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GENERAL INTRODUCTION 

B.G. Harvey 

This is the third Annual Report of the Nuclear Science Division. I believe that its contents will 
give the reader an excellent overview of the large body of work that has been accomplished in the past 
twelve months. 

During this year we have seen several events that give us great cause for optimism about the future. 
The seventh edition of the Table of Isotopes has been completed. Through funding in FY '78 we have made 
a start on the construction of the superconducting spectrometer HISS, a machine that will add enormously 
to our ability to mount the complex experiments that are needed to investigate high energy nucleus-nucleus 
collisions. We have been fortunate in bringing to Berkeley a group of Postdoctoral Fellows and visitors 
of enormous talent and energy. Our fruitful collaborations with our German and Japanese colleagues con
tinue to flourish to the mutual benefit of all of us. Perhaps of greatest importance, we have made a vote 
of confidence in our future and that of our field by adding to our staff two young nuclear theorists 
and, we hope, a young experimentalist. Their presence here will,'we are sure, guarantee many more years 
of exciting research. 

Without the help of many people in other disciplines and Divisions we would accomplish very little. 
I take this opportunity to draw the reader's attention to the largely hidden but nevertheless essential 
contributions that are made by our friends and colleagues who design, build, operate and maintain all 
sorts of complex devices that range in size from Bevalac, SuperHILAC and the 88" Cyclotron down to the 
smallest semiconductor components. It is one of the experimentalist's great joys to be at the nerve 
center, and to assemble all these disparate parts into a complex system in which everything must function 
at one and the same time for the purpose of investigating aspects of nature that have never been studied 
before. 

It is in this spirit that the members of Nuclear Science Division offer to the reader this summary 
of thei r work. 
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A. NUCLEAR STRUCTURE 

(HEAVY ION, 2p) REACTIONS ON LIGHT NUCLEI 

A.N. Bice, R,J. de Meijer: D.P. Stahel, and J. Cerny 

The known limit of particle stability of 
neutron-excess nuclei extends far beyond the 
region accessible to nuclear spectroscopy by 
conventional light-ion--induced reactions. 1 
With the (t,p) and (u,2He) reactions, only 
nuclei two neutrons removed from stable targets 
can be studied. With heavy ion stripping reac
tions, for instance the (118, 88) reaction,2 
nuclei removed by three or four neutrons from 
stability may be examined. However, another 
way to produce very neutron-rich nuclei, such 
as 29Mg and 34Si, is to use reactions initiated 
by neutron-rich heavy ions on targets also rich 
in neutrons. Then, with emission of protons from 
the resulting compound nucleus, one may achieve 
the formation of these exotic nuclei. Recent 
reports of successful (heavy iori, 2p) reactions3 
suggested the possibility of extending the 2He 
detection method to studying exotic nuclei via 
such reactions, in spite of related unsuccessful 
attempts. 4 Indeed Panagiotou et al. 3 have claimed 
detection, with their single counter system, 
of correlated proton pairs, emitted as an unbound 
LHe system from the compound nucleus. 

Studies were initiated at the 88-inch 
cyclotron to observe a variety of (heavy ion, 
2p) reactions at several different energies 
in preparation for investigating highly neutron-

---rich nuclei with this experiment,ill technigue. 
Self-supporting targets of 12C, 13C and 28Si 
approximately 25-, 200- and 40-~g/cm2 thick 
respectively, were bombarded with a 40 MeV 160 
beam. In addition the 12C + 20Ne reaction 
was examined utilizing the same carbon target 
with a 50 MeV 20Ne beam. Reaction products, 
including two-proton coincidences, were detected 
by three separate counter telescopes intercepting 
similar solid angles. Two of the telescopes 
were mounted vertically and comprised the usual 
2He detection system. The third telescope 
was located on the opposite side of the beam 
axis from the 2He detection system and was 
capable of being positioned independently of 
the other two telescopes. Coincidence timing 
of less than 2 ns was established between each 
possible pair of the three telescopes utilizing 
fast electronics. The third telescope system 
was employed in conjunction with the 2He detection 
system to investigate the anticipated compound 
nuclear behavior of the (heavy ion, 2p) reaction 
and to serve as a comparative method (with 
a different, wide angle geometry) for detecting 
groton pairs as opposed to the close angle 
2He system. 

Figure 1 shows two spectra obtained by 
detecting two proton coincidences with a) a 
small angle, two-telescope configuration (ZHe 
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F1ig.11. Two oroton coincidence spectra of 
LC( 60, 2p)2bMg reaction at 40 MeV: (a) 100 

vertical telescope separation, 81aQ,1 = 81ab,2 
150 and (b) 300 telescope separatlon, 81 ab 1 = 
150 , 8l ab,2 = -15 0 • (X8L 788-1455) 

system) and b) a wide separation angle, two
telescope system (opposite sjdes of the beam 
axis). As can be seen, the 12C(160, 2p) 26Mg 
reaction yielded quite similar populations of 
several final states at the excitation energies 
Ex = g.s., 1.81, 2.94, 3.94, (4.32 + 4.33 + 4.35) 
and (4.84 + 4.90 + 4.97) MeV for both the narrow 
and wide telescope separation configurations. 

This observed similarity between the wide 
geome~ry and narrow geometry spectra suggests 
that 6Mg is produced from a two-proton sequential 
decay process via a compound nucleus reaction. 
However, the production of the unbound 2He 



system via an evaporation process or some form 
of direct reaction should be considered. If 
the reaction proceeded via 2He emission, proton 
energy spectra projected on one axis would 
show, given sufficient statistics, a final 
state interaction enhancement around Ep1 ~ Ep? 
for the narrow geometry detector configuration. 
If, however, a majority of the two-proton coinci
dences resulted from sequential proto~7decay 
through a few intermediate states in A1, 
sharp peaks corresponding to the proton transi
tions should appear in the projected energy 
spectra. 

Figure 2 displays typical projections onto 
the Ep axis of proton-proton coincidences such that 
their energies sum to that of the 1.Sl MeV state in 
26Mg. Although the statistics are poor, Fig 2 
shows little evidence for a relative proton energy 
distribution characteristic of a two-proton final 
state interaction (FSI) (cf., Ref. 5) or little 
indication of peaks which could correspond to 
sequential transitions through definite inter
mediate states in 27A1. Analysis of the other 
states indicated in Fig. 1 does not give clear 
evidence for 2He emission or for sequential decay 
via specific intermediate states either. 

Interestingly, the reaction 2SSi + 160, 
13C + 160 and 12C + 20Ne yielded no discernible 
isolated states in the 2p coincidence spectra2in 
any of the detector combinations: only the 1 C + 
160 system' produced observable states via 2p 
CoiDcident events. An additional experiT2nt at 
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2 an 160 bombarding energy of 45 MeV on a C target 
~as inYestigated yielding results similar to the 
lZC + 160 reaction at 40 MeV but with higher back
ground. The fact that no 2p spectra were collected 
containing discernible states (as in 26Mg) for the 
reactions 2SSi (160, 2p)42Ca, 13C( 160,2p)29Si L...-.-L___ I __l._____ _.---l-----.-J 

and-1-2c-(20Ne-;2p) 30S-i-i s-ex pla in able-perh aps-withl------------"2""'o'-----I=,5-_---;::-,-;-;---;-;-c--'I:.c..,1 _____ --"1.~5 
EI2 (MeV) arguments similar to those of Ref. 6 if one assumes 

a compound nuclear type of reaction. For instance, 
the reaction 13C( 160,2p)29Si would produce a 
compound nucleus of excitation energy over 4 MeV 
higher than that from the 12C( 160,2p)2SSi reaction 
at the same bombarding energy and this provides 
more decay channels through which the system may 
de-excite. Similar arguments apply to the reac
tions 2SSi( 160,2p) and 12C(20Ne,2p), which were 
examined. In addition, angular momentum effects 
need to be considered. 

Such unsuccessful reactions as those listed 
previously reflect the difficulties inherent 
in attempting to util ize this method of observing 
the spectroscopy of very neutron-rich nuclei, 
but they do not preclude its applicability to 
such studies. 

Footnotes and References 

*On leave from Kernfysisch Versnel1er Instituut, 
University of Groningen, Groningen S002, The 
Netherlands. 
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HIGH SPIN STATES OF 200 

A.N. Bice, D.P. Stahel, R.J. de Meijer: and J. Cerny 

A recent study of the la, ZHe) reaction 
on Zsld-shell target nuclei! has demonstrated 
a pronounced selectivity for populating two-neutron 

states of high-spin, e.g., (d5/Z)~+ and {f7/Z)~+. 

This selectivity is not unlike that observed in 
the (a,d) reaction on light nuclei at Ea = 50 MeV 
where large angular momentum transfers are favored 
and hence the population of high spin states in 
the residual nucleus is enhanced due to the 
kinematical conditions. Z As has previously been 
shown1,3 the (a,ZHe) reaction provides a convenient 
spectroscopic tool for investigating 6S = 0, 
6T = 1 transfers to such states of light nuclei 
that are inaccessible by the (t,p) reaction due to 
the lack of sufficiently high energy triton beams. 

Because relatively little is known about 
excited states in the Tz = Z nuclide ZOO, the 
180{a,ZHe)ZOO reaction was utilized to study 
the higher excited, high spin states of ZOO 
which are kinematically favored and hence 
preferentially populated. A 65-MeV alpha beam 
produced by the 88-inch cyclotron was employed 
along with a gas cell containing approximately 
18 cm Hg of 99.7% pure 180 gas at ~Z50C. Under 
such conditions the excitation of several 
previously uncharacterized states was observed 
at several angles, determining angular distribu
tions which have been fit with zero-range DWBA 

-calculations. 

The counter system employed in these measure
ments has been described in detail elsewhere. l 
Since ZHe is unbound it must be detected by means 
of a coincidence measurement of the two breakup 
protons. Therefore the detection system consisted 
of two (vertically arranged) counter telescopes. 
Each telescope was comprised of ZOO-~m thick 
phosphorus diffused Si transmission 6E and a 
5-mm Si{li) E detector. In addition, two 5-mm 
thick counters were mounted behind the E detectors 
in order to reject events that traversed the 
~E-E system. Typical detection efficiencies 
of ZHe's with such a system ranged around 1%. 

Figure 1 shows a spectrum of the 180{a,ZHe)200 
reaction at 150 • The experimental energy reso
lution of ~400 keV was due mainly to kinematic 
broadening and the gas cell, with Havar windows. 
The high selectivity of the (a,2He) reaction is 
clearly demonstrated by Fig. 1. The spectrum 
showS transitions to three previously known states 
in ZOO of the {d5/2)Z configuration: the ground 
state J'IT = 0+, the JiT = Z+ state at 1.67 MeV, 
and the J'IT = 4+ state at 3.57 MeV excitation. 
In addition, strong transitions to previously 
uncharacterized states at 7.78, 8.78, 10.Z and 
11.3 MeV were observed. Since the angular 
momentum mismatch for this (a,2He) reaction is 
~5h, states with relatively large spin are favored 

in the stripping reaction as indeed is borne out 
by the dominance of the Ex = 3.57, J'IT = 4+ state 
in the spectrum. The relatively large cross 
section for states at higher excitation sugge~t 
high spin character also for their configuratlons. 

Fi~ures 2a shows the angular distributions f~r 
the (a,2He) re,action leading to the J'IT = 0+, 2+, 4 
low lying states of ZOO along with DWBA fits 
obtained from the program DWUCK4. For the DWBA 
analysis the following optical model parameters, 
taken essentially from the (a,d) reaction at 
a comparable bombarding energy, was employed: 4 
V = 200 MeV, ro = 1.Z fm, a = 0.61 fm, W = Z6.9 
MeV, ro' = 1.5 fm, a' = 0.515 fm and V = 93 MeV, 
ro = 1.2 fm, a = 0.75 fm, 4Wo = 85 MeV, ro' = 
1.25 fm, a' = 0.75'fm for a and 2He, respectively. 
Since reasonably good fits to the 0+, 2+ and 
4+ states were obtained, the same parameters 
were used to fit the angular distributions of 
the higher excited states in an attempt to deduce 
the l-transfer involved in the (a,2He) reaction 
to these previously unknown states. In these 
reactions the spin transfer S is zero, thus the 
final spin and parity is given by J = l and 'IT = 
{-1)l. Those l-values which corresponded to 
expected transitions in 200 and yielded predic
tions resembling the data are shown in Fig. 2b. 
Due to the rather structureless experimental 
angular distributions (a characteristic of high 
spin states), definitive l-transfers and thus~ __ .. ~_ 
J assi gnmentscannoC5e-aeduced. 

It is possible, however, to suggest very 
general assignments for these new states. 
Simple shell model calculations with a surface
delta residual nuclear interaction indicate 
that several high spin states should indeed be 
found in this higher excitation energy region of 
200. One expects states of {d5/2d3/2)4+ and 
{d5/Zf7/2)5- character (coupled to an inert 180 
core) around 8 and 9 MeV, respectively, and a 
pair of J'IT = 3- states are expected 1-2 MeV higher. 
Also, an extrapolation of the experimentally
deduced Bansal-French lines of binding energy 
versus mass number for the (a,2He) datal would 
predict a state of configuration {d3/2f7/2)5-
to be around 8.1 MeV and also predicts one of 

(f7/2)~+ configuration around 11 MeV excitation. 

