 1-3 and the known

. geometry (Fig. E.1-1) we can compute the transmission as a function of

- resolution for the ideal case of a perfect ''point' source. This relationship

s displayed graphically in Fig. E.1-6, where it is compared with some other o
' . precision spectrometers. 2,3,4 The rapid drop in transmission for the '

Berkeley spectrometer at better resolutions is a consequence of the distorted
contour lines shown in Fig. E. 1-3. 'Some improvement might be expected

if the inaccuracies or distortions in the present coil systermm were corrected.
However, as yet we have no detalled theoretical bas1s to use as a gulde in
such a modification. : -

A more profitable line of attack would seem to be a completely new
theoretical approach aimed toward a great increase in the transm1ss1on of
a high- -resolution double focus1ng iron- free system. -

" At the close of 1962, detalled exper1mental stud1es were being carrled o

~on of the conversion- electron spectra assoc1ated w1th the decays of Ce 43

Np 238, and Bal31

'2.' R L. Graham, G. T. Ewan, and J S. Gelger, Nucl Instr Meth 9 245 (1960)

3. J A. Jungerman, M. E Gardner, C G Patten, and N. -F. Peek, Nucl
Instr. Methods 15, I, (1962) :

4, A. A. Bartlett. R. A. Rlstemn, and R P. B1rd Nucl. Instr Methods 17
188 (1962)

P
E



™y

-277- UCRL- 10624

Optic circle
radius

70.1%

~0.1%
~02%
61=03%
1 -0.4%

{cm)

l'*
T

i
It = ~-{ Plane
poo I
E 0+ —— of
8- R _ u
symmetry
Q
= —2r '“
=
[o] - -
Fel
S -4 .
- -0.5%
= - .
-2 0-4%
o - }=0-4% -
@ 6
’ 1 ~0.3% -]
0.2%
~8Bloun -
-0.05%
e ]
+0. 1A~
1 H A L 1
+6 +4 +2
Radial position of aperture , h ¥ {cm)

MU.29618

Fig. E. l-3. Radial "isoaberration" contours in the baffle plane.
Electron orbits intersecting any point on a given 11ne all
come to focus at the same current setting.
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Fig. E.1-L. Photograph of two of the contoured baffle plates
prepared with the aid of Fig. E.1-3.
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Flg 'E.1-5. The K661.6 inversion line from a 200-uCi source -
(1X8 mm) as observed with three different settings. This
illustrates how the resolution obtained with the 0.05%
contoured baffle, Curve C, is improved over the best
resolution obtainable with the rectangular baffle system
originally supplied, Curves B (''best' rectangular baffle,
slit 1 X20 mm) and A ('best" rectangular baifle, counter
slit 0.5%X 10 mm).
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2. LITHIUM—D_RIFTED SURFACE-BARRIER DETECTORS
Robert M. Latimer ard Walter E. Stockton

Semiconductor detectors that combine the advantages of both the sur-
face barrier and lithium-drift processes have been developed When lithium-
drift silicon is used instead of the normal N-type silicon in producing large-
area surface-barrier counters, the resolution improves markedly. This
improvement results not only from the reduced capacity associated with the
deep depletion layer but also from the improved quality of silicon obtainable
through the lithium-drift process.

At room temperature, a lithium-drifted surface-barrier detector with
an active area of 3.5 cm? resolved Am44l ¢ particles to 30 keV (FWHM) and
had a 20-keV window (= 0.1 p). The depletion depth was about 1 mm, which
permitted it to count Hilac-produced 10.4-MeV protons and 41.6-MeV a par-
ticles. The resolution on protons and a particles was limited by the beam
energy spread to 1%. Small (0.5 cm?) lithium-drifted surface-barrier de-
tectors have resolved Am?24l o particles to 19 keV with windows as thin as
8 keV. ’

3. A MULTICHANNEL SAMPLE COUNTER
Alfred A. Wydler

' Oftentimes in Nuclear Chemistry many similar samples of a material
are prepared for both qualitative and quantitative analysis. This analysis
and recording is generally time-consuming, as these samples are typically
handled in succession. An example is the collecting and counting of the
elutant from an ion -exchange resin column. A machine has been built to
reduce the overall time required for these operations. It is named '"Elution
Monitoring System, " which may be shortened to "EMS. "

In its present form this system accepts sample plates, either 5/8 in.

- or 1l in. in diameter, in amounts of twenty or less. For 1% coincidence loss,

these samples should have fewer than 200 dis/min of alpha and spontaneous
fission in any total combination. An eight-channel pulse-height analyzer is
incorporated for rough analysis of alpha energy {about 1 MeV/channel) and
determination of spontaneous fission events. Also an electronic timer with
a capacity of 800 minutes is included. Neon lamps and mechanical registers
provide instantaneous data readout. '

To facilitate data processing and to provide for permanent storage, all
data are contained in a paper tape record, produced by a '"Tally" perforator.'_

This counting system is completely tran51stonzed and self- contalned
in a 48-in. standard electronic cabinet.

~ Each sample position is a plug-in module, consisting of reversible
sample carrier, silicon particle detector, switches for control and identifi-
cation, preamplifier, and other necessary electronics.



Voo

, The" resolutmn of these detectors is thhm less tha.n 80 keV for 6 MeV
_'\_o. partxcles at-a geometry of 40%. '

: A He atmOSphere surrounds the detector and sample, instead of the
more- conventional vacuum. This is considered an inexpensive replacement
,ﬁ._-»for the messy vacuum pumps normally required.  Each counting chamber, -

. consumes. about 10.cm? of helium per minute, 3 to 5 times the mlmmum '
'jnecessary to restrmt the back-diffusion of air. - :

_ Each sample has an arbztrarxly a531gned numbér. By means of decadedv,
.switches, this number is included with the time and pulse height data and -
punched into paper tape for later processing or storage. Data are recorded
-at the rate of twenty words per second, hence this-is ultlmately the 11m1tmg
_§’7count1ng rate. :

: A dev1ce to read back the punched tape ;s currently bemg constructed
g Thls reader will reduce the data from any selécted sample into their con- -
_}vst1tuent parts, such as energy, activity at each of eight energy levels. and -
-time of event. It will also- give half-life information.: Because this, reader
»is not yet avaxlable, data are presently bemg taken from the scalers and
mechamcal reg1sters of each module. S : S

4 DEVELOPMENT OF A MULTIPARAMETER Y
- PULSE-HEIGHT RECORDING SYSTEM :

M1ch1yuk1 Nakamura and Geo*ge S Sxmonof

e Dunng the past year a ﬂex1ble mult1parameter pulse he1ght recordxng
: system was successfully checked and utilized. The system has been used :
j;‘prlm.ipally for exper1ments on nuclear fission. R

The general operatlon of the sys..ern is as follows N coincident -~ |
parameters (where N is any»number from 2 to 16) arrive at the system in
-the form of pulses from the experimenter's electronics. These N. pulses
-are temporarily stored in N pulse stretchers, and then serially read into-
‘an analog-to-digital conversion unit (pulse- he1ght—to-—t1me converter). The
~-resultant digitized-pulse he1ghts are stored in specific locationsg of a buffer '
‘magnetic-core storage system,- ‘The buffer storage’ is capable of stormg
512 pulse helghts, €. gy 256 two- parameter events.  When the buffer stor
age is filled,  the bmary information is dumped onto magnetic’ tape in IBM- .«
.compatible format. - This basic cycle is repeated until the expenmenter has
gathered suff1c1ent mformatmn,_ R - ‘ .

The fundamental system speed is lmnted pr1mar11y by the t1me taken
to empty the mformatmn from core storage onto magnetic tape (80 msec) :
With this speed and the abundant storage on magnetlc tape (over one million
two -« <parameter events; for example) the expe rimenter'is given much free}
dom to vary parameters., Consequently, a g1 ven tape may contam many

experlments. : o R : gt e
Sl A subsystem permu:tmg thc exper1mem =r to read back the mfolmatxon' 7

. fora’ smgle parameter of any given experim :nt into a multichannel pulse-" o _
S hetght analyzer was also successfully devel »ped and checked this past year. IR g

™
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‘The experimenter is thus able to evaluate his mformatlon within minutes after

he has written an .experiment on tape.

The worthwhile experimental information on magnetic tape can then at
any time be sorted, analyzed, and reduced via an IBM 7090 or 709 computer.
A report is presently being written which describes the system in detail.

5. USE OF A VARIABLE—GAIN AMPLIFIER
FOR SYSTEM GAIN STABILIZATION

Michiyuki Nakamura and James E. Ream

In a long-range o experiment, C£%52 was used as a source. ! In order

to obtain a reasonably lg)lzgh tr1 le~coincidence rate, close spacings between
= lO fissions/min) and large-area semiconductor

detectors were used. After a week's run damage to the detectors was noted.
The signal pulse amplitudes had decreased to 20% of their initial value. The
total number of fission fragments causing this much damage depends on the
characteristics of the detector, but most detectors are unusable after 10
total fission fragments. <

We sought a meansJ for gain stabilization for semiconductor detector
systems. "~ The technique of altering the high voltage to photomultipliers or

‘proportional counters is often used for system gain stabilization. The semi-
- conductor counters used for fission-fragment and a-particle detection must

be operated at a bias voltage where the charge-collection efficiency is con-.
stant, but not in a region where the leakage current increases abruptly.

- We felt the answer to semiconductor-detector system stabxhzatlon lay in an
-electrically controlled variable-gain amplifier.

We developed a transistorized amplifier whose gain can be changed by
an electrical signal. The gain of the amplifier is varied by altering the cur-
rent in a lamp bulb (G. E. No. 344) placed in the amplifier circuit. The
lamp bulb resistance changes as a result of the temperature change caused

by the current. The G. E. No. 344 lamp bulb was used because its hot and

cold resistance values (2000 and 300 ohms, respectively) were compatible
with impedances of transistorized circuits.

Our stabilized system consisted of a stable discriminator, a count-
rate circuit, and this variable-gain amplifier in addition to the usual system
components. The variable-gain amplifier was placed between the pre-

~amplifier and the main linear amplifier. The discriminator was placed after
. the linear amplifier and set on the peak of the heavier fission fragment. The

discriminator output fed into the count-rate circuit, which in turn controlled

1. Zeev Fraenkel, Long- Range a Partlcles Emitted in the Spontaneous Flssmn
of C£252 (in preparation).. :

2, "W. M. Gibson and G. L. Miller, Charge Collection in Semiconductor
Radiation Detectors, in Proceednngq of fhe Conference on Nuclear Electronics,
Belgrade, Yugoslavia, 15-20 May 1961 ({Iinternational Atomic Energy Agency,
Vienna, 1962), Vol I
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" the gain of the variable-gain amplifier. By this method of stabilization we.

J were able to keep the fission peaks to approxunately one or two.channels of R :
+ - the original peaks although the system gam had degraded to 70% of its ongmal ORI
o magmtude . _ Lo e

R kel

Under development are two methods of gain stab111zat10n using the

variable- gam amplifier. One is the use of a single-channel analyzer whose
"base line is modulated over a peak to determine gain changes.  The other is:

- a digital stabilization approach whereby the pulse train from a pulse-height

. analyzer is d1g1t1zed3 and a digital single-channel analyzer is used:to de-. = .

termine gain shifts. ® The last two methods should be superior to our simple

discriminator approach because these methods can be used in experiments
with varying count rates. : ’

3., 0. VAL Ladd and J. M. Kennedy, A D1g1tal Spectrum Stabilizer for Pulse
i-}Analyzmg Systems, AECL-1417, Dec. 1961, Chalk Rlver, Ontarm, Canada

[

_ 6. - MASS SPECTROMETER DATA ACCUMULATOR
M1ch1yuk1 Nakamura, Fredenck E. Vogelsberg, and Maynard C. M1chel

g Ion counting for data r_eadput in solid- sample mass spectrometers has »
been in use here and elsewhere® for several years, and has contributed sig- :
. nificantly to the recent mcrease in sens1t1v1ty and prec1s1on of isotope abun-

. dance measurements Co

N
¥

After usmg_ a manually summed counting system for several years, we 7.

B have developed a semiautomatic system which is now in constant use, with- _
‘quite satisfactory results, on a 12-inch-radius (60-degree sector) isotope-

' 'abundance mass spectrometer. -This is planned as one-step in the development

“ofa very fast, completely automatic. scan system s1m11ar to that descrlbed
':byBartonz v S o v .

y The present system consists’ of a sunple step voltage scan of the spec-
. trum at the rate of approximately 1 mass number per second, magnetic core
‘ ,.storage of accumulated data, summation-of successive scans, and readout -

" (by printed tape) of the total events for each mass number. Data are stored -

. "in the core array of a RIDL 34-12 pulse-height analyzer operated in a modified "

: “-. "time mode.!" Each, mass number is represented by an address in the memory._ SR Y

" Circuit logic steps the. ion- acceleratlng potential so that it presents success1ve
'._"mass numbers to the entrance sht of the detector, and prov1des for re.ldout

l F A. Wh1te andT L Colllns, APP1 Spectry 8 17 (1954)

B e R . S
Lo L . .

5464, Aug. 1959

RPNl * Ty A e o)

George w. Barton, Jr.,. Leonard E G1bson, and Laurm F.. Tolman, '
' ,"»An Ion Counting and” Accumulatlon System for Mass Spectroscopy, U(,F L—- o
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~ of previously stored data at the corresponding address. . These stored data
- are transferred by parallel entry from the analyzer add-subtract scaler to

a fast 10-Mc scaler. Then, during a precise fixed gate time, new counts

‘are added to the existing count and the new total is written back into the
" memory. The fast and slow scalers are reset as the accumulator addresses

the next mass number, where the operation is repeated. This sequence is
controlled by a digital clock, which cycles until the operator determines that

sufficient data have been stored to give the desired accuracy.

Source-sample considerations require the system to handle count rates

- as high as 105 per sec for the most abundant masses.- To keep counting errors

due to coincidence or dead time less than 0.5%, the input amplifier and scaler
recovery must be not greater than 10-7 sec. For this reason the count is

handled by a 10-Mc scaler and then transferred to the slower add-gubtract

scaler of the analyzer. Modification of the analyzer for this parallel access
does not preclude its operation in the normal '"pulse height' mode.

It will in the future be desirable to extend this system to store perhaps
20 addresses per mass number with a maximum.capacity of 10® counts per

‘channel. Rapid step scan of 200 to 400 channels at a rate of about 200 channels

per second, continuous scope presentation, and variable scan programs will
render the system even more flexible. The improvement in operation of the

‘mass spectrometer, compared with either a stepped single-channel counting

system or the older current-integration system is appreciable. Isotopic
abundance ratios with a standard deviation of approx 0.5% are now easily
attained, and the time required for data collection is much less than formerly.
Previously, manual computations could exceed half the total run time when
high precision was required. In contrast, the present system often allows

‘the cvomputations to be completed during the run, and evaluated concurrently.
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1. A METHOD FOR ESTIMATING THE HEAT OF FORMATION'
- AND FREE ENERGY OF FORMATION OF SIMPLE
 INORGANIC COMPOUNDS(*)’

Darrell E. Wllcox and LeRoy A. Bromley

A generpl method of mdependently estlmatmg ‘the standard heat of :
- formation AH, and free energy of formation AF; of inorganic compounds-at

"25°C has been developed. The result is a simple equation involving three

parameters characteristic of each ion. Each valence state of an element or.

- group may be assigned a value for each of the parameters. These. parameters:

‘may be evaluated for any ion if at least three expemmental heats oi Iormatlon
or free energ1es of formatlon are known. :

The equation has been apphed to the correlation of known AH, data for -

- 34 monovalent and divalent cations and 32 anions, including the me allic

"- halides, ox1des, sulfides, and compounds such as the sulfates, carbonates, '

rand tungstates. .The average deviation obtained for. 427 compounds was

- 1.98 kcal/M, and the maximum- deV1at10n was 8.73 kcal/M. Similar results
' were obtained in a. correlation of AH for a set of trivalent and tetravalent .
. e_atlons, and in the. correlatlon of AFf of many of the same compounds

An error of 1ess than 15 kcal/M may generally be expected in estl-.
matlng an unknown: 1f one. uses parameters evaluated from three or more:
experxmental data : . - :

yoo

-";>"=Abstractefhpaper.ba.sed"enl’v\?ilcox'fs_"M.;S,'-'I‘h'e'sis (UCRL-10397, Aug. 1962)."

;2.‘.5 DOWNFLOW FORCED CONVECTION BOILING OF n- BUTANOL
R IN AN ELECTRICALLY HEATED TUBE(") :

Graham Sommerv111e and LeRoy A. Bromley o "

. Local heat transfer coeff1c1ents and two - phase total pressure drops

S have been measured for the downflow forced-convection boiling of n- butanol
:in electrically heated tubes having an inside diameter. of 0.4670 in. and’
ST "heated lengths of 5. 69 and 4. lO it respectlvely Heat fluxes ranged from L L
<L 2:8%x10% t0 6.6 x10% Btu/b - ft2, and mass fluxes from 136 to 440 1b mass/sec
L ft2] Exit qua11t1es up to’ 31% were. measured at pressures between 16 9 and .
. 500ps1a Ll : o . : : : s N

*Bllcf summary from Graham F Sommervxlle, Downﬂow B0111ng of

- ./ n-Butanolin a Umformly Heated Tube (M. 8. Thes1s), UCRL 1052.7
" Oct. 1962 '

s,
~
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The boiling heat-transfer data have been

UCRL-10624

compared with previous

correlations that had been based on the water-steam system. New boiling-

- heat-transfer correlations have been derived and found to be successful in

correlation is

correlating data for both water and n-butanol to within i30%.T The best

0. 90 Re 0 268 X—O°292 B00.19l Pr10>'23v3,'

1 tt

St

- where

St = Stanton number = hb/CpG,

Re_i= Reynolds number for the liquid = DGl/ul,

'.Xtt Lockhart-Martinelli parame‘cerl = ,
_ 6.5 0.1 Lox | 0.9
fe || ___} o

x L]
! Mg | ‘

Bo = Boiling number = q/G\

'Pr, = Prandtl number for the liquid = (uCp/k) !
The individual symbols have the following meaning:

b
“ Cp = heat capacity of liquid, in Btu/lb mass F

G = total mass velocity of flow, in b mass/h ft’
© G, = mass velocity of 1).qu1d only B
D = diameter of tube

By = viscosity of liquid

p,g = viscosity of vapor

Py = density of vapor

Py = density of liquid _

x =vapor quality =:mass fraction of vapor

q = heat fiux, in Btu/h ftz‘ v

N = latent heat of vaporization, in Btu/lb mass’
k = conductivity of liquid, in Btu/h ft °F

h, = boiling-heat-transfer coefficient, in Btu/h ft;

2..