Although several new high-spin states of 200 
have been observed via the (a,2He) reaction, 
clearly further studies are necessary to completely 
deduce the associated nuclear configurations. 

Footnote and References 

*On leave from Kernfysisch Versneller Instituut, 
University of Groningen, Groningen 800Z, The 
Netherlands. 
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INVESTIGATION OF HIGH SPIN STATES IN 1p AND 2s1dSHELL NUCLEI VIA 
THE (a,2He) REACTION 

R. Jahn,t D.P. Stahel, G.J. Wozniak, R.J. de MeijerJ and J. Cerny 

A recent study1 of the (a,2He) reaction 
on 1p shell targets has demonstrated that this 
reaction selectively populates two-neutron states 
of high spin. This feature is similar to that 
observed in (a,d) reactions on light nuclei. 

The unbound 2He was identified by measuring 
its two breakup protons in fast coincidence in 
two separate ~E-E counter telescopes. A detection 
geometry was chosen such that the vertical accep
tance angle of the system matches the size of 
the breakup cone of the two protons with a tighter 
horizontal acceptance for good energy resolution. 

The (a
1
2He) reaction has been measured on 

targets of 2C, 13C, 14N, 15N, 160, 180, 20Ne, 
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22Ne 24Mg, 26Mg, 28Si, 29Si, 32S, 36Ar, 38Ar, 
and 40Ca using 65 and 55 MeV alpha beams from 
the 88-inch cyclotron in order to obtain an initial 
survey of this reaction. Large cross sections 

were found for transitions to states of (d5/2)~' 
(d3/2f7/2)5 and (f712)~ character, resulting 

in the location of a number of 2n states, many 
of which were previously unknown. 

Figure 1 shows spectra from the 28Si, 26Mg 
and 29Si(a,2He) reactions. In addition to the 
marked selectivity of this reaction, one notes a 
specific simi 1 arity among these spectra. Reactions 
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Fig. 1. The spectra of the (a,2He) reaction on 
28Si, 26Mg and 29Si. (XBL 783-7773) 



on the isotopes 28Si and 26Mg might be expected 
to be similar with strong population of the 

(d3/2f7/2)5 (f7/2)~ and (f7/2f5/2)6 states 

(in order to increasing excitation energy). This 
indicates the imDortance of the closed neutron 
subshell. The 31Si spectrum then shows the effects 
of the weak coupling of the sl/2 neutron in 29Si 
to these 2n transfers, in that two of these 
transitions appear in 31Si and doublets at 5.00 
and 5.41 MeV and 8.27 MeV (unresolved). 

In Fig. 2 the experimental binding energies, 
B, for several configurations are plotted versus 
the mass number A of the final nucleus. The 
solid lines represent Bansal-French weak coupling 
model calculations using the values a = -0.30 
MeV and b = 2.6 MeV. These values are very similar 
to the ones found in the analysis of the binding 
energies of np states with (f7/2)2 character. 2 

Predicated on the observed selectivity of 
the (a,2He) reaction, simple shell-model cal
culations have been carried out to further 
establish the character of the strongly p'opulated 
states. The Tz = 0 target nuclei from 2~Mg to 
40Ca were assumed to be an inert core and the 
two neutrons were allowed to occupy the valence 
orbits in the 2s1d and 1f2p shell. The single 
particle energies were taken to be the separation 
energies of the single particle levels in the 
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Fig. 2. Binding energies, B, for several con
figurations as a function of the mass of the 
final nucleus A. (XBL 782-247) 
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Acore + 1 nucleus. The t~o-body matrix elements 
of Kuo and BrownJ and Erne4 have been used or, 
if not available, calculated from the modified 
surface delta interaction. Hamiltonian matrices 
were truncated to, at most, a simple 2 x 2 matrix 
by neglecting higher configurations. 

Figure 3 compares the calculations for 30Si, 
345, 42Ca with energy spectra observed in the 
present experiment. Except for the energies of 
the ground states, which are very sensitive to ~he 
limitations of the above approach, the calculatlons 
are in good agreement with the experiment and are 
additional support for the suggested assignments. 
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OBSERV.ATION OF 18N VIA THE 180 (d, 2He)18N REACTION 

R.J. de Meijer: D.P. Stahel, A.N. Sice, R. Jahn and J. Cerny 

A 2He-detection system, consisting of two 
6E-E counter telescopes, has been used to investi
gate the low lying states in lSN via the (d,2He) 
reaction at Ed = 50 and 55 MeV from the SS-inch 
cyclotron using a gaseous ISO target. 

Although the detection efficiency is rather 
low (-1%) due to the geometry for detecting the 
two breakup protons, and the energy resolution 
is not as good with a single counter telescope 
as can be found in (t,3He) reactions, high energy 
deuteron beams are readily available. Presently, 
therefore, the (d,2He) reaction is potentially 
a most suitable reaction for obtaining mass and 
excitation energies of nuclei that are only 
accessible by charge exchange reaction and for 
which the (t,3He) Q-value is too negative to 
be studied with the present triton beams. 

Two experiments have been reported on the 
mass of IBN the most accurate being the 
lSO(t,3He)18N reaction studies by Stokes et al. 1 
at a bombarding energy of 22 MeV. The negative Q
value for this reaction results in low energy 3He 
reaction products and, due to the straggling in 
the gas and the exit window, the resolution is 
on the order of 300 keV. Stokes et al. observed 
a broad peak whose centroid is attributed to 
the ground state of lSN and which yields a mass 
excess for lSN of 13.274 ± 0.030 MeV. In an 
earlier experiment the lSN mass was determined 
to be 13.1 ± 0.4 MeV fro~ the lSO(n,p)lSN reaction ---,n a measurement2 of the B-end poi nt energi es 
in coincidence with the subsequent y-decay of 
the 1-, 4.45 MeV state in ISO. From the allowed 
nature of the B-decay, it was concl uded that 
the lSN ground state has JTI = (0,1,2)-. 

The cross section for the lSO(d,2He)lSN 
reaction was found to be on the order of 5~b/sr, 
similar to the values of the lS0(t,3He)lSN reaction 
at 22 MeV. This low cross section combined with 
the 1% efficiency and the breakup of the incoming 
deuterons in the gas 'cell makes it difficult 
to carry out the experiment since the accidental 
coincidence rate is proportional to the beam 
current squared, whereas the "real" count rate 
increases only linearly. In order to kinematically 
identify the ISN peaks, experiments were carried 
out at Ed = 50 MeV and e = 250 and 350 , and Ed = 
55 MeV 'and e = 250 , 350 and 450 • Calibration 
spectra were taken from the 12C(d,2He)12B reaction 
at the same energies and a wider range of angles 
and with C02 and C4H10 gas targets at pressures 
such that the calculated energy losses matched 
the losses in the 180(d,2He)18N reaction. Each 
of the 2He energy spectra was converted to a 
Q-value spectrum and added to the spectrum taken 
at Ed = 50 MeV and 8 = 250 in order to improve 
the statistics. The result of the combined run 
is shown in Fig. 1. 
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Fig. 1. A composite energy spectrum from the 
180(d,2He)lSN reaction. (XBL 78S-1454) 

As seenfr-om-Flg;-r;-Uie centroiaof the--------
broad peak is in agreement with the Q-value of 
-15.499 ± 0.030 MeV as follows from the mass 
excess reported in Ref. 1. However, at all angles 
and energies there seems to be evidence for 
"shoulders" on both sides of the strongest peak. 
If one interprets shoulders as states in l8N, 
their Q-values would be -15.27 ± 0.10 and 
15.72 ± 0.10 MeV, with the error estimated from 
the uncertainty in the peak-positions and energy 
calibration. This interpretation then leads 
to the suggestion that the broad peak consists 
of at least three peaks corresponding to the 
ground state and two new excited states of lSN 
at 0.2S ± 0.10 and 0.45 ± 0.10 MeV, respectively. 
The ground state Q-value would then lead to a 
mass excess of lSN of -13.04 ± 0.10 MeV, a value 
clos~r to the numerical value found in Ref. 2, 
but 240 keV lower than the one obtained in Ref. 1. 
These results must remain preliminary until this 
experiment can be repeated with lower background. 
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OBSERVATION OF 2He AND O!-I< AS INTERMEDIATE STATES IN THREE-BODY REACTIONS 

D.P. Stahel, R.J. de Meijer,t A.N. Sice, and J. Cerny 

A nuclear reaction producing three particles 
in its final state of the type p+t + 1+2+3 where 
p and t stand for the projectile and target nuclei, 
respectively, and 1, 2, and 3 denote the three 
final nu~lei, often proceeds through an inter
mediate state of the nuclei (1-2), (1-3) or (2-3). 
Such a process can be symbolized as p+t + 

(1-2)+3 + 1+2+3 for the first case, and similarly 
for the other two cases. These intermediate 
states can be identified in kinematically complete 
experiments in which both particles 1 and 2 are 
measured in coincidence. 

Figure 1 shows a two-dimensional spectrum 
of the energies Ep1 vs EP2 of the reaction 
~+12C + P1+P2+14C at Ea = 65 MeV performed at 
the 88-inch cyclotron. The solid lines represent 
the kinematic loci for the reaction leaving 14C 

in its ground, 0+; 6.73-MeV, 3-; and 10.72-MeV, 
4+ states; calculated using the three-body 
kimematics formalism of Ohlsen. 1 Any intermediate 
state through which the reaction proceeds can 
be observed as a peak on these loci. 
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Fig. 1. Two-dimi2sional tijectrum of Ep1 vs Ep2 
of the reaction C(a,pp) C at Ea = 65 MeV. 
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In analyzing such two-dimensional spectra 
it is convenient to project the locus for a given 
state in 14C onto one Ep axis. Figure 2a shows 
such a projected spectrum d30/dQ1dQ2dEp1 for 
the reaction to the 10.72-MeV, 4+ state. This 
reaction can only go through states in 15N above 
the 14C + p threshold at 10.2 MeV or through 
states in the pp-s~stem. The kinematics restricts 
the intermediate 15N states to those that lie at 
excitation energies between about 12 and 30 MeV 
and no evidence for transitions through such 
states is observed in agreement with the quite 
small cross section for the (a,p) reaction on 
12C to these states. In fact, the structure 
of the spectrum in Fig. 2a can be attributed 
to transitions via the pp system (2He). Thus, 
the reaction proceeds essentially as a two-neutron 
stripping reaction a+12C + 2He+1~C + p+p+14C 
and not as a sequential reaction a+12C + 15N*+p + 
p+p+14C. This is consistent with the observed 
selective population of two-neutron states in 
this and other (a,2He) reactions. 2 
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Fig. 3. Projected ener~y spectrum Ep of the 
(a) 12C(a,pt)12C(g.s.,0 ) at Ea = 65 MeV, and 
(b) 13C(3He,pt)12C(g.s.,0+) at E3H =,50 MeV. 
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A similar projected Epl energy spectrum from 
the (3He,CHe) reaction on 13C to the 6.73 MeV, 3-
state in 14C at E3H = 45 MeV is shown in Fig. 2(b). 
The observed enhanc~ment of the cross section 
at small relative pp energies, E, is caused by 
the pp final-state interaction (FSI) of the virtual 
ISo, T = 1 state of 2He, whereas the central 
dip in the spectra at E < 400 keV arises from 
the Coulomb repulsion between the two protons. 
The spectra in Fig. 2 were fitted with FSI cal
culations based on the model of Watson and Migdal. 3 
It was found, however, that the calculations 
using the known p-p scattering length did not 
reproduce the data and only a larger value could 
give agreement with the observed shape of the 
spectra. Such an effect has been observed before4 
and can be explained as a result of the complete 
separation of the FSI effects from the primary 
reaction process in the Watson-Migdal theory. 

In the same way as the projected Ep' spectra 
have demonstrated that the (a,pp) reaction on 
12C at E~ = 65 MeV proceeds as an (a,2He) reaction, 
it can alSO be shown that the 12C(a, pt)12C 
reaction at the same incident energy takes place 
as an (a,a*) reaction,5 where a* is the 0+ first 
excited state of 4He at 20.1 MeV. As shown in 
Fig. 3a, the 12C(a,a*)12C(g.s.) reaction proceeds 
entirely through the first excited state of 4He 
with no evidence for transition through higher 
excited states of 4He below 25 MeV; all these 
other states possess unnatural parity and can 
therefore not be populated in a simple inelastic 
sc. attering process a+a*. In contrast, the 
13C(3He,pt)12C reaction at E3H = 50 MeV has 
no such restriction and can th~refore go through 
many of the excited states in 4He, as shown in 
Fig. 3b for the 13C(3He,pt)12C(g.s.) reaction. 
Due to the large width of the higher excited 
states of 4He, only transitions to the 20.1 MeV, 
0+· state are--resolved .--It-i-s~apparent-that~on-1-y--
a small fraction of the tranSitions proceeds 
through the first excited state of 4He, whereas 
the main part of the cross section goes into 
the higher lying states. A detailed analysis 
of the angular distributions of the (3He,a*) 
reaction in comparison with the (3He,a) reaction 
is in progress; it may yield important infQrmation 
on the structure of the excited states of 4He. 
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USE OF HEAVY-ION MULTI-NEUTRON PICK·UP REACTIONS TO MEASURE 
NUCLEAR MASSES 

G. Kekelis,' M.S. Zisman, D. Scott, R. Jahn,t D. Vieira,t and J. Cerny 

Spallation reactions such as 238U + P 
effectively produce nuclei with large neutron 
excesses that are stable to particle decay.l 
It is important to determine the masses of these 
nuclei because the various models that are used 
to calculate nuclear mass excesses do not agree 
in their predictions for nuclei with Tz ;;;. 3. 2 
However, nuclear reactions that are capable of 
producing these nuclei in their ground states 
appear to be characterized by minute cross sections 
that decrease as one produces nuclei further and 
further from the valley of beta stability. There
fore, if these masses are to be measured, the 
amount of information obtainable in a given run 
period must be maximized. 