F

Local two-phase total-pressure gradlents have been successfully corre-

lated’ by the method of Schrock and Grossman.

Local two- phase frictional-

.- pressure gradients have been obtalned and compared with previous results
- for the water-steam system » ‘

Complete details of this study are contained in So'min_erville" s thesis.

I. R. W. Lockhart and R. C. Martinelli, Chem. Eng. Progr. 45, 39 (1949).
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3. CONCENTRATION AND VELOCITY PROFILES IN A |
STEFAN DIFFUSION TUBE(*)

‘Fred J. Heinzelmann, Darshanlal T. Wasan,» and Charles R._ Wilke

The Stefan diffusion tube has been widely'used as a means of deter-

mining vapor-phase diffusion coefficients. 1+ 23 By this method the diffusion |

coefficients have been calculated from the measured mass flux, assuming

flat concentration and velocity profiles in the diffusion tube., These ascumptmns

have not préviously been verified. The study presented here involves a
theoretical analysis of the flow system and an experiment designed to de-
‘termine whether or not the flat-profile as sumptlons are valid.

‘ In the theoretical analysis the axial component of the steady-state
" momentum equation for a fluid with constant prdperties, with zero axial
pressure gradient, and with zero azimuthal velocities is coupled with the
corresponding steady-state diffusion equation. Theoretical velocity and _
concentration profiles are obtained by assuming perturbations in flat profiles
and by satisfying the boundary values of the diffusion system: namely, that
the concentration of the diffusing species A at the liquid-gas interphase is
constant, the concentration of A at the top of the tube is zero, and the con-
centration profile is axially symmetric. There is no transfer from the walls
of the tube into the gas, there is no slip in velocity at'the wall, the velocity
- profile is ax1a11y symmetric, and at the evaporating surface the diffusion
velocity is given by the mass flux of the nondiffusing spec1es For the
_ benzene-air system described below, calculated values of the ratio of the
 axial velocity u to the uniform velocity u, versus the percent cross-
sectional area for a 13-cm-long diffusion tube are shown in Fig. F. 3-1.

. The theoretical study shows that the velocity profile starts out flat at the .
evaporating surface and develops into what is essentially a parabolic profile. -

By use of the calculated parabolic velocity profile the concentration profile

- was obtained. The values of the profileé of the ratio of the concentration per--

-~ turbation C, to the surface concentration C_ calculated at several values of .

- the radial and ax1a1 dxstances are shown in Table I.

- Table I. Profile of contentration perturbatmn, Cl’ g1ven as C;/C
~where x = ax1a1 distance (in cm), r =- :adlal dlstance (1n cm), and
- rn = radius of the tube (;n cm)e

SJ

v e :-:_._?_/}LO : )
Cox 0 o 024 071 0.8T
Y S -2.7%x10-5  -2.2%1075 1 0.4%10-5: - 1.0x10-5 "

Summary of paper based on Helnzelman s M. S theSIS, UCRL- 10421 Aug. 1962,
1 J’ Stefan, S1tzber Akad. W1ss Wlen, Math -naturw. Kl 63 Abt I[ (1871)

'Ibid. 65, Abt 11, 323 (1872).° e
3 “C. Y. Lee and C. R. Wilke; Ind. Eng Chem 46 2381 (195'4).
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- for measuring the radial and axial concentration gradients. ' Measurernents

. the plug flow assumptlon.

" 4. Richard W. 'Getzinger, Steady State D1ffu51on in Ternary Gas Mixtures -

- because of the mathematical complexity of such systems. In many instances,. o
" the differential rate equations cannot be integrated analytically. Even when . .y
.an analytm result is available, it may prove to be 1mp11c1t rather than ex- o

niques. The reaction models selected were consecutive-competitive (second= .-

s T

F.3,4 - o -250- - UCRL-10624 - S

The system used for the experiment was benzene diffusing through L
stagnant air at 35 C and 748 mm Hg pressure. The apparatus was sub-. = -
stantially the same as that used by Getzinger for measuring diffusion co-
efficients. ¢ However, semicircular probes made of tungsten wire were used

of change in resistance of the probes by means of a Wheatstone bridge per-
mitted calculation of the concentration profiles. The experimental daia
corrected for end effects3 are shown in Fig. F.3-2. The solid curve is the -
calculated concentration gradient based on the assumption of flat concrentra,tmn \

. profile throughout the tube.

The theoretical study and the expe rlmental Lesults both indicate that - )
the concentration profile is suff1c1ent1y flat across the dxffusmn tube to Justlfy o

(M. S Thesis), UCRL-~ 9987 Jan. 1962. e S N » -

' 4. KINETICS OF CONSECUTIVE-REACTION SYSTEMS o
'H. R. Siewert; P. N. Tenney, and T. Vermeulen BN

Both the interpretation of experimental results and the prediction of
conversion in new situation, in multiple-reaction systems, are quite difficult ’

plicit in the desn‘ed unknown, and its numerical evaluatlon may be’ qu1te in- = ";,~
volved. : ~ Coe

- The 1nvest1gat1on summa. rlzed here and reported fully in Siewert's

.*he51s, 1 was undertaken to examine ways of handling the data in a particular = ;

group of multiple reactions, and to assemble the numerical solutions for
these systems so as to facilitate further development of data-handling tech--

order); and consecutive-reversible (with each step either first- or second- -

'_order) Among the latter, solutions were developed for all the two- reactlox_l N
- sequences in which either the first reactlon or the second (but not both) is -
' <rever51b1e. - : : :

These solut1ons for consecutlve rever51b1e cases are of two types, oné’ JE

’_'aD’Ollcab](‘ to batch and tubular-flow reactors under constant-density iso- .-
thermal conditions, and the other applicable to stirred-tank-flow reactors = -

involving perfect m1x1ng ‘A dimensionless time 7, obtained as the product

" of the flrst reactlon coeff1c1ent kl and true elapsed tlme, 1s used as. the

1. Howard R. Slewert, K1net1c Analy31s of Consecutwe Reactmn Mo

_Systems (M S. Thes1s), UCRL 10575, November 1962..
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'~ Fig. F.3-2. Experimental concentration profile corrected for
end effects. : -
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‘independent variable; the concentration ratios--moles of first reactant re-

maining to moles of first reactant initially fed, a, and moles of second
product formed to moles of first reactant initially fed, y --are plotted as
dependent variables, with two ratios of rate coefficients required as con-

i

As an example of possible data-handling methods, a time-ratic meth-"
od of analysis is illustrated for the reaction case A& 2B, B C. Because’
there are three rate coefficients (and hence two ratios of rate coefficiznts),

- two mdependent time ratios are required. Figure F.4-1 shows the ratlo of
~times at a = 0.35and a = 0.7, and Fig. F.4-2 the ratio at y = 0.5 and vy = 0.05.

For experimental values of the two time ratios, different values of «, must
be tried in these two plots until the value is found that also makes x] equal.

. The resulting values of «j and «,, with an a or y value at an actual time,

can be used in one of the parent ploﬁs to evaluate kl {and, from this, the
other rate coeffxcmnts) -

5. LONGITUDINAL DISPERSION IN
PACKED GAS-ABSORPTION COLUMNS (*)

W. E. Dunn, T. Vermeulen, C. R. Wilke, and T. T. Word

To -complete work started in the preceding yeaf, longitudinal-mixing -

~experiments were conducted in a packed cylindrical column 2 ft in inside

diameter and 6 ft high. Air and water were used as carrier streams, with

helium and sodium nitrate as the respective tracers. As packing materlals, R
..1-in. Berl saddles and 1- and 2-in, Raschig rings were used. '

The mixing results were expressed in terms of Peclet-numbei‘ (P)

values, determined as the product of effective particle diameter and super- .
- ficial velocity divided by dispersion coeifficient. The method of obtainin% P
- from experimental data has been described by Jacques and co-workers.
.Experimental data are shown in F;lg., F.5-1 for the gas phase, and in Fig.

. F.5-2 for the liquid phase. The higher P values for the gas correspond to

lower extents of mixing. The gas-phase P values are seen to decrease with

..mcreas:mg liquid or gas flow rates. Liquid-phase P values increase with
_increasing liquid flow rate, and are relatively insensitive to gas-rate. The
results are believed to be independent of the particular fluids used for meas-.
‘urement. Apphcatlon of these results to typical experimental data? has

- shown that longitudinal mixing contributes s1gn1f1cant1y to absorp;mn ~-column
iperformance for rela.tlvely short columns. : :

Summary of work reported by Wiiliam' E. Dunn, Longltudlnal Mixing in

R . Packed Gas- Absorptlon Columns (the51=), UCRL- 10394 July 1962,

1. G. L. Jacques, J. E. Cotter, and T. Vermeulen, Longitudinal D1spers1on
in Packed Extraction Columns, UCRL- 8658 April 1959, ‘

L 2. L. Fellinger, Abcorntlon of Axnr,noma by Water and Acid in Various

Standard Packings (Sc. D thes;s) Massachusetts Institute of Technology,
1941, ' : :
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G. THESIS ABSTRACTS

On the following pages the abstracts of theses issued in 1962 are
reproduced from the original documents.

vPapers elsewhere in this report cover work described in theses by

William E. Dunn (M. S.) (Paper F. 5)

Eldon Lee Haines (Ph.D.') - (Paper B. 11)

Fred J. Heinzelmann {M.S.) (Paper F. 3)

Monte Lee Hyder (Ph.D.) {Paper D. 2)

Paul 1.. Reeder (Ph.D.) (Paper C. 1)

Michael A. Sweeney (Ph.D.) {(Paper D. 3) -

David C. Whitney (Ph. D.) (Papers D. 4, D.5, D.6)
Darrell E. Wilcox (M. S.) {Paper F. 1) '
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' : o S SRR (from UCRL-10046, ST
_Ph. D Thesis) - -~ %
‘ :THEORY OF COLLECTIVE VIBRATIONS
_. OF EVEN-EVEN SPHEROIDAL NUCLEI
-‘Qﬂ}; . jv‘i[»f\ Bu"one h.vMJfaﬂalcﬁ :
Lawrencc Radi at1on LuLozaLory AT :
University of Califoraia & o R -
- Bewizoley, Celiforvda - - - .:.' S R
‘ 'March'l§62 :
ABSTRACT ‘ -
A vorsion of the Ln~11f fera ﬁk ng model¥ is preq ented waich o
 do°cribos nucICﬂr uhapc o<0L114uLona withéut'thciuainbntic approim,; i
f ’;§37 '  :Wimuhion.f The co]lcct‘v« frcqucnc es of a Bj»tcm of partlples mov-; -

~

;'f§ :"ﬂ 1 dng'in a time—dc~bndcnt unell ng 1;1 notential °re obtaiacd as’

5 i .'-,ki; : Tﬁwolutions -of a d' 'Lon éoug;_on ﬁgn“lly as soclﬂted with the random
AR ?ﬂ;aso “pproximmtion ( ’A) The Yn'mod uscd is pouivalent to an exugn;f ﬁ“ff' -
= o ey o | . o
v vv | ;',ﬂbgion o” the Crankihg.model'fir;t:devised‘by'Araujo.. It is shown :
quau the form of »ﬂcvdl i§§'§cu i on follows f”om a saitable """
- ”.'“xi:Lj  C&JC f;nltion °f "Vlbf“ti°’°l.5P9¢£§u§hiin'é §vsten with couoled collécfi,}§.: v

-w,*ve and inhrinnic de**cug of fr‘guoa It is alao °5own Lhat tne

igeneralized Cranking mbdelvis cquiv lont to the timo-depcnﬂent solf-

i
; :lconaiutent ’ield method apolweo to an avsro riat° long-rangethOg.
E j,body forcc.‘ :
|-
i
N

L/LCneLVG numerical apa_‘ atidnsfare'mad

[+

~£o.quadrupole

v1brationg of even-ev»n deforﬂed nuclol, usinv ilésdn’s singl

:'f?fi"fiparticle eiﬂenvalhes“'and auymptotic vaﬁe func*-rn ) and-takiﬁ}f* 

’5f;-'f'““5' reaidual pairin" 1ntpr»ct10ﬂf 1nyo account by neans. of the Rowo“i b&v;"

?canonical;transfcrzation-mcthod\;_Vibrationalvfrcquenciez,'massf
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parameters, force constents, reduced electric quadrupole trinsition

probabil'itie s, and \(ibration~z*otation {interaction coefficients of th"r:-

. "ﬁ" and ".Y"vquadrupole medes aro theorstically estimated for rare

earth and.agtinide.'isotopes, and compared with experimentel values. '



: : shell of phase 2 materlal between the drop and the 1nterface.is slowly

Q]zrcube of its thickness. When the film becomes suff1c1ently thin, the

Ve T

RV o P : : PR - (from UCRL-10097, -
T IR e Ph. D. Thesis) ..

PR

" 2. A HYDRODYNAMIC MECHANISM FOR THE COALESCENCE OF LIQUID DROPS

Sidney B. Lang

Lawrence Radiation_‘ Laboratory
University of California
Berkeley, California .

May, 1962

ABSIRACT

The coalescence of liquid drops at planar 1nterfaces vas studlcd _ 'fff"vi~
theoretlcally and experlmentally The mechanlsm of coalescence vas’ found-' B
to occur in two parts. In the flrst part the drop (pnase 1) approacnes
:{.the 1nterface through the continuous medium (pnase 2) and deforms the “ R{‘j_ 517'g;

’1nterface by creatlng a spherlcal depre551on in it.. The thin spherlcal

- ‘'squeezed-out under'the combined action of surface and gravity forces.

 The rhase 2 film becomes thlnner at a rate 1nversely proportional to the

second part of the mechanlsm oceurs . Because a denser liquid alwvays _
“overlies a less dense liquid at one'of the interfaces of the f£ilm, the - ,»wf,,iﬂ'.?ﬁ

;,interface is inherently unstable with respect to long-wavelength dls~.fdﬁA._ S

. ‘turbanceés (Taylor instablllty) If such & disturbance. is. introduced . L

- into the proper interface, the dlsturbance will grow exponentlally in o f“; : Eﬁ
‘time until the film dlSlnLegrates, causing coalescence of the drop g
A sufflclently intense dlsturbance of any . wavelength can also rupture. :

'jithe metastable fllm, caus1ng coalescence  The. ease of rupture -of thei

‘:’phase 2 film increases with' decreasing thlckness of the fllm nThe,

;hdlsturbances can origlnate from any- source yleldlng a fluctuatlng

{f ~ pressure at the interface i.e:, mechanlcal v1bration, thermal convec»,' :

'7uion currents, Marangoni 1nst¢oillty, or- other Because these dls-'~
“turbances arrive randomly 1n time coalescence tlmes are also- random
':.Drop “est tlmes were predlcted uo decrcase wi th decrea51ng drop rad u,,

'decreaslng phase 2 v1scosmty and decrea 1ng freouency of dlsturbance
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The effect of density difference and interfacial tension depends upon
whether film thinning or film rupture is the rate-determining step in
coalescence. _ '
Coalescence measurements were made in an all-glass thermostatted
cell. The two-component systems water-benzene, water-aniscle, ethylene
glycol-benzene, tributyl phosphate-water, and water-Aroclor 1218 were
studied. Both artificial sonic and artificiél subsonic disturbances were
found to decrease the drop rest-times, as predicted by the theory.
Measuremeptvof the natural sonic pattern present in the coalescence cell
by means of a special microphone showed the presence of intense but short-
time disturbances. Studies with surfactants showed that concentrations of
less than 0.02 mM of surface-active égent in the water-benzene system
could increase coalescence times by a factor of 2. Experimental changes
in drop size and system properties agreed with the theory, qualitatively.
Because of the microscopic nature of the theory and the macroscopic nature
of the experimental results, exact experimental verifilcation of the theory

is not possible.
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‘ Nd(C H SO&) : QHuO}-’The actinides and lanthanides were shown to be

' brediction of Hill and Wheeler 'The'S-'and D-waves in the "favored

' level of trlpos1t1ve elnstelnium in Nd(C

. ( 25 2l
In= 9/2 for -E-S3Lvand Cf 9, respectlvely, nuclear moments of

-302- ) UCGRL-10624

(from UCRL-10362,
‘Ph. .- Thesis) -
" '3.° PREFERENTIAL POLAR ALPHA-PARTICLE EMISSION
oo IN ORIENTED CALIFORNIUM AND EINSTEINIUM
Quirlno 01i Navarro
o f o _Lawreuée Radiation Laboratoryv-i
‘ te ~ University of Celifornia
Berkeley, California
July 1z, 1962
ABSTRACT o
. Nuclear alignment-experiments were performed oﬁi E253 and
ek9 A incorpofated‘as the tripositive ions, in single crystals'f

3llsomorphous in this salt. The low temperatureseneeded were attained by
‘adlabatlc demagnetlzatlon of the samples. Alpha'particles emitted from'
the samples and debected ‘with germanlum surface-barrler detectors vere

1.‘found to be hlghly anlsotroplc, in the case of elnstelnlum tne nuclear

orlentatlon was saturated at a relatlvely hlgh temperature - The' alpha

in.particles from fhesevnucleifwere shown to be'prefereutially emitted

"

from the ftips, “thus providing two independent confirmations of the

[

Lran51t10ns 1n these 1sotopes were found to be in phase 'The L =2, kl'

© . waves in elnstelnlum were 1nterpreted as belng out of phase; the L = 3,5 .
'_.'components in, callfornlum could not be determlned w1th certalnty, al-

’:‘though an out- ox pbase relatlonshlp was indlcated

By use of +he theory of Elllott and Stevens, the electronlc

o ground state resultlng from the - crystal fleld splittlng of the ground

SOu) 9H 0 was calculated

275 3

"It was found Lhat the theory, developed for the lanthanldes, can be ,
"applled to the actinides ao well 'Values of (r ) for the Sf electronsl.v
fhwere estlmated these values and .the above theory were used 1n der1v1ng

'values of the nuclear moments. From assumed nuclear splns ' /2 and

l “253i
h 9 n.m. and l ungl 1. 3 n. m.  vere derlved Errors of about O% s
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of which one-half comes from uncertainties in the theory, should be
attached to these values. o
245 . kg
The gamma rays of Cm ; following the alpha decay of Cf ’
were found to be anisotropic. Apprecisble attenuation of the gamma-rays

was found, indlcating some reorientation of the nuclear spin of the

daughter nucleus. _

Nuclear-alignment experiments were also performed on Dy155 and
DylS7. The angular distributions of the gamme rays following the decays
of both isotopes were found ﬁo be anisotropié. Spin 5/2~was assigned
to the states at 227 keV in Tblss and at 327 keV in TblSY. The

ngclear moments 1“1551 = 0.21%0.05 n.m. and Ip157 = 0.32£0.02 n.m.
_were derived, based on I = 3/2 for both isotopes as well as pure
L = 1 beta decay to the 5/2 - states.