A scheme which appears to be an efficient 
method for observing these exotic nuclei is to 
use a large solid angle spectrometer in conjunc
tion with multiple neutron pick-up reactions. 
Using this approach one finds that as more 
neutrons are picked up, reaction Q-values become 
more nl9ative and resulting magnetic rigidities 
(B 0 e<: ME/q) remain constant to within a few 
percent for three or four successive neutron
rich isotopes. For example, for a 11B beam at 
115 MeV on a 48Ca target, the relative rigidities 
for ejectiles emitted at angles near zero deQlees 

~~r17~: 0~~~i~;rf~~s~~~sb~~~no~~~~~~~sf~~oT80 ~o 
250-and-13C-to-20C-at-appropr-i ate-beam-ene~gies. 
Using the QSD spectrometer at the 88-inch cyclo
tron, which has an acceptance of 12% in rigidity, 
we can in principle simultaneously observe the 
ground

1
state

1
transitions produced by ejectiles 

from 1 B to 7B (excluding the known particle, 
unstable 16B). 

A serious complication occurs in the detection 
of neutron.ri ch isotopes ina magnet i c spectrometer 
due to the overlap in time-of-f1ight (TOF) and 
differential energy loss (6E) for different charge 
states of various isotopes. For example, 15B+5 
has an identical TOF (e<:M/q) and6E[«:(MZ/q)2] to 
that of 12B+4. Therefore, they are only separable 
by an energy measurement (<<:q2/M), which requires 
an energy resolution of «20%. 

The detector used in the present experiment 
has been described in detail e1sewhere. 3 Basically, 
it provides a double position measurement (tra
jectory), ener9Y loss in a 10-cm ion chamber 
(resolution 3%), time-of-f1ight, and residual 
energy in a plastic scintillator (resolution 15%). 
For this experiment the plastic scintillator 
was replaced by a set of four solid state counters, 
each with a diameter of 5 cm and resolution of 
2%. This system provided unambiguous identifica
tion for all the isotopes and charge states of 
boron. 

The experiment was performed at a beam energy 
of 115 MeV with a 200 ~g/cm2 target of 48Ca (as 
a carbonate). Ejecti1es of interest were detected 
at 80 using the full 2 msr solid angle of the 
QSD spectrometer. The main field of the magnetic 
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48Ca(IIB,x)Y 
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8 = 8° 

Mass number of the boron isotope 

Fig. 1. Observed and predicted cross sections 
for lIB-induced multi-neutron pickup reactions 
on 48Ca. (XBL 788-1453) 
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spectrometer was adjusted so as to obtairy ground 
states of the 48Ca(11B,12B to 17B) reactlons 
simultaneously. Ground state cross sections 
were obtai oed for each additional neutron picked 
up by the 11B beam. As shown in Fig. 1, an 
approximately exponential decrease in cross section 
was observed as a function of ejectile mass. 
The (11B,14B) reaction was observed with a ground 
state cross section of roughly 100 nb/sr and 
the extrapolated 15B production cross section 
was about 1 nb/sr. Since the sensitivity of the 
present experiment was limited to about 7 nb/sr, 
no estimate of the 15B mass could be obtained. 
In fact, although ejected 15B particles leading 
to states from the ground state to 8 MeV excitation 
in the product nucleus should have been detectable, 
not a single count attributable to 15B+5 was 
observed. Although the detection system was 
capable of producing particularly clean spectra, 
the reaction cross sections of interest are well 
below its present sensitivity. 
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SOME INITIAL RESULTS WITH THE ON-LINE MASS SEPARATOR-RAMA* 

D.M. Moltz, H.C. Evans,t D.J. VieiraJ R.F. Parry, J. M Wouters, R.A. Gough, M.S. Zisman, and J. Cerny 

We have for some time been interested in 
developing a reasonably fast and universal (having 
little or no chemical selectivity) on-line mass 
analysis system to expand our capabilities in 
studying nuclei far from stability. The system 
selected was originally proposed by Nitschke1 
and is termed RAMA. an acronym for Recoil Atom 
Mass Analyzer. Basically, this system utilizes 

-th~e-hel ium-jet method to transport activity to 
a Sidenius hollow-cathode ion source which is 
coupled to a mass spectrometer. A discussion 
of RAMA has appeared elsewhere. 2,3 

After some initial test experiments with 20Na 
and 211At activity, one sequence of experim'ents 
was performed to confirm the mass assignments of 
a number of the short-lived, high-Z rare-earth 
alpha-particle emitters produced by (HI,xn) 
reactions on various targets. The initial reac
tion studied was 142Nd(lZC,xn)154-x Dy with the 
intention of observing the alpha emitters 1500y 
and 151Dy, which are made in high yield (>500 mb). 
Further experiments confirmed the mass assignments 
of other N = 84, 85 rare-earth alpha-particle 
emitters from terbium through ytterbium with 
half-lives ranging from 4.1 h to 400 msec. 
Figure 1 is an example of these alpha-particle 
emitters and Table 1 summarizes our observations 
compared to the literature assignments. 4 

Some of the odd-Z rare-earth alpha emitters 
were also investigated. These nuclides exhibit 
substantial isomerism, with the excitation func
tions for the low-spin isomers shifted relative 
to the high-spin isomers by as much as 18 MeV, 
much more than is usually observed in excitation 
function shifts for isomer production in other 
mass regions. This is particularly noticeable 
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Fig. 1. 1 3Er alpha spectrum at the mass 153 focal 
plane position produced by the 142Nd( 160,5n) 
reaction. (XBL 776-1484) 
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Table 1. Rare-earth alpha-particle emmiter mass confirmations. 

Observeda 
Nuclide 

149Tb9 65 

1510y 66 

1500y 66 

152Ho(High Spin) 67 

151Ho(High Spin) 67 

153Er 68 

152Er 68 

154TrtIll 69 

155Yb 70 

154Yb 70 

aTypical errors are ±0.03 MeV. 

bReference 4. 

(MeV) 

3.95 

4.07 

4.23 

4.45 

4.51 

4.68 

4.82 

5.02 

5.19 

5.32 

for 151Ho, when produced by the 141Pr( 160,6 n) 
reaction, has a peak yield for the high-spin 
isomer at 123 MeV relative to 105 MeV for the low
spin isomer. 5 This situation was investigated 
with the RAMA system to clarify the mass assign
ments of these l'so~ers beca~se the excitation 
function for 15 Ho\lOW SPIN) peaks very near 
that for 152Ho(HIGH SPIN), and thus could conceiv
ably have been an isomer of 152Ho. Our experiments 
did, however, confirm the earlier mass assignments. 

A more recent experiment has verified the mass 
as signmentof-ll-1Tetnrougllt~ne oi5Servan on ornie 
beta-delayed protons associated with its decay. 
The mass of this neutron-deficient Te nuclide was 
originally controversial with Macfarlane and 
Siivola6 assigning the 19 sec S-delayed proton 
activity to IIOTe and Bogdanov et al. 7 assigning 
it to 11ITe. Figure 2 shows that the known proton 
spectrum appears at the mass 111 position so 
that the observed protons can be attributed to 
the decay of lllTe; this has been separately 
confirmed by recent work reported from UNIlAC.8 
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IMPROVEMENTS IN THE RAMA~88 SYSTEM 

D. M, Moltz, J.M. Wouters, J, Aysto, R.F. Parry, H.C, Evans: R. von Dincklage, M.D, Cable, and J, Cerny 

During the past year three major innovations 
have been successfully introduced on the Recoil 
Atom Mass Analyzer (RAMA) system to (1) improve 
its overall transport efficiency, (2) increase the 
yield of radioactive nuclei, and (3) improve the 
half-life measurement capability to include short
lived nuclides (~100 msec). These innovations 
were partly motivated by the experimental require
of our anticipated studies of the Tz = -2 nuclides 
COMg, 24Si, and c8S. They included redesigning 
the entire ion source region to optimize its 
geometry and permit the use of a higher extraction 
potential, the introduction of a multiple capillary 
system in conjunction with the Helium-jet tech
nique,l and the development of a set of electro
static plates for rapid vertical switching of 
the RAMA beam between two detector stations. 

The entire ion source reqion of the RAMA 
system was replaced in January 1978 with a new, 
more versatile system. The reasons for recon
struction included the need to (1) increase the 
extraction potential from a maximum of 12 kV, 

-to20kV,(2)better align the ion source, and 
(3) eliminate the unnecessary length in the ion 
source owing to an ineffective, large focusing 
solenoid. The new ion source holder can be 
adjusted in all three dimensions and accommodates 
an ion source having less than half the original 
length. The critical internal dimensions sur
rounding the plasma region, however, were left 
unchanged. At an extraction potential of 18 kV 
a minimal amount of sparking was observed to 
the grounded skimmer caused by a pressure rise 
from the incoming helium-jet. Unlike the old 
system, the new system has an extractor that 
can be moved while the ion source is operating. 

The new ion source has been tested with 
153Er, a high-melting-point, rare-earth alpha
particle emitter produced via the 142Nd( 160,5n) 
reaction. By increasing the extraction potential 
from 10.5 kV to 18 kV, the 153Er yield on the 
RAMA focal plane was increased by a factor of 
4. Subsequent tests us i ng 10Na a S -de 1 ayed 
alpha-emitter produced via the ~ONe(3He,p2n) 
reaction, indicated a factor of 3 increase in 
the yield under similar operating conditions. 

A recently installed multiple capillary 
system for gas targets has been extremely success
ful. The beam from the 88-inch cyclotron passes 
through a cooled copper cylinder containing the 

target gas (see Fig. 1). The radioactive reco~ls 
stop in the gas and are swept from the collectlon 
cylinder by 12 short stainless steel capillaries 
(1.0 mm-i.d.) to a sinqle, larger, 6-meter-long 
capillary (1.4 mm-i.d.) that transports the recoils 
to the RAMA ion source. Tests using 20Na yielded 
a factor of 10 increase over a single capillary 
system in the number of radioactive recoils reach
ing the ion source. (The target and transport 
gas is actually spark chamber gas, consisting 
of 90% Ne and 10% He). Combining the new capillary 
system with the improved ion source results in 
a factor of 30 overall increase in the yield 
(see Table 1). In fact, during a recent experiment 
over a million counts of mass separated 20Na 
were detected on the focal plane. 

Tests have been conducted on the above mul
tiple capillary system to measure the sweep out 
and transit times of the radioactive nuclides 
from the target chamber to the first of two 
skimmers (positioned just before the ion source). 
With spark-chamber-gas-the-average-elapsed-tim-e'---
was 280 msec, while for pure helium it is expected 
to be only 140 msec. In the case of spark chamber 
gas, the multiple capillary system has about 
a 100-msec longer elapsed time than with a single 
capillary. 
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Table 1. Examples of yield improvements in the 
RAr~A-sys tem. 

Nuclide 20Na 21Mg 153Er 

He-jet yield 10 10 1a 

Ion source 
efficiency 3 20 

Overall improvement 30 20 

aNo multiple capillary system. 

In order to obtain half-life data for short
lived nuclides a rapid beam switching system 
has been installed on RAMA. The beam can be 
rapidly flipped vertically from one detector 
station on the focal plane to another. While 
the beam is positioned on the first of the two 
stations, a multiple event TAC records the exponen
tial decay from the second. This system has 
been successfully tested with 21Mg, as-delayed 
proton emitter having a 122-msec half-life. 2 
The flip rate was set at 350 msec. Two standard 
~E-E telescopes were employed in these tests since 
they will also be necessa~y in the experi~en~s 
seaching for 20Mg. In th1S mass-20 case 1t 1S 
imperative to distinguish between theS-delayed 
proton activity of 20Mg and the S-delayed alpha 
activity of 20Na. 
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Fig. 2. Energy spectrum of S-delayed protons from 
21Mg. Energies are taken from Ref. 2. 

(XBL 787-9688) 

An energy spectrum from the decay of 21Mg is 
shown in Fig. 2. 

In anticipation of our future experimental 
work, several new systems are being planned. 
These include a solid target multiple capillary 
system and a fast tape transport system which 
will be used with x-ray, y-ray, and S-ray counters. 
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SHELL EFFECTS AT HIGH SPIN IN THE 'Y CONTINUUM FROM Te EVAPORATION RESIDUES* 

R.S. Slmon,t R.M. Diamond, Y. EI Masrl,t J.O. Newton,§ p~ Sawa, 1\ and F.S. Stephens 

The liquid-drop model of the nucleus is 
a simple and convenient representation capable 
of explaining many of the macroscopic properties 
of nuclei, but it cannot give all detajls. 
Only the addition of shell corrections1,2 brings 
the energysurface calculations into good agree
ment with experimental results. This shell 
structure is related to the spacing or bunching 
of the single-particle levels at the Fermi 
surface, and it plays a major role in determin
ing the properties of nuclei near the ground 
state. 