The practicality of germanium surface-barrier detectors was
again demonstrated. It was found that these are suitable for use at
low temperaturés for detecting alpha ard beta particles. Experiments
indicated that under the conditions demended in this line of investi-

gatlon, these detectors are superior to other means of detection of charged

particles.
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© A CRYSTALLCGRAPHIC STUDY OF MAGNESIUM AM{ONIUM SULFATE HEXAHYDRALS

-304- . UCRL-10524
' . {from UCRL-13336,.
Ph. D. Thesis!

by
'Thomas N. Margulis
' Dupartmcnt of Chcmlatry and’ Lawxence Radlatlon Laboratory

Unlvcrolty of Callforn1¢, Bcrkeley, Californla

Jy 1962

: ABSTRACT'

Thp stxucturc of Mg(NH ) (SO ) oéH 0. has been’ redctermlned in

'101der o asglgn Lhe hydro~en bonds.f The'crystals are monocllnlc, spacéf

rL;f Group P21/a, w1th a =9 ’2h b= 12 597, 5 = 6. 211 A, and é 07 1Lo

ihc tructure pruv1ous¢y rcporucd bj Hofmann has nearly corrent coor-

u"-dlnates for tho MO, Sy ana N atomu, but 1ncorrect coordlnates for the o
'”jioxygen atoms. Three—d1mensxonal x~ray dlffractlon data were taken_
- ;with thc‘Gcneral Electric.gbhidstat. Thé Strﬁcture,.inoluding hydrégeh o

 aatoms, was determ¢ned by Fourler and least-s quares methods. Thé mag¥>”4

-nesium atom is. suzrounded by an. octahedron of water molecules, each

l-tvlformlng two hydr00en bonds to oxygen atoms of the sulfate ions Three*?~'"h
"fhydrowcn atcnﬂ ofxcmch amnonlum 1on are bonded to gulfate oxygen atOmu,»'

3{xbut the fourth 10 equldlutant from two sulfate oxygen atoms w1th the pA

 >-5cowctry whlch prpvnous authoru have called a "blfurcated hydrogen S

T? bondﬂ.v Average 1nteratom1c dlstancea‘(uncorrccted for thermal motlon)

Carer H;:O' 2, 07, S O u 1 L7, 0- O (hydrogen bonded) a2, 77, N- 0 (hydlcgcn

- _bonc.c,d) 2 90 and N=0 - (bli‘m cated bopd) - 3. 08 A The average $-0

|  =bond 1cn"th aiLcr cozructlon for thcrmal motlon 1s l h) A

An attpmptnd calculatlon of the dlutrlbutlox of electrono in the

.suliate ion wagu un.,uccw ul Posslble reasons for thls ale diseusscd..

ety
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. 5. HIGH-ENERGY NUCLEAR REACTIONS
OF NIOBIUM WITH INCIDENT PROTONS AND HELIUM IONS

Relph Garret Korteling

Lawrence Radiation Lavboratory
University of California
Berkeley, California

September 10, 1962

ABSTRACT

High-energy nuclear reactions initiated by protons and helium
ions on niobium have been investigated. Specific reaction products were

selected to represent the low and high deposition-energy processes as

- well as the production of low-mass products. Excitation functions for

these products were determined between the energies 240 to 720 MeV for
incident protons, and 320 to 880 MeV for incident helium ions. The
results from the proton' bombardments were compared with values oblained

from a Monte Carlo calculationfof the cascade-evaporation model. The

results from the proton'bombardments were also compared with those from

‘helium-ion bombardments.

In general,’the-comparison of experimental proton results with
the results from the calculation gives‘satisfactory agreement for the
low and high deposition—energy processes with the exéeption of specific
cases such as the (p, pxn) reactions. This.agreement might be improved
with suitable refinements of the calculation. However, the calculation
is not able to predict the production of low-mass products, and there-
fore another mechanism must be invoked to explain_théir production.

The comparison between the experimentally determined proton and
helium-ion results shows a remarkable similarity. This similarity was
unexpected from a consideration of high-energy processes such as meson
production and interaction. The inconsistencies which arise from this
observation are presented. '

~ In addition,'experimental information for the identification and

decay properties of the previously unreported niobium-88visotdpé is given.
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“1f compared with the spontaneous fisslon propertles of Cf”
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- The spontaneous- -fission half llfe of (1.0

"/observed-for Fim
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(from UCRL-10481,
Ph D The51s)

R SPONTANEOUS FISSION OF SOME HFAVY ISOTOPFS

Relnhard Branat

* Lawrerce Radiatlon Laboratory
University of Callfornla
Berkeley, California

_September 26, 1962 v

ABSTRACT

A back-to-back semiconductor counter system was used to study

B the energy end mass- distributions of the fragments in the spontaneous

zsh 253 254

fission of Fm , of , cee?° 2h8

d Cm . The results are
52, which is
used as a standard ' N

<

- A1l distrlbutlons (1nclud1ng those of the odd-mass 15 otope .
253)

are rather 81mllar, but not identical with the standard. " The

vtotal klnetlc energy of the fragments 1ncreascs with Z - The” anymmetry_
~of the mass dlstrlbutlon shows only small dlfferences between the N
‘isotopes. The variances (widths) of all dlstrlbut;ons 1ncreasc'w1thanf~

-2 and seem to'increase with A..

+lO) days has been observed.. 1c mass is most llkely 258 or 257

+O6)
5 -0.3"

The Cf‘2 % spontaneous- fission half “life has been’

s'-loyy has been =
2)5

 redetermined and is 60 5+0. 2 days. . The- alpha/flss1on ratlo inthe - ¢
250 AR

deeay of Cf has been redetermlnea and is (1330+h5) The

'redetermlned dlpha—decay half llfe of Fm 55 is (19 9*0 3)

A new fermium 1sotope w1th a spontaneous flss1on half llfe of-
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7. A MOLECULAR-BEAM ELECTRIC RESONANCE SPECTROMETER
AND THE RADIO-FREQUENCY SPECTRA OF LITHIUM FLUORIDE

Alﬂ/in Joseph Hebert

Lawrence Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

Séptember 26, 1962

ABSTRACT

The construction and operation of a radio-frequency electric

resonance molecular beam apparatus are described. The resolution of
. the apparatus is consistent with theoretical expectations. A simple mass
' :"spectrograph and an automated counting-recording scheme allow the
prbcurement of spectra from signals that correspond to as few as one
hundred detected transitions per second.
J "The experimental results obtained for lithium fluoride are
presented and discussed. Spectra were observed for the first three

19 and Li7F19. A value for the lithium quad--

vibrational states of Li6F
rupole coupling constant, the spin-rotation constant, the Stark-effect
constant, and the dipole moment is reported for each vibrational state.

Results for the V = 2 vibrational state of Li?}?l9

are reported for the
first time. _ - A

An analysis of the Li7F19 speictra has resolved an uncexrtainty
in the rotational and vibrational constants previously reported. This in
turn has allowed a much more accurate determination of the dipc.;le

moments of LiF.
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8, STEADY-STATE DIFFUSION
IN TERNARY GAS MIXTURES
- Richard W, Getzmger

Lawrence Radlauon Laboratory and Department of Chemical Engl neering

University of California, Berkeley, California
January 17, 1962 '

ABSTRACT

The Stefan diffusion-tube approach was utilized to experimentall.y '
.determme the rate of mass transfer in three ternary systems in which |
| ‘two gases were s1mu1taneously dlffu51ng into a third stagnant gas. Con- .
- stant evapotatlng binary 11qu1d mixtures were used. The experlmenl-

: tally determlned values were compared with the quantities prechcted by :
‘_the Gllhland or exact, " solution of the Stefan Masxwell equatxons
" Similar comparisons were made with several approx1mate sets of equa—‘

A txons from the hterature for typ1ca1 experxmental runs,

Results of these comparxsons 1nd1cate that (a) unless the inter-

B acting influence of the two diffusing gases upon each other is consxdered,.

any predictive method w111 be seriously in error; (b) the vahdlty of the

Stefarn-Maxwell equatmns has been estabhshed under experlmental con-

. ditions more str1ngent than any that have been employed prevxously

These results, together thh earher data for stagnant gas mixtures,

prov1de some proof of the. apphcablllty of the Stefan- Maxwell equat1ons

" to dxffusmn in complex mulmcomponent gas systems,

[ S | ——

[p——
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‘9. SEPARATION OF IMMISCIBLE LIQUIDS
BY GRAVITY SETTLING AND INDUCED COALESCENCE

PART ONE: HORIZONTAL GRAVITY SETTLERS
PART TWO: GRAVITY SETTLING WITH INDUCED COALESCENCE

Robert J. Graham

Lawrence Radiation Laboratory
University of California
Berkeley, California

February 5, 1962

ABSTRACT

The separation of water from Aroclor 1248 by use of gravity
settlers was investigated. The water concentration in the effiuent
Aroclor was found to depend on several factors, including the inlet
and baffle positions, the initial water concentration, and the degree
of turbulent mixihg upstream from the settler, as well as on the
vAroc'lor-flow rate and depth, and the settler length. At high flow rates,
an emulsion of water and Aroclor droplets formed at the Aroclor-
water interface. This emulsion influenced the water concentration in
the effluent Aroclor. Although the general influence of these factors

on the separation of water from Aroclor 1248 was established, it was

‘not possible to correlate them in designing full-scale gravity settlers

© from 1aboratory'-sca1e settlers.

Fiberglas coalescers mounted in the settlers were effective
in coalescing the emulsicn and removing Aroclor droplets from the

water layer. The coalescers with the most surface area werc the

" most efficient in removing water from the Aroclor. Pressure drops

through the coalescers were negligible. -
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10, DIRECT CONTACT CONDENSATION
Co WITH TWO IMMISCIBLE FLUIDS
’ Daryl Lee Lackey '
Department 6f Chemical En'gineeringi and
Lawrence Radiation Laboratory .

University of California
Berkeley, California

June 29, 1962

ABSTRACT

The theory, design techniques, and relative economics are pre-

- sented for three basically different direct-contact condensation proc-

esses involving fluids whose condensed phases are immiscible. The

specific system developed for'_thié study used Aroclor 1248 (Monsanto'

-~ Chemical Cor'poration) and steam. The processes investigated were

(a) the 1n3ect10n and (b) 1nduct1on of steam into a high-velocity stream

of Aroclor in the throat section of a Venturl, and (c) bubbling of steam .

into a low- veloc1ty stream of Arocilor, usmg a packed tower to artxfl-

cially increase the surface’ of contact

The mductmn, 1n3ect10n, pressure drop, and heat- transfer -

'charactenstlcs of a ‘Venturi in direct- contact condensatmn servzce v

' ‘were experimentally 1nvest1gated and empxrlcal correlatlons for the

7

. The. performance of a dlrect- njection dev1ce was also expen- ~

mentally determmed and correlatxons obtained.

Fmally, the theoret1cal development of relatlonshlps pred1ct1ng_

the performance of a packed tower in chrect contact: condensatlon

”'_serv1ce is dlscussed

| SR 3
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: ' Direct Nuclear Interactions,
Sept. 1962

Igo, G.,and B. Wilkins

Deuteron Reactlon Cross Sections at 11.8 MeV and at 20 MeV

UCRL-10146-Abs., March 1962 Abstract for Padua, Italy, Meeting

‘ on Direct Nuclear Interacttons,
Sept. 1962
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‘"UCRL-10147-Abs.,, March 1962 . Abstract for Padua, Italy,

 UCRL-10568, Nov. 1962 . Nucl. Phys.
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Igo, G., and B. Wilkins =~ = - c e
Proton Reaction Cross Sections at 10 MeV. v . o |

" Meeting on Direct Nuclear
Interatctions, Sept. 1962 -

Igo, G., M. Brown, L. Hansen, and T. Gdoding

+ The {(a, 2a) Reaction on Heavy Elements at 915 MeV

UCRL-10148-Abs., March 1962 Abstract for Padua, Ita.ly, :
Meeting on Direct Nuclear
Interactions, Sept. 1962

Igo, G., and B. Wilkins

10-MeV Proton Reaction Cross Sections for Several Elementc
UCRL-10281-Abs., June 1962 - Abstract for APS Meetmg,
o ' ~ Seattle, Aug 1962 :

Igo, G. (see B. Wilkins, UCRL-10281)

g -

Igo, G., and B. Wilkins

10-MeV Proton Reaction Cross Sections

UCRL-10480, Sept. 1962 . . Phys. Letters

Igo, G. (see B. Wilkins, UCRL-10500)

' -’Igo, G.

“Alpha- Partlcle Satellites in tbe Nuclear St*atosphere o _' f-.\b

 UCRL-10528-Abs., Oct. 1962 Abstract for Conference on

Advances in Meson and NucleaLr I'
Research, Gatlmburg, Tenn:,.
I\aovember 12, 1962 .

. - Igo, G., and B. D. Wilkins _ .
. ._Alpha ‘Particle Reaction C;o.,s Sections at 40 MeV and the Me n

Free Path in Nuclear Matter in the Energy Range 10l- 107 MeV

. Igo, G., L. F. Hansen, and T. J. Goodmg

. Evidence for Alpha-Particle Clusters in Several Nuclei from _

the (a, 2a) Reaction at 0.91 BeV

- UCRL-10574, Nov. 1962 - "~ Phys. Rev.

' ‘soya., A, and Conzet H. E.

Study of the Nuclear Surface by Means of the Elastic Scatter*ng of Heavy Ions

"UCRL-10159-Abs., -April 1962 = Abstract for APS Meeting,

Evanston, June 1962
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Jayko, M. E. (see W. M. Garrison, UCRL-9813)

Johansson, S. A. E.

Spontaneous Fission of the Heaviest Elements
UCRL-10474, Sept.. 1962

Judd, B. R.

Low-Lying Levels in Certain Actinide Atoms

UCRL-9779, July 1961 Phys. Rev.

Judd, B. R.; and L. C. Marquet

Energy Levels of Er ]I
UCRL-9830, Aug. 1961

Judd, B. R.

UCRL-10624

125, 613 (1962)

J. Opt. Soc. Am. 52, 504 (1962)

Double-Tensor Operators for Cohfigurations of Equivalent Electrons

Judd, B. R.

Optical Absorption Intensities of Rare Earth Ions

- UCRL-10019, Jan. 1962 ~ Phys. Rev.

Judd, B. R., C. A. Lovejoy, and D. A. Shirley

J. Math. Phys. 3, (1962)

127, 750 (1962}

Anomalous Quadrupole Coupling in Europium Etﬁylsulfate

UCRL-10202-Rev., June 1962 Phys. Rev.

Judd, B. R. (see M. Abraham, UCRL-10567)
Kaplan, M. (see D. A. Shirley,” UCRL-10168)

Kaplan, M., and D. A. Shirley
Identification of a Spin 5 State in Cro2

UCRL-10207, May 1962 " Nucl. Phys.

 Kaplan, M. (see R. W. Grant, UCRL-10322-Abs.)

Kaplan, M. (see R. W. Grant, UCRL-10513-Abs.)

Kaplan, M. (see P. H. Barrett, UCRL-10514-Abs.)

-Keller, D. A. (see D. A. Shirley, UCRL-10168)

Keller, D. A. (see R. W. Grant, UCRL-10322-Abs.)

128, 1733 (1962)

37, 522 (1962)
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Keller, D. A. (see R. W; Grant, U’CRL-10513-A)‘

" Keller, D. A. (see P. H. Barrett, UCRL-10514- A)

Kelly, W. H. (see V. Maxia, UCRL-9995)
Kelly, W. H. (see D. J. Horen, UCRL-10044.Abs.)
Kelly, W. H. (see D. J. Horen, UCRL-10413)

Kelly, W. H., and D. J Horen

Conversion Electron Measurements in. the Decay of 11.5-d Ba.l?’l
UCRL 10582, Dec 1962.

Kelly, W. H. (see D. J. Horen, UCRL-10592)

Kelly, W. H. (see D. J. Horen, UCRL--10594-Abs,) .

- Kim, Y. E., D. J. Horne, and J M. Hollander

Isomeric State in Y86 S S S S
UCRL-9812, Aug. 1961 Nucl. ‘Phys. 31, 447 (1962)

‘Knox, W. K. (see H E. Conzett, UCRL-10136-Abs.)

Kortehng, R. G.

. High- Energy Nuclear Reactlons of Nloblum thh Inmdent Protons

and Helium lons Y

UCRL- 10461, Sept._ 1%2: I Ph.D. Thesis
. Kramer, G., andS G. Nllsson }
. On the Penetration Effect in Electric Dlpole Internal. Conversn.on _

: UCRL-9877-Rev., Oct. 1961 o Nucl. Phys.

‘Lackey, D. L.

Direct Condensation with Two Immiscible Fluids . |
UCRIL.-10339, June 1962 o ~ M.S. Thesis

Lammermann, H., and J G. Conway

The Absorptlon Spectrum of Pu3t in Lanthanum Tnchlonde and .
Lanthanum. Ethylsulfate

" UCRL-10257, May 1962 R R ) _Chem.« Phys.

w1 . -325- . UCRL-10624
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UCRL-10064, April 1962
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Lang, S. B

A Hydrodynamic Mechanism for the Coalescence of Liquid Drops
UCRL-10097, May 1962 _ Ph.D. Thesis

. Larsh, A. E. (see I. Perlman, UCRL-10094)

Latimer, R. (see T. D. Thornas, UCRL-9950)
Latimer, R. (see L Perlman, UCRL-10094)
Lederer, M. (see S. Bjgrnholm, UCRL-9938)
Lederer, M. (see S. Bjgrnholm, UCRL-9957)
Lee, K. (see A. Zalkin, UCRL-10149-Abs. )

Lee, K. (see A. Zalkin, UCRL-10166)

‘Levy, R. M., and D. A, Shirley

The 'g.Fac’tor of the 2.083-MeV 4+ Staté of:CeH‘o , _
UCRL-10454, Oct. 1962 : Phys. Letters

Lipworth, E. (see W. W. Alpert, UCRL-10005-Abs.)