As angular momentum is added to a nucleus, 
the various Nilsson orbitals are expected to move 
with respect to each other depending upon their n 
values. 2 Thus the level density at the Fermi sur
face changes as a function of the angular momentum. 
This variation in the bunching of the single
particle levels will shift the shell closures arid 
many cause marked shape changes in the nucleus at 
certain (higher) spins. In fact, it is thought 
that shell effects will continue to occur up to 
high spins with comparable magnitudes, but there 
has been little experimental evidence on this point. 
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In this paper we report on an investigation 
of the y-continuum from the decay of Te evapora
tion residues, in which we observe additional 
finer structure. This structure may be interpreted 
as evidence for shell effects in these nuclei 
at high angular momentum and is compared to results 
from recent microscopic calculations. 

The 122Te system was produced via lIOPd + 12C 
and 82Se + 40Ar reactions with ~7 mg/cm2 self
supporting and ~1 mg/cm2 lead-backed targets, 
respectively. The initial projectile energies 
were 53, 78, and 105 MeV for the 12C bombardments 
and 161, 174, and 185 MeV for the 40Ar ones. 
The decay y-radiation was observed in four 
7.5 cm x 7.5 cm NaI (T1) detectors placed at 
00, 300 , 600 and 900 to the beam direction and 
60 cm from the target. These detectors were 
gated by coincident pluses in a Ge detector in 
order to select continuum y-spectra associated 
with individuQl xn reaction channels as described 
previously.3,4 

From the raw NaI spectra corresponding to the 
individual xn channels the true y-distributions 
were obtained by unfolding. 4,5 As an example, 
the pulse-height and unfolded spectra obtained 
in the 82Se(4 Ar,4n)118Te reaction at 181 MeV 
are shown in Fig. 1. 

The three components of the y-spectrum seem 
to be well established in these spectra: (1) the 
sharp peaks around 600 and 800 keV arise from the 
lowest seyen discrete transitions in the ground 
band of 118Te; (2) the large bump above 1.2 MeV 
with an upper edge around 2.3 MeV represents the 
collective cascades along the yrast region; and 
(3) the roughly exponentially decreasing tail 
at still higher energies is interpreted as part 
of the statistical cascade. But the yrast bump 

_~alme_ars to be much reduced or missing altogether 
gt the lower angular momenta brought in with the 
12C bombardments, as shown for the 4n channelin 
Fig. 2. The changes in the yrast bump region for 
the 4n, 5n, and 6n channels are shown in Fig. 3 
for both the 157- and 181-MeV 40Ar reactions. 

The anisotropy of the y-radiation, plotted 
above the unfolded spectrum in Fig. 1, confirms 
the stretched-E2 character of the bump region. 
Integration of the tQtal spectrum gives the average 
y-ray multiplicity, Ny, after taking into account 
the gating transition in the Ge detector and 
correcting for multiple coincidences that have 
been suppressed electronically. 

Tellurium nuclei are spherical or weakly 
deformed near the ground state as a result of 
nuclear shell structure, namely the closed proton 
shell at Z = 50. However, at high spins the 
classical liquid-drop effects are predicted to 
drive these nuclei oblate, though one must keep 
in mind the possible effect of shell corrections. 
Experimentally, information about the high-spin 
states observed in the Te nuclei produced in the 
present study is contained in the continuum spectra 
in the 82Se + 40Ar reaction at 181 MeV (Fig. 1). 
It is compared with those for other reaction 
channels in Fig. 3 and with those for the 4n 
channel from the 40Ar and from the 12C reactions 
at several projectile energies in Fig. 2. 
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Fig. 1. NaI pulse-height spectrum for 
40Ar + 82Se 118Te + 4n at 118 MeV, and the 
corresponding unfo-lded-sp-ectrurrf;---Tne pulSe=nefgtlr
spectrum is the sum from all four detectors at 
00 , 300, 600 and 900 and is close to the isotropic 
average. We have used no additional absorbers 
in front of the NaI detectors. The unfolded 
spectrum is given as number of transitions per 
40 keV transition-energy interval. At the top 
of the figure the 00 /900 ratio, the anisotropy, 
is plotted as a function of transition energy. 
This ratio was obtained from the separately un-
folded spectra at 00 and 900• (XBL 7610-4989) 

When comparing the spectra from the 12C 
reactions with that from the 157 MeV 40Ar irradi
ation it is clear that the size of the yrast 
bump in the spectrum develops with increasing 
angul ar momentum input to the compound system. 
This suggests that these transitions arise ~rom 
rotational cascades, as recently suggested 1n 
studies of the continuum y-rays from Vb nuclei 
oroduced in a wide range of ang~lar momenta by 
160, 4UAr, and ~6Kr reactions). But while the 
bump increased regularly with angular momentum 
in all Vb cases the situation seems to be somewhat 
different for Te. 

First of all, the yrast bump in Te appears 
only after a certain amount of angular momentum 
(~30h) is brought into the system (as shown by 
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Fig. 2. Unfolded NaI spectra from 118Te produced 
via the 4n channel in the reactions 40Ar + 82Se 
at 157, 170 and 181 MeV and 12C + 110Pb at 50 
and 75 MeV. The spectra are given as the number 
of transitions per 40 keV transition-energy 
interval. (XBL 771-149) 
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Fig. 3. For 82Se + 40Ar at 157 MeV (light lines) 
and 181 MeV (heavy lines), unfolded spectra for 
the 4n (-----), 5n(~ - -) and 6n (_._._) reactions, 
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the 12C, 4n spectra in Fig. 2). Then with increas- explanation for the limited movement of the edge 
i n g~ .. an gular-=momenlum._uplake ,_t he.b.ump_de~velop L----aLt hese-h igh_s pj n Li Lth aLa_back",bend_iLtakJng _~_ 
regularly at first. In Fig. 3 its upper edge place. At present we cannot say much about this 
is seen to move to higher transition energies from our data, so that we cannot decide between 
if one follows the sequence from the 6n channel these possibilities. 
spectrum to the 5n one at 157 MeV, to the 6n 
and 5n channel spectra at 181 MeV, and the 4n 
channel spectrum at 157 MeV. This corresponds 
to the behavior previously observed in Yb nuclei 
and suggests (as discussed there) the existence 
of regular rotational bands in this spin region. 

At still higher input angular momenta the 
energy of the edge of the yrast bump no longer 
moves much. This can be seen in Fig. 2 if one 
compares the 40Ar, 4n spectra at 157, 170, and 
181 MeV average bombarding energy. Since the 
4n reaction at 157 MeV already corresponds to a 
maximum angular momentum of ~55h, and the maximum 
spin that can be held in the compound nucleus is 
of the order of 60h, 1 itt 1 e more angu1 ar momentum 
can be brought to the y-ray cascades with in
creasing 40Ar energy. So, little further movement 
of the edge is expected; additional input angular 
momentum will lead to other exit channels (these 
are likely to involve a-particle emission). 
This is in agreement with the observed increasing 
population ofaxn channels as the bombarding 
energy is raised, and is also plausible from 
the reduction in y-ray multiplicity obserlled 
for the sum of all reactions at 181 MeV 4UAr 
compared to 170 MeV. However, another possible 

In contrast, the behavior of Te at moderate 
spins seems to be more readily understood. Thus 
the two peaks observed at y-ray energies of 
~600 and~800 keV in the even-n spectra represent 
peculiarities in the nuclear structure that lead 
to the existence of several levels, roughly equally 
spaced at those energies. In addition, there 
appears to be a minimum in the 40Ar spectra between 
the 800 keV peak and the yrast bump. These factors 
argue against the existence of deformed rotational 
bands as the collective mode of excitation at 
spins much below 30h. A relationship between 
transition energy and spin different from the 
rigid-rotor one is necessary to explain these 
data. The appearance of the pump then indicates 
a change to collective rotational behavior and 
is a reflection of changes in nuclear structure 
(shell effects) caused by the increasing angular 
momentum. 

Recently, shell effects have been included 
in theoretical calculations2,6,7 for nuclei at 
very high angular momentum by using a Strutinsky
smearing type of approach. The results for 118Te 
with I > 20 from Ragnarsson and Soroka7 are shown 
in a plot of transition energy vs spin in Fig. 4, 
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and Ploszajcak6 also show the distinct increase 
in transition energy just below spin 30. 

(XBL 767-3134A) 

along with a curve representing the liquid-drop 
values for an A = 118 nucleus and the lowest 
known transitions in 118Te. It is the slope 
in such a plot that should compare inversely 

-with ~he height of the Te spectrum of Fig. 3, 
if the feeding into the yrast region is mainly 
complete. It is not clear whether the corre
spondence between the experimental spectra and 
the results from the calculations is real or 
fortuitous, but it does appear that the accuracy 
and sensitivity of both experiment and calculation 
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are approaching the point where meaningful com
parisons can be made. 
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AVERAGE LIFETIMES OF COLLECTIVE TRANSITIONS IN THE SPIN 30-50 REGION 

H. Hubel: U. Smilansky,t R.M. Diamond, F.S. Stephens, and B. Herskind* 

The de-excitation y-ray spectra of nuclei 
produced at very high angular momenta in heavy
ion compound-nucleus reactions are composed of 
three parts. 1 A statistical region (E y ~ 1.5 MeV 
for deformed nuclei in the heavy rare-~arths); 
a low-energy regi on of the spectrum (:SO. 7 MeV) 
dominated by discrete lines; and an intermediate 
range of y-ray energies where the spectrum shows 
a broad structure (the "bump"). The latter region 
has the following characteristics: (a) The 
multiplicity of transitions at the high-energy 

edge of the bump is higher than the average multi
plicity associated with either the statistical 
or discrete parts of the spectrum--indicating 
that these transitions come from the highest 
spin states populated. (b) Angular distribution 
measurements show predominantly a stretched qua
drupole component in these decays. These charac
teristics can be explained by a model which assumes 
that the quadrupole bump is composed of collective 
transitions within rotational bands parallel to 
the yrast line. However, until now no measurements 



have shown that these transitions are indeed 
very highly collective. In the present experiment 
an attempt is made to measure average lifetimes 
in the bump region by a Doppler-shift method. 

The experimental setup is similar to the 
one described in Ref. 2, with six 7.6 x 7.6 cm 
NaI detectors serving as a multiplicity filter. 
Two 7.6 x 7.6 cm NaI detectors were located at 
00 and 900 with respect to the beam direction 
at a distance of 60 em from the target to allow 
for neutron discrimination. Average lifetimes 
of the continuum y-rays were deduced by compari ng 
the Doppler shift for the spectra measured in 
the 00 detector with a ~1 mg/cm2 self-supporting 
target and with a target from the same thickness 
on a thick backing. The beams of 700-MeV l36Xe ' 
ions were from the LBL SuperHILAC and are listed 
in Table 1. 
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As an example of our data, Fig. 1a shows 
the sum of the two- to six-fold spectra 9btained 
in the 00 detector for self-supporting 2 Al and 
27Al on Au targets. Below -600 keV the displacement 
of the two spectra results mainly from lifetimes 
of the discrete lines. In the region of 750-
1500 keV, the lifetimes of the continuum y-rays 
were responsible for the difference between the 
two spectra. At still higher y-ray energies, 
the lifetimes are much shorter than the character
istic stopping time, hence, no difference is 
observed between the backed and unbacked targets, 
and this is a means of normalization of the spectra. 
The different effects in these three regions 
are accentuated in the ratio of the two spectra 
which is displayed in Fig. lb. The ratio for 
a different target, 28Si, is shown in Fig. 1d. 

The data were analyzed in the following 
way. First the pulse height spectra were unfolded3 

for recoil into vacuum and for recoil into backing 
was compared to the experimental ratio. The 
response function that generates the Doppler
broadened spectrum was obtained by following 
the population of the decaying levels during 
the slowing down of the emitting nuclei. The pop
ulation of levels in the continuum was calculated 
using a model in which the continuum is described 
by a'series of rotational bands with an average 
moment of inertia.f. To each energy bin at a 
median energy E a spin I is assigned using the 
relationship y 

with the empirica1 2,4,5 value 

~= (150 ± 20) MeV- 1 
Ii. 

We assume that the level decays t.o the next member 
of the band by an E2 transition. The feeding 
of each level consists of two parts: the prompt 
feeding, and the cascading from upper members 
of the band. The prompt part is approximated 
byaO"I = distribution of initial populations, 
0"1 ~ I/{1 + exp[(I - Imax )/2.5]}, where Imax 
is the maximum angular momentum brought into 
the compound nucleus, determined for this case 
as Imax = 50. 4 For the cascading part, the 
transition lifetimes are determined according 
to the rotational model with a constant intrinsic 
quadrupole moment Qo, 

t(fglve-th-e-primary-photon-spectra-. -The-spectruml----------------
for recoil into vacuum was then folded with the 
response function calculated for a doppler-shifted 
distribution, and the calculated ratio of spectra 

T = 8'102E-5 1 sec' 
(keV) 2 2 2 

(Ii 2 K OIIi 2 IfK> e Qo(b) 

Table 1. Intrinsic' quadropule moments Qo, e~g~nc~ment fg~tOtS B(E2)/B(E2)w, and 
deformation parameters S2 for the Ho and Er compound systems. 

I'Qo I 

Compound 
a) b) Average ~~g~w S2 

Target nucleus Stopper 

27Al 163Ho* Au 9.3(2.5) 8.0(2.3) 270(100) 0.37(11) 

27Al 163Ho* 
8.2(2.2) 

Pb 7.0(2.6) 8.6(3.0) 

28Si 164Er* Au 8.5(3.0) 8.6(3.0) 9.8(3.3) 380 ( 180) 0.43(15) 

28Si 164Er* Au 12.2(4.9) 10.2(4.3) 

a) Determined from ratios of spectra at 00 as described in the text. 

b) Determined from double ratios of spectra at 00 and 900 as described in the text. 
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Fig. 1. (a) Sum of two- to six-fold coincidence 
y-ray spectra (r~~ data) measured at 0° for a 
self-supporting Al target (solid curve) and for 
a 27Al target on a Au backing (dotted curve). 

(b) Ratio of the raw (not unfolded) 
spectra measured at 0° for a self-supporting 27Al 
target on a Au backing (the curve is drawn to 
gui de the eye). 

(c) Ratio of the unfolded sPz9tra (dots) 
measured a~70° for a self-supporting Al target 
and for a Al target on Au backing. The solid 
curve represents the best fit of the calculated 
ratio to the data. The dashed lines show the 
ratios calculated for the two extreme values of 
Qo allowed by the errors given in Table 18 

(d) Same as Fig. lb, but for a 2 Si 
target. (XBL 7810-12110) 
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The population equations are solved for all members 
of the band which contribute to the feeding. To 
solve this system of 10-30 coupled linear equations, 
we derived a fast algorithm which made the analysis 
of the experiment tractable. The slowing-down 
process was calculated using the Northcliffe and 
SChilling6 electronic stopping power and the 
nuclear contribution was treated according to 
Blatigrund. 7 

The average Qo is obtained by fitting the 
calculated ratios of the spectra for the backed 
and unbacked targets to the experimental ratio 
with Qo as the only free parameter. The QQ 
values, corresponding enhancement factors lin 
Weisskopf units8), and deformation parameters 
obtained for the two systems investigated are 
given in Table 1. Figure lc shows the ratio 
of the unfolded spectra measured at 00 for a 
AU-backed and unbacked 27Al target in the region 
of interest. The solid line is the best fitting 
calculated curve. The dashed lines show the 
ratios calculated for the two extreme values 
of Qo allowed by the errors given' in Table 1. 

The uncertainties assigned to the results 
contain estimates of the following systematic 
errors: (a) neglect of terms higher than first 
order in vic, of angular distribution effects 
due to hyperfine interaction (the deorientation 
effect is calculated to be insignificant), and 
of finite target thickness (we assume no transverse 
velocity even at the range of nuclear stopping); 
(b) uncertainty from insufficient knowledge of 
the stopping power; (c) an estimated five-fold 
increase in the statistical errors from unfolding 
the raw data. 

We derive from the data that the transitions 
between the high-spin states of I ~ 30-50 show 

- an enhancementof-~-300-s-;-p-;-u-;-an d-a-rather-large--'- -.' 
deformation of 02 = 0.4. As can be seen from 
Fig. 1c there is good agreement in both magnitude 
and slop,e for the calcul ated and measured curves. 
This indicates that for the investigated nuclei 
the model provides a satisfactory description 
of their behavior, suggesting no abrupt change 
in structure in the investigated region. We conclude 
that the transitions in the E2 bump are of strongly 
collective nature, with as high or higher a degree 
of collectivity as in the ground-state rotational 
bands of deformed nuclei. 
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OBLATE AND PROLATE STRUCTURE IN 187, l89Ti 

L. L. Riedinger: A.C. Kahler,t C.R. Bingham: M.W. Guidry: I.V. Lee,t M.M. Aleonard,§ R.M. Diamond, V. EI-Masri,1I 
J.O. Newton, ~ R.S. Simon:' and F.S. Stephens 

The purpese .of this experiment was te study 
retational bands of levels built en h9/2 and 
i13/2 prot en states in 187,189Tl. The cores fer 
these particle states are 186,188Hg, the yrast 
states of which are known to undergo changes 
in shape at I = 4 and I = 6, respectively. This 
experiment was designed te test the impertance 
of the h9/2 and i13/2 orbitals in causing these 
shape changes by leoking for similar changes 
in the bands of these particles in Tl. Another 
purpese was to trace the positiens of the h9/2 
and i13/2 bandheads with mass number to see if 
their minimum excitatien enerqies .occur at the 
same Tl isetope. 

-0_. In-beQ.m y-ray meQ.surements were madelast 
year on 189Tl by the 165Ho (28Si,4nY) reactien. 
As in the heavier .odd-mass T1 isotepes1 rotatiena1 
bands built on the h9/2 and i13/2 preton particle 
states were observed. However, unlike the heavier 
Tl nuclei, the nature of beth bands in 189Tl 
changes from strongly ceup1ed te deceupled at 
approximately 1.2 MeV abeve the respective band
heads, reflecting the known oblate-prolate shape 
change in 88Hg. Moreever, the decoupled bands 
match very well with the sequence of states in 
the prelate band .of the 188Hg cere. We thus 
conclude that the formation of this prelate 
minimum in Hg is neither hindered nor enhanced 
by the presence of a h9/2 or i13/2 proton. While 
studies .of the light odd-neutren Hg isotopes 
are still required, there does net appear te be 
any neutron .orbitals which are rapidly changing 
as a functien of deformatien and which ceuld 
greatly change the structure of light Hg nuclei. 
Therefore, it appears that the prelate minimum 
seen in Hg for A < 188 is truly a collective 
phenomenen and does net result from alignment 
effects of a few selected high j, low rl particles. 

Another interesting feature of the data 
is the excitation energies of the h9/2 and i13/2 
bandheads. These intruder states have energies 
which decrease with decreasing A for odd Tl nuclei 
above A = 189. These data, as well as UNISOR 

decay data,2 reveal thQ.t the h9/2 state ~as reached 
its minimum value in 189T1, whereas the '13/2 
state continues its rapid decrease in energy. 
These decreasing energies cannot be explained in 
terms of changing deformations since the bands 
built on these states are very similar for A > 191, 
and thus must result from nuc1een-nuc1een residual 
interactions. These .observed differences in the 
two shell states hepefu11y previde theorists with 
infermatien needed for the understanding of these 
residual interactiens. 

In order to strengthen our case with regard 
to the .onset .of defermatien and te trace the 
desc.ent .of the i 13[2 excitat i on enerqi e~ __ .o~n~1.8st7ep __ _ 
furt~erl measurements were recently maoe on T1 . 
by the 56Gd (35C1,4n) reactien. Our preliminary 
analysis .of the data indicates that one band was 
.observed which switches from dipe1e to quadrupe1e 
transitions abeve the third state. A few other 
gamma-ray cascades were .observed to have the 
correct excitation functien but do not appear te 
be strengly in ceincidence with any .of the lines 
in the first band mentioned. While the presence 
of the changl'og band is ana1egeus to the h9/2 band 
.observed in 89Tl, the absence .of feeding .of the 
low lying members of this band by the i13/2 band 
is n.ot understeed. Further analysis of the data is 
required befere definite conclusions can be drawn. 
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NUCLEAR SHAPES AT HIGH ANGULAR MOMENTUM* 

M.A. Deleplanque,t LY. Lee,* F.S. Stephens, R.M. Diamond, and M.M. Aleonard§ 

The study of nuclear structure at angular 
momenta above 30h presently 'requires measurements

1 of the continuum y-ray spectrum. Previous studies 
have shown this continuum to be composed usually 
of a lower-energy stretched-E2 bump and a higher
energy tail interpreted as a statistical cascade. 
Also some measurements2 of the total delay time to 
reach the ground-state band imply the occurrence of 
collective y-transitions during the deexcitation 
process. The aim of the present work is to learn 
more about nuclear structure at these high angular 
momenta. The method developed consists of studying 
the number of y-rays (multiplicity) associated with 
each transition energy in the continuum y-ray 
spectrum. There is no restriction on the reaction 
channel, so that the whole range of angular momenta 
produced in the reaction is considered. 

angular momenta. If some kind of rotational 
behavior is involved in the bump region, the spin, 
and hence the multiplicity, will increase with 
the y-ray transition energy (I cr Ey) until the 
highest angular momentum is reached. This could 
give rise to the multiplicity peaks observed, and 
indeed, not only does the height of the whole 
multiplicity spectrum increase as more angular 
momentum is brought in, but also the upper edge of 
the peak moves toward higher enerqies in agreement 
with the rotational hypothesis. 

An attempt to explain the data more quanti
tatively has been made by calculating the energy 
and multiplicity spectra, and the model used is 
discussed in LBL-7145 and in the Phys. Rev. Letters. 
The calculation for the 124Sn + 40Ar case (Fig. 1b) 
reproduces the experimental features remarkably In order to recognize possible systematl~ 

~features; a -number of targets, ranging from C 
to 174Yb, have been bombarded at the LBL 88-inch 
cyclotron and SuperHILAC with either 40Ar or 

. ···~··well, considering-that~no-adjustment-is-a-nowed----· 
except that of Ier, the critical angular momentum 
for evaporation residues, and J. The Ier value 

48Ca projectiles which induce high angular momen
tum in the compound nucleu~. 

A set of six 3" x 3" NaI counters (halo) was 
placed symmetrically around the beam axis, upstream 
from the target in order to minimize the number of 
neutrons detected. A seventh NaI detector was 
located at 400 to the beam direction, and 60 cm 
away from the target in order to discriminate 
against neutrons by time-of-flight. The unfolded 
spectra from the seventh detector in coincidence 
with one to six of the halo counters were used to 
obtain the multiplicity spectrum. In the follow
ing, three examples will be discussed as repre
sentative of the characteristic features observed. 

The system 124Sn+40Ar leads to the compound 
nucleus I64Er and the possible residual nuclei are 
known to be rotational at angular momenta up to 
around 2Oh. The multiplicity spectra are shown 
in Fig. 1a for 158, 170, and 185 MeV bombarding 
energies. For all the bombarding enerqies, the 
multiplicity has a peak at lower y-ray energies, 
and then drops to a roughly constant value for 
the statistical part of the spectrum. This latter 
value is expected to be near the average multi
plicity for all the reaction channels as the 
statistical y-rays are thought to occur at all 

obtained by fitting the relative height of the two 
upper multiplicity curves (60h) is reasonably con
sistent with the angular momentum value corre-
sponding to an upper limit for the fusion of 
the two incoming nuclei (calculated before particle 
emission) based3 on the fission barrier (67h), and 
also that deduced3 from other experiments (65h) 
The moment of inertia value corresponds to 95% of 
JTfor a rigid sphere, also in excellent agreement 
with previous experience. 

The 82Se+40Ar case, which leads to Te nuclei 
near the Z ~ 50 closed shell, is quite different 
(Fig. Ic). There is no significant structure 
in the multiplicity spectrum for the two lowest 
bombarding energies. A multiplicity peak only 
begins to appear at 138 MeV and then develops 
for higher bombarding energies, suggesting the 
onset of rotational motion only at the higher 
angular momenta. The lower multiplicities at 
185 MeV are due to the onset of fission and deep
inelastic events. The non-structured multiplicity 
spectra observed at low 40Ar energies correspond 
to a cascade where there is no strong correlation 
between the transition energy and the spin. 
We have tried to reproduce this feature in the 
calculation by assuming that up to a certain 
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pure stretched-E2 transitions, so that the multi
plicity is (I/2)(I+P) where P is fit to the data. 
Between II and another spin 12, there is a competi
tion between this cascade and a rotational cascade, 
and above 12 the cascade is rotational. Figure Id 
shows that the characteristic features are repro
duced, with the parameter values: II = 27h, 
12 = 38h, Ier = 53h, J= 0.85Yrig and P = 0.17. 

In the 100Mo + 48Ca case, which leads to 
nuclei in the N = 82 closed-shell region, it 
is immediately apparent that the absence of 
structure remains up to high spins; indeed, the 
rotational competition starts only around spin 50 • 

Since almost any type of collective motion 
would lead to a strong correlation between tran
sition energy and spin, the non-correlated cascade 
very likely indicates non-collective motion. Non
collective high-spin states are expected to lie 
lowest in oblate or spherical nuclei, since the 
largest moment of inertia in these cases corre
sponds to rotation (non-collective) around the 
symmetry axis. On the other hand, collective 
high-spin states are expected to be lowest in 
basically prolate (includin~ somf!what triaxial) 
nuclei, since in this case the largest moment of 
inertia corresponds to rotation (collective) 
around an axis perpendicular to the s.ymmetry axis. 
Thus the interpretation of the 82Se+40Ar +Te 
data would be that the residual Te nuclei are 
nearly spherical or oblate at low spins, and then 
between spins 27 and 38 deform to a basically 
prolate shape. This 8hange seems to occur only 
around 50 h for the 1 OMo+48Ca + Sm system. 