Lovejoy, C. A. (see D. A. Shirley, UCRL-10202)

Macfarlane, R D. o
b149 :

Alpha-Emitting Isomeric State of T .
Phys. Rev. 126, 274-(1962)

UCRL-9870-Rev., Nov. _1961v

Macfarlane, R. D., and I. Almodovar o
Study of the Sm149(n, a) Ndl46 Reaction with Thermal Neutrons

Mahony, J. D. (see S. S. Markowitz, UCRL-9908)

. Mahony, J. D., and S. S. Markowitz

Th-e Halijife of Fluorine-18 ' . . - o
UCRL-10512, Oct. 1962 Phys. Rev.

Maleh, I. (see R. Schlecht, UCRL-10518 Abs.) -

Phys.. Rev. 127, 1665 (1962)
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' Maleh, I

dyperfme Structure of (,ng171 B | el . o
UCRL-10520-Abs. , Oct. 1962 -~ ' -Abstract for -APS Meeting, R
B S Stanford; Dec. 1962

. Maleh, I - i
171

[ S——

Lozecew

Hype rfine Structure of Er

. UCRL-10550-Abs., Nov. 1962 . Abstract for APS Meet1ng,

New York Jan. 1963

z

'Mang, H. J., and J 0. RasmuSSen o

Shell-Model Calculations of .Alpha Decay Rates of Even- Even
. Spheroidal Nuclei. -

No UCRL number . . : | Kgl Danske V1denskab Selskab

Mat. -fys. Skr. 2, 1(1962)

'Mang, H. J , and J O Rasmussen

Theoret1ca1 Alpha-Decay Hmdrance Factors B C o
‘No UCRL number o For Proceedmgs of the Rutherford

, . " Jubilee International Conference, :
~ S : " Manchester, 1961 (Heywood and
: o S - Co., Ltd London, 1961) )

" ‘Margulis, T. N., and D. H. Templeton

. Crystal and Molecular Structure of Trlethylscarphane , S o
“UCRL- 9803, Sept 1961 K Chem Phys 34, No. 9, '2311"(19_62)-'
Marguhs, T. N., andD H. Templeton

N -vCrystal Structure and Hydrogen Bonding of Magneszum :

Ammonium Sulfate Hexahydrate

'j\'_UCRL 10151-Abs., March 1962 " Abstract for Amer.. Cryst. Assoc. -

“Villanova Un1vers1ty, June 18 2.2
1962. L .

Marguhs, T. N. _ ' _ o
A Crystallographic Study of Magne51um Ammomum Sulfate Hexahydrate R

. UCRL-10386, July 1962 ,. - Ph.D. Thesis
Markow1tz, S S and J. D. Mahony - . \j . »
- Activation Anelys1s for Oxygen and other Elements by Means of the L

Helium-3-Induced Nuclear Reactions

UCRL-9908, Nov. 1961 .. = = Anal Chem 34 329 (1962)

JUv— ) . N . . i

Markowits, 5-, s. (see-o} Igo,.'UCRL.~99%)_

v
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" Markowitz, S. S. (see P. Reeder, UCRL-10312)

Markowitz, S. S. (see M. L. Hyder, UCRL-10360-Rev. )
Markowitz, S. s.. (see J. D. ‘i\/Iahony,.UCRL—leSlZ)
Markowitz, S. S. (see P. L. Reeder, UCRL-10548-Abs.)
Marquet, L. C. (see B. R. Judd, UCRL-9830)

Marrus, R._(see S. S. Alpert, UCRL-10005-Abs. )
Marshalek E. R. |

Theory of Surface V1brat10n of Even-Even Deformed Nuclei
UCRL-10046, March 1962 v Ph. D. Thesis

Marshalek, E , L. W. Person, and R. K. Sheline

Systematics of Deformations of Atomic Nuclei
UCRL-10364, July.1962 v Rev. Mod. Phys

Maxia, V., W. H. Kelly, and D. J. Horen

The Neutron-Deficient Yttrium Isotopes :
UCRL-9995, Dec. 1961 Inorg. Nucl. Chem.

Michel, M. C. (see F. Asaro, UCRL-9758)

Milton, J. C. D.

Fission Energy Tables and an Application to Nuclear vChargev Division

- UCRL-9883-Rev., Jan. 1962

Milton, J. C. D. (see H. R. Bowr_nan-, UCRL.V—9713.) '

Milton, I C. D. (see H. R. Bowman, UCRL-10139)

Milton, J. C. D; ; {see H. R.. Bowman, UCIiL4.101_39 Rev. )

Morrow, R. J. (see J. G. Conw;y, UCRL-.96.54)-V

Mofrow; R. J. v(»s»ee J. G. 'v‘Co.nway, UCRL-9776)

Morton, J. R., vIII %Lnd B. G; Harvey | :

Apphcatmn of Rec011 Techniques to Study of the Reactxons R3226(a “4n) T

08(a, 2n) Po210, and Pb207(a, n) Po?10
UCRL 9595-Rev., July 1961 Phys. Rev. 126, 1798 (1962)

1226,
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McColm, D. (see'R. Schlecht, UCRL-10518-Abs.) . .

- McLaughlin, R.

Spectrum of ucl ]
UCRL-9937, Nov. 1961

‘McLaughlin, R. D., and J. G. Conway
'Anion Effects on the Pr>% Spectrum

UCRL-10458, Sept. 1962

McWhan, D. B., B. B. Cunningham, and J. C. Wallmann

J. Chem. Phys.

. J. Chem. Phys.

UCRL-10624

36, 2699 (1962)

Crystal Structure- Thermal Expansion and Meltlng Point of Amer1c1um "

Metal
No UCRL number

Navarro, Q. O., J. O. Rasmussen, and D. A. Shlrley
Preferential Polar Emission in the Alpha Decay of Deformed Cf249 and E2‘53

»J. Inorg. Nucl."

Chem.

UCRL-9960-Rev., Sept. 1962 . . Phys. Letters 2, 353 (1962) .

- .Né.va.rro, Q. O.

Preferential PoLar Alpha Partlcle Emission in Orlented Ca.hformum '

UCRL-10362, July 1962 "Ph.D. Thesis

'lesson, S. G., N. K. Glendenmng, and.]' Sawicki

" The Giant El Resonance for Deformed Nuclei
~For Proceedlngs of the Rutherford

UGRL-9803, Sept. 1961

P R

- Jubilee International Conference,

Manchester, 1961 (Heywood and:

Co., Ltd., Lor;don, 1961)

Nilsson, S, G., J. Saw1ck1, and N. K. Glendenmng v L
. The Giant El Resonance for Deformed Nuclei Treated by the ) -

Random-Phase App rox1mat10n

UCRL- 9975 Dec. 1961 = . _"_,"“,Nuclv. Phys. 33, 239 (1962)

Nordling, C. L. (see J. M. Hollander, UCRL-10123) =

Pehl, R. H. (see J. Cerny, UCRL-9525)

. Pehl, R. H. (see J. H. Elliott, UCRL-10030) =

Pehl, R. H. (see B. G. Harvey, UCRL-10143-Abs. )

" “Pehl, R. H. (see B.. G. Harvey, UCRL-10142-Abs.) - =

P
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Péhl, R. H. (see B. G. Harvey, UCRL-10144-Abs.)

Pehl, R. H. (see B. G. Harvey, UCRL-10190)

Perlman, 1. (sée J. Gilmore, UCRL-9304-Rev.)

Perlman, I (see F. Asaro, UCRL-9758)

Perlman, I (see S. Bjfrnholm, UCRL-9938)

Perlman, I., . Asaro, A. G11iqrso, A, Larsh, and R. Latimer

An Isomeric State of Poz_l<2 o . :
UCRL-10094, Feb. 1962 ~Phys. Rev. 127, 917 (1962)

Person, L. W., and J. O. Rasmussen

- Rotational Energies for the Asymmetric Rotor Model for Odd-Mass Nuclei
. UCRL-9876, Jan. 1962 _ , ‘Nucl. Phys. 36, 666 (1962)

Person, L. W. (see E. Marshalek, UCRL-10364)

Phillips, L. (see R. C. Gatti, UCRL-10456) .

Phillips, L., R. C. Gatti, R: Brandt, and S. G. Thompson

~Spontaneous-Fission Half Lives of Cf254 Fm255 and C£&50
UCRL-10464, Sept. 1962 , J. Inorg. Nucl Chem.

. "Rasmussen, J."O. (see H. J. Mang, No UCRL number)

Rasmussen, J. O. ‘(see H. J. Mang, No UCRL numbef)

Rasmussen, J. O. (see J. W. Person, UCRL-9876)

Rasmussen, J. O. (see Q. O. Navarro, UCRL-9960)

Rasmussen, J. O. (see Q. O. Navarro, UCRL—9960-R_eV.)