Thus these multiplicity spectra appear to 
contain rather detailed information about the 

( ) (1) nuclear shape at spins up to 60. In particular, 
104 e we are able to recognize rotational motion as 

~ --1@- -197- --IOOMo-+-48Ca-\-----I----a-ch a~actedsti c.pe ak_in-the.mult iplicUy_spect r:um, __ 
~ to determine the spin regions where it occurs, 
8 I and to deduce the moment of inert i a of the nucleus 

10
3 

~~/~8~2'.,p> •• :.... t =~ in these regions. 
~ Footnotes and References 
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Fig. 1. Observed and calculated multiplicity 
spectra for the systems and bombarding energies 
indicated. One y-ray spectrum is also compared 
for each system. (XBL 7712-11406) 

spin, II, the y-ray spectrum is given by N(Ey) = 

Ey exp(-E~/a2), with a = 1.13 MeV independently 

of the spin value of the emitting state. This 
noncorrelated cascade may contain other than 
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MULTIPOLARITY OF CONTINUUM 'Y-RAYS FROM ENHANCED 
ANGULAR CORRELATION MEASUREMENTS· 

M.A. Deleplanque,t Th. Byrski,* R.M. Diamond, H. Hubel,§ F.S. Stephens, B. Herskind,1I and R. Bauer" 

At the present time it appears that most 
of the information on nuclear structure at high 
angular momentum is contained in the low-ener~y 
bump observed in y-ray spectra from evaporation 
residues following heavy-ion compound-nucleus 
reactions. The high-energy exponential tail 
in these spectra seems to be statistical in nature 
and thus contains less-detailed information. 
The bump very likely consists mainly of stretched 
E2 transitions, as indicated by previous studies1 
of its systematic behavior and by measurements 
of the Y-ray anisotropy. However, the latter 
measurements have been only qualitative. since 
there has been no proper calculation of the angular 
correlations expected in the cases where one 
or more additional Y-rays are detected following 
the compound-nucleus formation. This work reports 
on experiments designed to determine the multi
polarity of the continuum y-ray spectrum making 

. use of a multiple-counter array to preferentially 
select the axis of alignment of the de-exciting 
nuclei so that the sensitivity to different types 
of radiation is increased. At the same time 
the selection of high-multiplicity events enriches 
the spectrum in Y-rays from states with high 
angular momentum. 

The experimental setup is shown in the inset 
of Fig. 1. The angular-momentum vectors of the 
compound nuclei are initi ally oriented in the 
plane (XV) perpendicular to the beam direction. 
A part i cul ar ali gnmentdirect ion is selected 

. "---autbyrequiring coincidences in a set of six 
7.6 x 7.6 cm NaI counters (multiplicity counters) 
located around the target in a plane (XZ) contain
ing the beam direction. Thus, for example, 
stretched quadrupole y-rays detected in these six 
counters will select preferentially nuclei which 
are aligned along the V axis. The angular corre
lation has been measured in four 7.6 x 7.6 Nal 
detectors placed along the X axis (8=900, ~~1800; 
"up" counter) and the remaining three in the 
VZ plane (8 = O. 45, 900, ~ = 900, "0", "45", "90" 
counters). These "angle detectors" were located 
60 cm away from the target in order to discriminate 
against neutrons by time-of-flight. Six spectra 
("folds"), determined by the number of multiplicity 
counters in coincidence, were obtained for each 
angle detector and then unfolded2 to give the 
primary photon spectra. These were used to obtain 
the multiplicity and mUltipole spectra described 
below. 

The multiplicity spectra have been calculated3 
from the sixfold spectra summed over the four 
angle detectors. A remaining ~3% correction to 
the multiplicity for angular correlation effects 
has been made. Some of the multiplicity spectra 
are shown in Fig. 2a. We present the results only 
in terms of ~I = 2 quadrupoles and ~I = 1 dipoles, 
because: a) though I = 0 dipoles cannot be dis
tinguished very well here from ~I = 2 quadrupoles, 
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Fig. 1. The angular correlation functions are 
shown versus angle for the five transition types 
considered, with the assumption that three or 
more of the multiplicity counters fired. The 
numbers 1-4 indicate the actual counter position. 
The inset shows the experimental arrangement. 

(XBL 784-8204A) 

the initial spins and observed multiplicities 
do not allow many ~I : 0 dipoles; and b) whereas 
the ~I = 0 and 1 quadrupoles are similar to 
~I = 1 dipoles in the 0/90 ratios, the results 
from the 450 detector indicate very little of 
these (S 5%). Only 61 = 2 quadrupoles and 
61 = 1 dipoles were considered in the multiplicity 
counters since the intensities observed in the 
angle detectors are not very sensitive to this 
choice. 

Figure 1 shows an example of the sensitivity 
of the angular correlation functions for the 
three- and higher-fold coincidences calculated 
by a semi-classical method. 4 The 0/90 ratio 
has been used to determine the multipole'ratios, 



but in several cases we have also calculated 
them from the O/up, 45/90, and 45/up ratios; 
all gave similar results. From these multipole 
ratios and any angle detector spectrum, we can 
reconstruct the stretched quadrupole and dipole 
spectra, and when the integral of these two spectra 
is normalized to the (average) multiplicity, the 
resulting spectra give the number of transitions 
of each type per channel (160 keV interval), 
Some of these spectra are shown in Fig. 2b. 

Previous studies1 of multiplicity spectra 
have shown different behavior in strongly and 
weakly deformed nuclei. Based on this e1~~rience 
we have studied the following systems: Cd + 
48Ca and 124Sn + 40Ar leading to rotational Er 
residual nuclei; l30Te + 48Ca and 122Te + 48Ca 
leading to rotational Hf nuclei; 106Cd + 48Ca, 
82Se + 40Ar, and ll0Pd + 40Ar leading to residual 
nuclei near closed shells. Three or four different 
bombarding energies were used for each system. 

Three general properties are clearly 
established. These are: 1) the quadrupole bump, 
2) the dipole bump, and 3) the tail region. 
The multipole spectra in Fig. 2b confirm that 
in the rotational nuclei, the low-energy bump 
is composed of ~I = 2 quadrupole transitions. 
The multiplicity spectra of Fig. 2a show that 
in these cases there is a correlation between 
y-ray energy and spin (multiplicity), and both 
types of spectra (Fig. 2a and 2b) show that the 
y-ray energies increases with incre~S~ng splg 
(higher bombarding energies). The 11 Cd + Ca + 
164Er* and 124Sn + 40Ar + 164Er* systems have 
these rotational properties. 
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In the 82Se + 40Ar + 122Te* system, the 
evolution of the ~I = 2 part of the spectrum 
with increasing bombarding energies confirms1 
that the rotation-like behavior sets in only at 
rather high spin (-35h). The dipole part of 
the multipole spectrum is a much newer feature, 
whose occurrence in rotational nuclei has recently 
been sugqested. 5 In the rotational nuclei we 
do find evidence for a weak low-enerqy (~0.6 MeV) 
bump of mainly ~I = 1 dipole transit~ons (sizeable 
amounts of ~I = 1 quadrupole cannot be excluded). 
On the whole, this feature seems consistent with 
a contribution of ~I = 1 (E2, M1, or mixed) rota
tional cascade transitions. A completely new 
feature, however, is the large amount of ~~ = 1 
dipole transitions in the l10Pd + 40Ar + 1 OGd* 
and 82Se + 40Ar + 122Te* cases. The overall 
percentage of ~I = 2 quadrupoles is around 80% 
for the rotational nuclei, 70% for the 106Cd 
target 60% for the 82Se target, and 50% for 
the 110Pd target. Thus the systems leading to 
products near closed shells have strong ~I = 1 
dipole radiation, which the variation with bom
barding energies shows to be concentrated at lower 
spins. This radiation gives little or no structure 
in the multiplicity spectra and corresponds to the 
"non-correlated" component previously identified. 1 
The main difference between the 82Se and ll0pd 
systems seems to be the presence of ~I = 1 transi
tions at the lowest spins in the Pd system instead 
of the ~I = 2 quadrupoles (0.7 MeV) observed 
in the 82Se system. Thus a pattern seems to 
emerge where we find, with incre~sing collectively, 
first, many ~I = 1 transitions (llOPd system); 
later, mostly ~I = 2 transitions but uncorrelated 
(82Se at 131 MeV); and finally, highly correlated 

energy 
Fig. 2. (a) The multiplicity spectra are shown for the four indicated 
systems at several bombarding energies. 

(b) The corresponding multipole spectra are shown for stretched 
quadrupole and dipole components. Each hatched area covers the full 
range of the dipole spectra for all bombarding energies listed. 

(XBL 785-2522) 
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III =2 transitions--no doubt the rotational electric 
quadrupoles. 

In summary, we have developed methods to 
study the angular correlations of continuum y-rays 
following heavy-ion compound-nucleus reactions 
and to evaluate these angular correlations in 
terms of the transition types present. The most 
striking new feature observed is the presence 
of intense III = 1 (mostly dipole) transitions 
at relatively low-spin values in the nuclei near 
closed shells. These transitions appear to be 
an alternative to collective transitions at lower 
spins, and their study should teach us something 
about the competition of collective and non
collective motion in such nuclei. 
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COULOMB-NUCLEAR INTERFERENCE FOR HIGH-SPIN STATES EXCITED BY 
88Kr, 40Ar, AND 160 PROJECTILES* 

M, W. Guidry,t P.A. Butler, R. Donangelo, E. Grosse,:j: y, EI Masri,§ I.Y. Lee,11 F.S. Stephens, R,M. Diamond, 
L.L. Riedinger,t C.R. Bingham,t A.C. Kahler,t J.A. Vrba,t E.L. Robinson,~ and N.R. Johnsonll 

Inelastic excitation in the Coulomb-nuclear 
interference (CNI) region has been studied exten-

. _sjyeJ_v,for __ ions suchashelium,l carbon, 2 and -
oxygen. 3 However, little attention has been 
given to CNI in the scattering of very heavy 
projectiles from highly deformed nuclei. We 
have studied the systems 86Kr + 23~Th and 4UAr + 
238u, at the Berke'ey SuperHILAC, and 160 + 1620y 
at the Oak Ridge isochronous cyclotron. In all 
cases the de-excitation y-ray cascade was detected 
in coincidence with backscattered particles, 
using standard Ge(Li) and annular silicon-detector 
arrangements. The annular geometry yielded average 
particle scattering angles of 8c.m• ~ 1650 . 

Thick targets were used~ and y-ray spectra 
as a function of incident beam energy were genera
ted by taking coincidence cuts in the heavy-ion 
spectrum, each corresponding to a different effec
tive beam energy. The relation of incident beam 
energy (checked by time-of-fliqht measurements) 
to detected particle energy was determined using 
elastic kinematics and theoretical stopping powers. 
With these methods we obtained spectra simultan
eously at several different energies. 

The number of particle-y coincidences, N , 
was determined from the areas of the y-ray y 
peaks corrected for efficiencies, y-ray angular 
distributions, conversion coefficients, and cascade 
feeding. The number of heavy ions, Np, detected 
at a given angle was determined from the relevant 
energy cut of the singles heavy-ion spectrum, 

and the excitation probability was defined by 
P = N IN • 
Y_Q.._-- - .'. __ ~_. _______ ----

The excitation functions for various states 
are displayed in Fig. 1, along with an example 
representative of results obtained in a-particle 
experiments. 1 The solid line in each figure 
represents the result expected for pure Coulomb 
excitation, calculated as described in Ref. 4, 
with use of the best experimental values of 
B(E2, 0 7 2) and B(E4, 0 7 4) and the rotational 
model. Calculations with the Winther-de Boer 
method5 yield the same probabilities to ±10%. 
Several things should be noted concerning these 
examples: (1) The probabilities agree well with 
Coulomb excitation calculations at low energies. 
(2) The interference effects are large. (3) In 
contrast to the usual a-particle results, there 
are a varietv of constructive and destructive 
interference~ in the regions where CNI first 
begins. (4) The sign, strength, and energy for 
onset and extrema of the interference are state 
dependent. 

The general features of these data are 
explained by the simple model underlying the 
calculations of Ref. 4. To conserve space, we 
assume some familiarity with that model in the 
following discussion. The excitation probability 
for backward scatterinq from a deformed rotor 
can be written as .. 
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Fig, I, Excitation functions in the CNI region. The solid line is a 
calculation for pure Coulomb excitation. 4He data are from Ref. 1. The 
approximate energy uncertainty is indicated by the horizontal bars at 
the bottom corners. Dashed and dash-dotted lines are calculations using 
a nuclear potential described in Ref. 4. (XBL 7810-11914) 
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forbidden states (highest spins) are characterized 

("allowed states") by steeply rising excitation functions, the 

P "" pe -2 Im¢ ("forbidden states") 

where the three terms in Eq. (1) arise from the 
coherent contribution of two different initial 
rotor orientation angles for a particular state. 
The classical action in units of h is denoted 
by ¢, and the lower-case p's are the purely 
classical probabilities for a given initial 
orientation. Only a single exponentially damped 
term contributes to P for classically forbidden 
states (the highest-spin states). 

We assume that the nuclear interaction can 
be approximated by a smooth complex potential 
which is largely real in the surface region. 
Then, the initial effect of the potential is 
mainly confined to the phases of Eqs. (1) and 
(2), decreasing the real phase difference in 
Eq. (1), and increasing the imaginary phase of 
Eq. (2); with the small p's not affected very 
much. Therefore, in this region the effect of 
the CNI can be predicted from the effect of the 
nuclear potential on the sine term in Eq. (1), 
and the exponential damping factor in Eq. (2). 
Remembering that the oscillations in the pure 
Coulomb excitation probabilities for allowed 

(2) 
following general rule emerges: The initial 
Coulomb-nuclear interference will be constructive 
(destructive) if the excitation function for 
ure Coulomb excitation is a roachin or at 

a mlnlmUm maximum. Consulting Fig. 1, we note 
that this simple prediction holds for every case 
displayed except for the 4+ state in the 4UAr + 
238U reaction. This is probably associated with 
the interference beginning in this case at a 
higher energy (~195 MeV), where Pk's are also 
affected, and the conditions for the above rule 
are not fulfilled. 

From the rule and Fig. 1 it is apparent 
why only destructive initial interferences are 
seen for a-particle rotational excitation of 
2+ and 4+ states, For sub-barrier scattering, 
the monopole-quadropole interaction is not 
sufficient with a particles for either the 
2+ or 4+ probability to have passed its first 
maximum, and the CNI is always destructive. 
That is, a critical value of the quadrupole 
coupling strength <12 is necessary for construc
tive initial interference when the simple rule 
applies. In practical terms, for well-deformed 
targets the Z of the projectile must exceed a 
value lying roughly in the region between Ne 
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and Ar projectiles, before the initial interfer
ence may be constructive. It follows that the 
seemingly different qualitative behavio~ of . 
a-particle and 160 CNI compared to heavler-partlcle 
CNI actually arises from the same physics. This 
does not pr~clude the possibility of quantitative 
differences, to be discussed shortly. 

We emphasize that the simple rule discussed 
here becomes less valid for deeper penetration 
into the complex nuclear potential. In that case, 
one must rely on detailed calculations. 4 Experi
ments of this type are expected to be delicate 
probes of the surface nuclear potential, due 
to the sensitivity of inelastic excitation to 
the phases in Eqs'. (1) and (2). Some preliminary 
calculations using a variety of potentials 
suggest the following: (1) Nuclear potentials 
determined from experiments in which elastic 
and inelastic components are not cleanly 
separated are not adequate to describe inelastic 
excitation in deformed nuclei. (2) The fact 
that these potentials fit some states but not 
offers suggests that all states are not equiva
lent for determining nuclear potentials, and 
that inelastic excitation may carry information 
about the nuclear potential beyond that contained 
in the elastic scattering. (3) The success of 
the experimental method described here. and the 
calculations of Ref. 4, demonstrate that it is 
now possible to probe the nuclear surface by 
studying excitation of collectively coupled states 
directly, rather than by approximating their 
effect on the elastic channel. In our opinion, 
this is necessary to describe properly the 
scattering of heavy ions from deformed nuclei. 
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MULTIPLE BAND CROSSINGS IN~184Er-

N.R. Johnson: D. Cline,t S.W. Yates,t F.S. Stephens, L.L. Riedinger,§ R.M. Ronningen~ 

From the amassing experimental evidence 
it is now generally concluded that the "back
bending" phenomenon is caused by the intersection 
of the ground state rotational band with a second 
rotational band possessing an appreciably larger 
moment of inertia. In the rotation-alignment 
model 1 the structure of this band corresponds 
to two quasiparticles whose angular momenta are 
aligned with the rotating core. Studies of the 
properties of both even- and odd-mass nuclei 
in the erbium region show behavior in reasonable 
agreement wl'th predictions of the rotation-align
ment model. The rotation-alignment model pre
dicts a series of rather similar rotation-aligned 
bands, which we shall call superbands. The struc
ture of the superbands can be probed by studying 
their interactions with the ground, S- and 
v-vibrational bands. Thus far, only the inter
action of the lowest superband with the ground 
and S bands has been observed. The y band would 
appear to be a better probe of the superbands 
since here one can study the interactions with 

both even and odd-spin states. In this work 
we present the first evidence for higher superbands, 
and also the first example of intersections between 
the V band and these superbands. 

A beam of 69.6-MeV 180 ions from the Oak 
Ridqe Isochronous Cyclotron was used to bombard a 
2.4 mg/cm2 met all ic neodymium foil enriched to 
96% in mass 150. Both v-ray singles and v-v-time 
coincidence data (total of 3.5 x'10 l coincidence 
events) were stored simultaneously in the experi
ment at a v-ray resolution of 2.3 keV for 1.33 MeV. 
A level scheme which includes the positive parity 
states is shown in Fig. 1. 

The plot of the experimental excitation 
energies versus I (Fig. 2a) cleary shows several 
intersecting rotational bands. To understand 
these results a calculation was made using typical 
parameters to illustrate the general features 
predicted by the rotation-alignment model. l Both 
zero and two-quasi neutron configurations within 
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Fig. 1. Level scheme of 164Er showing the ground 
band, the yrast superb9nd and the y-yibrational. 
band populated in the 150Nd( 180, 4n)164Er reactlon. 
Shown on each transition is the energy and in 
parentheses, the relative intensity. Uncertanties 
range from less than 10% for the intensities 
of the stronger transitions up to 30-40% for 
some of the very weak ones. (XBL 789-11458) 

the complete i13/2 orbit were included. The exci
tation energies from these calculations are shown 
in Fig. 2b. The y band is shown for illustration 
but was not explicitly included in the calculations. 
The correspondence between experiment and theory 
is indeed striking. 

The interaction between the intersecting 
bands is most clearly illustrated using the back
bending plot of the data shown in Fig. 3. From 
the present data and previous work 2,3 it is found 
that near the intersection of the ground band 
and lowest .yrast superband, both the level 
energies and y-ray branching ratios indicate 
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Fig. 2. Plot of the le~el excitation energies 
for various bands in 164Er from a) experiment 
and b) the rotation-alignment model. The solid 
points correspond to even-spin states and the 
open circles to odd-spin states. (XBL 789-11460) 

about 45 - 50 keV interaction matrix elements 
between these bands. A small value is typical 
of interaction matrix elements observed between 
both the ground and 8 bands with the lowest 
superband. Although the calculation predicts 
small interaction matrix elements, they still 
appear to be around a factor of two or three 
larger than this experimental value. 

If a 45-keV interaction is used, then the 
unperturbed groundband energies lie on a smooth 
extension of the lines up through the 18+ state 
and the yrast even-I superband energies likewise 
vary smoothly, as shown by the open circles in 
the left half of Fig. 3. However, the 20+ and 
22+ members of the ground band are affected very 
little by this interaction. Interestingly, if we 
extrapolate the yrare even superband, as shown by 
the dashed line in Fig. 2a, and assume Hc = 45 keV, 
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the ground band, y-vibrational band and superbands 
in 164Er. The open circles on the ground and 
yrast even superbands are corrections for a 45-
keV interaction matrix element. Open circles 
on+the y band result from a 25-keV shift in the 
10 energy. The circles represent even soin 
and the squares odd-spin states. (XBL 789-11459) 

then the upward kink in the ground band for the 
20+ and 22+ states is largely removed. 

On the right hand side of Fig. 3 we show 
a plot for the transitions in the y-vibrational 
band. We have made a 25-keV shift in the 10{ 
level energy, which produces equal but Opposlte 

shifts in the 10+ + 8+ and 12+ + 10+ transition y y y y 

eoergi es. Such an energy shift is .expected, 
due to a crossing of the y band and the lowest 
(yrast) superb and , provi ded there is an i nterac
tion matrix element around 45 keV. The odd-spin 
state energies in the y band are smooth in this 
spin region without such a shift, providing the 
first direct evidence that the odd-spin states 
in the yrast superband lie considerably higher 
than the even-spin states. 

In Fiq. 3 backbends of both the even- and 
odd-spin members of the y band are apparent 
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around spins 13 and 14. A marked reversal in 
the odd-even staggering occurs through the 
backbend region in the Y band. This is rather 
clear even without the very tentative 17+ and 
higher odd-spin states. The 9irection o~ th~s 
staggering is that the odd-spln states lle hlgh 
relative to the even-spin ones below the back
bend, and low after the backbend. The lower
spin behavior in the (true) y band might be 
caused by the interaction with the B band, 
whereas the higher-spin behavior (in the super
bands) is exactly what is expected from the 
calculations (Fig. 2). This reversal in the 
staggering is the strongest evidence that these 
higher superbands indeed correspond to the 
higher i13/2 bands coupled to the ground band. 

In summary, we have found additional even
spin and odd-spin superbands lying above the 
well known superband which produces the back-
bend for the yrast states. We have observed 
the i ntersect'i on of the y band with all three 
superbands and this provides evidence that all 
these superbands consist of two quasi neutron i13/2 
bands coupled to the quasiparticle vacuum (ground 
state) . 
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153 MeV 611 SCATTERING TO ISOSCALAR GIANT QUADRUPOLE RESONANCES· 

K.T. Knopfle,t G.J. Wagner,t P. Doll, D.L. Hendrie, and H. Wieman 

Inelastic 6Li scattering on 12C, 14N, 160, 
40,44,48Ca 90Zr and 118Sn has been studied 
using the i53-MeV 6Li beam of the LBL 88-inch 
cyclotron. Spectra (Fig. 1) taken with dE-E 
telescopes clearly show in all nuclei, except 
12c,1 the existence of an isoscalar giant 
resonance (GR) the location of which agrees with 
that of the isoscalar giant quadrupole resonance 
(GQR) as identified by inelastic a scattering. 
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Compared to other A<,4 hadron scattering data 
these spectra, however, reveal a strongly improved 
peak to continuum ratio in the GR region2 and the 
shape of the continuum resembles that observed 
in heavy-ion scattering. 3 The experimental 
angular distributions of the GR's show a distinct 
diffraction pattern which is much better developed 
than at E(6Li) = 74 MeV4 and which agrees well 
with L = 2 DWBA fits. Centroids and widths of 
the up-to-now unexplored GQRs in 44,48Ca exhibit 
a most interesting behavior: the GQR centroid 
esergy <Ex> decreases much

4
IUore qui ck ly from 

4 Ca «Ex> = 17.9 MElV) to 4Ca«Ex > = 16.8 MeV) 
than expected (~A-1/3) and the width increases 
from 3.4 MeV to about 5.2 MeV. In 48Ca, however, 
the centroid energy and the width are nearly 
identical with those in 40Ca. 

All spectra exhibit additional broad 
structures around Ex~30 to 40 MeV which fall 
within the kinematic limits (arrows in Fig. 1) 
of the [6Li,hi* (7.5,~9.6 MeV) -+ 6Li+nJll and 
[6Li,7Be* (7.2, -9.3 MeV) -+ 6Li+PJ break up 
processes. 

Figure 2 shows a 24Mq(6Li,6Li') spectrum 
taken at 4.40 with the magnetic spectrograph 
in comparison with 24Mg(a, a') data5 (inset) 
after subtraction of a large a-continuum. The 
good agreement of both spectra confirms the 

~ conclusion from the data of Ref: 5~ i.e., the 
-- -~~ . -~~-----fa~t-of-an-extremely-strong- S[l htt-l ng-of-the~--~-

6 ~ giant quadrupole strength in 24Mg. 

60 40 20 0 
Ex (MeV) 

Ul 
4 s: 

::> 
2 8 

10 

5 

Fig. 1. Spectra 9f 6Li particles scattered 
inelastically by 14N, 160, 40,44Ca and 90Zr at 
153-MeV incident energy. (XBL 789-11112) 
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with the magnetic spectrograph, compared with 
24Mg(a,a') data b (inset) after subtraction of a 
large a-continuum. (XBL 789-11113) 
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THE NEW BERKELIUM ISOTOPE-242Bk 

K.E. Williams and G.T. Seaborg 

A new isotope of berkelium, 242Bk, has 
been produced with a cross section of ~10 wb 
in reactions of boron on uranium and nitrogen 
on thorium. It decays by electron capture with 
a half-life of 7 + 1.3 minutes. The alpha branch
ing ratio for this isotope is less than 1% and 
for spontaneous fission is less than 0.03%. 

Evidence for a short-lived (<10 min) component 
in the curium Kcq and KQ',2 x rays was found in 
the first experiment, 2j5U{11B,xn)~46-XBk, even 
though the time from the end of bombardment to 
the detector was ~25 minutes. Subsequent bombard
ments using a shorter chemistry confirmed this 
component as havi ng a tl/2 = 7~1. 3 mi nutes. A 
typical decay curve is shown in Fig. 1. The 
short-lived component stands out quite strongly 
and is easily resolved from the longer-lived 
activity of 243Bk (tl/2 = 4.5 hours). 

The excitation function for this activity 
from lIB + 235U, shown in Fig. 2, agrees quite 
well in peak energy and widt~ (FWHM = 5 MeV) 
with the Alonso calculations for the 4n reaction. 
The experimental cross section of ~10 + 2 wb, 
however, is approximate 1 y a factor of 20 below 
that calculated. 

As a further check on the mass number and 
the cross section for production of this 7-minute 
activity. 232Th was bombarded with 15N. Once 
more, the experimental FWHM (10.1 MeV) and peak 
energy agree well with the calculations for the 
5n reaction, but the cross section (9 + 1 wb) 
is again ~25 times lower than predictions. 