Rasmussen, J. O.

208
UCRL-10414, Aug. 1962 Nucl. Phys.

Reeder, P., and S. S. Markow}tz

Excitation Function for the Clz(n", v'n)Cll Reaction -
UCRL-10312, June 1962 Phys. Rev..Letters
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'Rivet, E. (see B. G.

. Reeder, P. L.

Nuclear Reactions Induced by Pions and Protons
Ph.D. Thesis

UCRL-10531,

Nov.

1962

Reeder, P L., and S. Mar kow1tz

Quasx-Elastrc Scattering in CHo(n
UCRL-10548-Abs., Nov.

Rivet, E. (see B. G.

Rivet, E. (see B. G.

‘Rivet, E. (see B. G.

Harvey,

Harvey,

Harvey,

1962

Harvey,

UCRL.-10624

-, Tr'n)C:ll Excitation Function

~ Abstract for APS Meeting,
New York, Jan. 1962

UCRL-10142-Abs. )

UCRL-10143-Abs.)

UCRL-10144-Abs. )

UCRL-10190)
- Sawicki, J. (see S. G. Nilsson, UCRIL.-9803)
Sawicki,-J; (see S. G. Nilsson, UCRL-9975)

" Schlecht, R., D. McColm, and I. Maleh

Hyperfine Structure of the Lithium Isotopes
Abstract for APS Meetmg,
Stanford, Dec. ‘1962

Sveaborg, G. T.

Seaborg, G. T.

i

She 1iné ; Ro K.,

- UCRL-10518-Abs., Oct.

1962

{(see T. D. Thomas, UCRL-9950)

T. Sikkeland, and R. N. Chanda

{see V. E. Viola, Jr., UCRL-10248)"
* Senko, E. (see J. D. Forrester, UCRL-10150-Abs.)

Senko, E. (see J. D. Forrester, UCRL-10197)

Experimental Observation of 2 New Region of Nuclear Deformatlon

'~ UCRL-9888, Oct.

- Sheline, R. K.

Shirley, D. A.

Shirley, D. A,

1961

, Phys

Rev Letters 7; 446 (1961)

(see E. Marshalek, UCRL 10364)

(see Q. O Navarro, UCRL 9960)

(see Q. O. Navarro, UCRL-9960—Rev.)
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. Shirley, D. A., M. Kaplan, R. W. Grant, and D. A. Keller -
. The M&ssbauer Effect in Eul51 Possible Influence of Optical Branchc S
- UCRL-10168, April 1962 . » - Phys. Rev. 127, 2097 (1962) -
Shirley, ID. A., and C. A. Lovejoy .
. Anomalous Quadrupole Couplmg in Europlum Ethylsulfate _ L
| UCRL-10202, June 1962 . Phys Rev. 128, 1733 (1%2) |
' -Shirley, D. A. '_(see'M; ‘Kaplan, UCRL-10207)
_ Shirley, D.- A. (see J. N. Haag, UCRL-10242) -
Shirley, D. A. (see R. W. Grant, UCRL-10322-Abs:)
~.. Shirley, D. A. (see R. M. Levy, UCRL-10454)
_Shirley, D. A. (see R. W. Grant, UCRL-10472)
Shirley, D. A. (see R. W. Grant, UCRL-10513-Abs.)
 Shirley, D. A. .(see P. H. Barrett, UCRL-10514-Abs. ) -
Shirley, D. A. (see'R. B. Frankel, UCRL-10517-Abs.)
' Siegbahn, K. (see J. M. Hollander, UCRL-10123)
- Siegbahn, K., and F. Asaro \ , _
. Magnetic Field Dependence of Am243 a-y Angular Correlations
- UCRL-10419, Aug. 1962 .+ Phys. Letters
' Sikkeland, T., and V. Viola, Jr. . o
.- Direct Interaction in Reactions Beétween Heavy Ions and. UZ-38 ,
 No UCRL number, June 1962 - - - For Padua, Italy, Meeting

on Direéct: Nuclear Interactlons“ |
Sept 1962 -

© Sikkeland, T., E. Ha1nes, and V.. Viola, T

- Momentum Transfer in Heavy -Ion- Induced Flssmn

'UCRL-9751, July. 1%1 R Phys Rev. 125, 1350 (1962) -
. Sikkeland, T. (see V. E. Viola, Jr., UCRL-10088)

Sikkeland, T. (see G. R. Choppin, UCRL—iOZZé)_
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Sikkeland, T. (see V. E. Viola, Jr., UCRL-10284)

Sikkeland, T., andV E. Viola, IJr.

Kinetic Energy Release in Fission Induced by Heavy lons :
UCRL-10355-Abs., Aug. 1962 ~ Abstract for '"Discussion on
: Nuclear Chemistry Fission, and
Other Low Energy Nuclear
Processes, ' Oxford, England,
Sept. 19, 1962

Simonoff, G. N., and J. M. Alexander

Angular Momentum Effects on Neutron Emission by Dy and Tb’
Compound Nuclei

. UCRL-10099-Rev., Sept. 1962 - Phys. Rev.

 Simonoff, G. N. (see J. M. Alexander, UCRL-10525)

Singh, S. ;, and J. M. Alexander

Recoil Study of the Reaction C12(p, pn)C11 .
UCRL-9911, Dec. 1961 Phys. Rev., 128, 711 (1962)

~

Sisson, D. H. (see J. M. Alexander, UCRL-10098)

Strieter, F. J., and D. H., Templeton

Crystal Structure of the Carbon Tetrabromide p-Xylene Complex
UCRL-9955, Dec. 1961 ' ‘Chem. Phys. 37, 161 (1962)

Swéeney, M. A.
Radiation Chemistry of Isopropyl Compounds

"UCRL-9983, March 1962 Ph.D. Thesis

Swiatecki, W. (see H. R. Bowman, UCRL-10139)

Swiatecki, W. (see H. R. Bowman, UCRL-10139-Rev.)
Templeton, D. H.

Dispersion Corrections for Atomic Scattering Factors
UCRL-9146, March 1960 - - ~ International Tables for X- Ray
o : ' Crystallography, Vol. II]
(1962), 213~ 216 SR

Templeton, D. H. (sece ’I‘ N. Margulis, UCRL-9803) -

Templeton, D. H. (see F. J. Strieter, UCRL-9955)
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" Templeton, D. H. (see A. Zaikih,‘_UCRL.—_101.49-A.bsv.,)’
T:e:mpleton, D. H. (see J. D F‘o‘rrester,t UCRL—1015O-AbS )
Templeton, D. H. (see T. N. Margulis, :UC..RL—IVOIZSI-—;Abs'..)

. Tem_p»leton,‘ D. H.: (see' A. Zalkin, UCﬁLflOl()_é)'
T_empleton, D H .(see J. D. Forrester, ‘U('J:vav_.-l()v.l9'7).
Templeton, D.'}i. (see J. N. Haag,'UoRL;lo'MZ)“
Templeton, D. . and A. Zalkin ,» » |
'Crystal Structure of Efui'opium Tungstate - o 7

‘. UCRL-10344, June 1962' . | h Acta Crystallog.
’I‘ertnpleton, D. H., A. Zalltm, and J. D. Forrester

- Crystal Structure of the Hydrated Double Nitrate.of Magnesmm v
and Cerium

. UCRL-10485-Abs., Oct. 1962 ° - . = Abstract for APS Meeting, - =

Stanford, Dec. 1962

o Templeton, D. H., A. Zalkln, J. D. Forrester, andS M. Wllhamson'

Crystal and Molecular Structure of Xenon Tetrafluoride -
UCRL 10597 ‘Jan, 1963 : .~ - J. Am. Chem. Soc.

. Thomas, T. D., G. E. Gordon, R. M. Latimer, and G. T. Seaborg
Spallation-Fission Competition in Astatme Compound Nuc1e1 Formed o
_ by Heavy-Ion Bombardment '

- UCRL- 9950, Nov.: 1961 . Phys. Rev. 126 1805 (1962)

' Thomas, T. D. (see V. E. Viola, Jr., UCR‘L-YI‘0248)

Thompson, S.” G. (see J. Gilmore, UCRL-9304-Rev.) .. -

o

;Tho pson, 5. G. (see H. R. Bowman, UCRL-9713-Rev.)
Thompson', ‘S. G. (see F._‘;Asaro., 'UCRL—97.58)‘ o
' Thormpson, S. G. (see H.'R. Bowman, UCRL-10139) -

Thémpson, S. G (see H. R. Bowman, UCRL-10139-Rev.)
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Thompson, S. G. (see R. C. Gatti, UCRL-10456)

Thompson, S. G. (see L. Phillips, UCRL-10464)

‘Tobocman, W.

A Shell-Model Theory of the R Matrix
UCRL.-10432, Aug. 1962

Tobocman, W.

Theory of Alpha Decay
UCRL,-10434, Aug. 1962

True, W. W.

Nitrogen-14 and the Shell Model
No UCRL number, Oct. 1962

Valentin, J., D. J. Horen, and J. M. Hollander
v N ,

The Decay of 72Hf173

UCRL-9731, June 1961 Nucl. Phys.

Valentin, J., D. J. Horen, and J. M. Hollander_
172

Energy Levels of 71Lu101

UCRL-9780, July 1961
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