One of the best ways to confirm the mass 
number (and Z) of an isotope is to identify 
positively its daughter in the original parent 
chemical fraction. While long term alpha counting 
of the various berkelium fractions gave hints 
(i.e., 7 counts eXQected in 4 days, 6 seen) of 
the presence of 242Cm, the electron capture 
daughter of 242Bk, it was decided to milk a number 
of separate bombardments-for-the-242em-daughter-.--
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Fig. 1. Decay of curium Ka1 and the Ka2 x rays 
from a berkelium sample from the reaction 
lIB + 235U. (XBL 786-1078) 



A total of twelve 25-minute bombardments was 
carried out using lIB on 235U at 59.5 MeV. 
Berkelium was immediately separated (~4.5 minutes 
from end bombardment) from the dissolved 
aluminum catcher foil and the final berkelium 
fractions for each run were pooled. A day or 
so later, 244Cm tracer was added and a curium 
fract i on was removed fl'om th is combi ned berke 1 i um 
fraction. From the amount of 242Cm present, 
a cross section for 242Bk of 9.3 + 1.5 ~b was 
found, in excellent agreement with the direct 
measurement of 10 ~ 2 ~b. 

Table 1 lists the various target/projectile 
combinations and the beam energies used to produce 
242Bk as well as the pxn and axn products, curium 
and americium, respectively, and Table 2 summarizes 
the cross sections observed. 

Since it now appeared that the cross sections 
for the compound nucleus, xn reactions, were 
indeed much lower than expected, the question 
was raised as to what products were being pro
duced It was decided to examine-rne pxn and axn 
products, curium and americium respectively, pro
duced directly in the same reaction and at the 
same energies used to produce 242Bk. 

In 1967 Fleury et al. 2,3 measured the 
~roduction of 240Cm and 242Cm from 10,11B on 
38U. They interpreted the excitation functions 
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Fig. 2. Experimental excitation function for 
the reaction lIB + 235U. The solid curve 
represents the Alonso-calculated cross sections 
lowered by approximately a factor of 25. 

(XBL 786-9223) 
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Table 1. Summary of bombardments. 

Lab Energy 
System Reaction (MeV) Product(s) 

lOB + 238U 

lOB + 238U 

lOB + 235U 

11B + 235U 

5n,4n 

6n 

p7,5n 

4n 

4n 

4n 

p5,3n 

a4,3,2n 

14N + 232Th 4n 

p5,3n 

a2n 

15N + 232Th 5n 

60 

67 

67 

52-60 

55-65 

60 

60 

60 

77 

76-93 

243,244Bk 

242Bk 

240,242Cm 

none observed 

242Bk 

milked 242Cm 

240,242Cm 

238,239,240Am 

242Bk 

240,242Cm 

240Am 

242Bk 

Table 2. Yield of pxn and axn products. 

Target/ Energy Product Reaction Cross 
Section Projectile (MeV) 

11B + 235U 60 242Bk 4n 

lOB + 23BU 67 

14N + 232Th 77 

243Bk 

242Cm 

240Cm 

240Am 

239Am 

23BAm 

242Bk 

242Cm 

240Cm 

242Bk 

242Cm 

240Cm 

240Am 

3n 

p3n:242Bk ~ 

242Am£ 

p3n: 242Am £.. 
pSn 

a2n 

a3n 

a4n 

6n 

p5n ; 242Bk it. 
242Aor .£.. 

69 Ilb 

0.035 Ilb 

1500 Ilb 

410llb 

<1.6Ilb 

8.9 Ilb 

60llb 

pSn:242Am £ 51 Ilb 

p7n 0.12 Ilb 

4n 0.48 Ilb 

p3n: 242Bk'~ 1.00 Ilb 

242Am L 
p3n: 242Am .£.. 0.S2 Ilb 

p5n 0.055 Ilb 

a2n 200 Ilb 
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to be due to a compound nucleus mechanism. 
Presumably, 242Bk and 240Bk were produced which 
then decayed to their curium daughters (prior 
to the chemical separations). The cross sections 
they reported were significantly higher than 
those measured in thi s work for 242Bk. It di d 
not seem reasonable that cross sections as high 
as several hundred microbarns for 242Cm could 
have come only from the decay of 242Bk. Indeed, 
this work has shown that such is not the case. 
Only a small contribution to the curium cross 
section comes from the decay of berkelium. The 
primary yield of 242Cm (and presumably 240Cm) 
h?s been ~hown to be due to either direct produc
tlon of 2 2Cm (240Cm) or to the evaporation of 
a proton and 3(5) neutrons from the compound 
nucleus. The latter seems extremely unlikely due 
to the high Coulomb barrier to charged particle 
emission from a nucleus with a Z as high as 97. 

This work further demonstrates the high yield 
of pxn and axn products in heavy ion reactions 
in the actinide region. The reaction showing 
the highest yield is the a2n followed by the 
a3n. Again, it is unlikely that these products 
resul t from alpha evaporat i on, but rather, they 
are most probably the result of direct formation. 
To this effect, Hahn et al. 4 have demonstrated 
that the axn products from 12C + 239pu are indeed 
the result of a transfer mechanism rather than 
a compound nucleus (with subsequent particle 
evaporation) mechanism. They found, as well, 
in agreement with the present work, that the 
yield of a2,3n products are equal to or higher 
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than the 2-4n compound nucleus product. Actua "Y. 
this is not too surprising since the probability 
of neutron emission to fission (rn/rf) is so 
highly Z dependent~ The pxn and xn products 
have ZI S lower than the xn products and, therefore, 
higher rn/rf ratios. While more compound nuclei 
mav be formed initially, few of them are able 
to' survive fission competition due to their lower 
rn/rf ratios. 

These findings point out the dangers in 
assumi nq that the yi el ds ofaxn and/or pxn 
products in the actinide region are negligible. 
While charged particle evaporation most certainly 
is of little consequence, one cannot neglect 
the production of the same products by a direct 
mechanism. Before a new element or isotope may 
be claimed, therefore, it must be shown that 
such directly produced products are not 
responsible for the new observations. 
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THE PRODUC-rION OF TRANSPLUTONIUM ELEMENTS INHEAVY~ION~REACTIONS-------~---~· 
WITH URANIUM TARGETS 

P.A. Baisden and G.T, Seab~rg 

Experiments have continued to investigate 
the possibility that deep inelastic collisions 
may result in the synthesis of very heavy elements 
in heavy ion reactions with heavy targets. The 
extent of mass transfer from the projectile to 
the target nucleus was studied by radiochemically 
measuring the production of transplutoni~m elements 
in the reaction of 40Ar 48Ca, 86Kr and 136Xe 
with thick, enriched 238U targets. The production 
and survival of isotopes of Es, Fm and Md were 
of particular interest since their presence would 
indicate that fairly large mass transfers had 
occurred at relative low excitation energies. 

After irradiation chemical separations were 
performed on the targets which included standard 
cation and anion exchange column and precipitation 
techniques. The procedure, which has been 
previously reported,1 included steps for the 
rapid removal of a-emitting nuclides below the 
target which were formed either directly in the 

reaction or were present as a result of decay 
chains. In some cases an a-hydroxyisobutyrate 
cation column was added which served to separate 
Es, Fm and Md, A summary of experimental 
conditions is given in Table 1. 

The cross sections for the isotopes observed 
in these reactions are given in Table 2. Also 
listed in the table are upper limits which were 
calculated for several short-lived transcalifornium 
isotopes. Within experimental error the cross 
sections obtained for the curium isotopes and 
246Cf for the 40Ar and 136Xe reactions agree 
with those reported by Wolf et al. 2 Even though 
the incident energy in the 40Ar + 238U reaction 
carried out by Wolf et al. was some 50 MeV lower 
than that used in our experiments, we did not 
see any notable difference in the measured cross 
sections. A similar observation can be made 
when comQaring the cross section for the produc
tion of 254Cf in the reaction of 238U with 136Xe 



Table 1. Summary of irradiations with 238U 

EL(lab) Vcb(lab) Total Beam Range 
Projectile MeV MeV Particles (mg/cm2) 

136Xe 

48Ca 

40Ar 

1150 

731 

404 

340 

707 

432 

226 

202 

3.2 x 1015 

8.3 x 1014 

7.2 x 1015 

1. 3 x 1015 

1. 2 x 1015 

3.4 x 1015 

ions at three different bombarding energies as 
shown in Table 3. 

20 

23 

30 

28 

The calculated upper limits for the short
lived, high Z transfer products are consistent 
with cross sections or upper limits reported 
for the lQnger-lived isotopes by Wolf et al. 
for the 1j6Xe + 2j8U reaction at the same bombard
ing energy. In the same reaction at an incident 
energy of 7.5 MeV/A, no isotopes with Z> 98 
were observed by Kratz et al. with beam intensities 
of the order of 101, particles/sec. 5 With increas
ing number of transferred protons, the cross 
sections for these transfer products falloff 
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Table 3. 136Xe + 238U reaction to produce 254Cf 

C5 MeV MeV/A Reference 

254Cf 

254Cf 

254Cf 

2 x 10-34 

6 x 10-35 

840 

1020 

1.7 x 10-34 1130 

6.2 

7.5 

8.3 

3 

4 

2 

Qualitatively in the context of a transfer 
reaction, the observed decrease in cross section 
with increasing 6Z above the target can be under
stood in terms of a number of factors. First, 
from counter-telescope studies of heavy ion reac
tions it has been shown that the probability of 
charge (mass) transfer decreases with increasing 
proton transfer. 6 It has been further shown 
that the transfer of charge and the dissipation 
of the initial kinetic energy occur simultaneously. 
In the language of a diffusion model, mass transfer 
and energy dissipation are relaxation processes 
with the mass transfer being the slower of the 
two. Thus on the average a product which is 
formed as a result of a large proton transfer 
will be produced in a highly excited state. 
The probability of its survival is expected to 
be diminished due to increased fission competition, 
particularly if the final product is a very heavy 
element such as an actinide. 

quite rapidly. Our inability to observe products A direct comQarison of our measured cross 
that require a transfer of greater than six protons sections for the 86Kr induced reaction and those 
appears to be limited by low cross sections and of Wolf for the 84Kr induced reaction is not 
the available beam intensity. possible due to the differences in the mass-to-

Table 2. Cross sections for production of selected transplutonium elements 

Isotope T1/2 40Ar 48Ca 86Kr 136Xe 
(cm2) ( cm2) (cm2) (cm2) 

240Cm(a) 27 d 5.1:!:0.3 x 10-31 2.1+0.3 x 10-31 6.4+0.2 x 10-31 3.7+0.3 x 10-32 

242Cm 163 d 1.95~0.04 x 10-29 4.7+0.5 x 10-30 8.53+0.04 x 10-30 2.3+0.1 x 10-30 

243-244Cm 24 y 2.5,:0.3 x 10-29 4.0+0.4 x 10-29 1. 9+0.3 x 10-29 6.0+0.3 x 10-30 

246Cfa 36 h 1.8+0.3 x 10-32 1.5+0.6 x 10-32 3.0+0.4 x 10-32 8.9+0.8 x 10-33 

253Es 20.5 d <1 x 10-32 <4 x 10-32 <3 x 10-32 <2 x 10-33 

254mEs 39 h <9 x 10-34 <4 x 10-33 <2 x 10-33 <4 x 10-33 

256Es 37.6 h <1 x 10-34 <5 x 10-34 <4 x 10-34 <6 x 10-34 

254Fm 3.24 h <2 x 10-34 <6 x 10-34 <5 x 10-34 <9 x 10-34 

256Fm 2.6 h <8 x 10-34 <3 x 10-34 <3 x 10-34 <5 x 10-34 

256Md 77m <1 x 10-34 <5 x 10-34 <4 x 10-34 <1. x 10-33 

(a)Isotope identification checked with half-life measurement. 
Upper limits were calculated assuming 1 atom produced. 
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charge ratios for the respective composite systems. 
On the basis of counter studies of deep inelastic 
collisions it has been shown that the A/Z ratio 
is equilibrated on a very fast time scale. much 
faster than the time required for mass transfer. 
As a result, the A/Z ratio of the composite system 
is reflected in the final products. Thus a 
reaction with a high A/Z ratio favors the produc
tion of more neutron rich products with the other 
factors, such as excitation energy and angular 
momentum, being the same. With respect to the 
A/Z ratios, the reactions we have studied fall 
into two classes. The first class, which 
represents relatively low mass to charge ratios, 
includes the 40Ar and 86Kr induced reactions. 
For these reactions the maxima in the measured 
isotopic distribution for the curium isotopes 
occur roughly at the same mass number. For 
the second class, due to the relatively higher 
A/Z values for the 48Ca and 136Xe induced reaction, 
the isotopic distribution for curium isotopes 
are displaced toward higher mass number. 

On the basis of this work it seems unlikely 
that the multi-nucleon transfer process will 
lead to the production of new elements with detec
table cross sections with A .;; 136 projectiles 
on uranium targets. This is a direct consequence 
of the magnitude of energy transfer required 
for the necessary mass transfer and the high 
fissility of these elements. However, in principle 
lower excitation energies can be achieved in 
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deep inelastic collisions, as opposed to compound 
nucleus reactions, due to a finite probability 
that in some collisions sufficient mass transfers 
will occur in which only a small amount of the 
initial kinetic energy is damped into internal 
degrees of freedom. However, the consequence 
of angular momentum may considerably reduce the 
probability of survival even if the product is 
formed in a relatively cold state. 
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ISOMERIC STATES IN 212Bi* 

P. W. Baisden, R.E. Leber, M. Nurmia, J.M. Nitschke; M:MichJK ana A~ Gniorso 

During a search for superheavy elements 
via the reaction of 48Ca with 248Cm we discovered 
several alpha lines around 10 MeV with a half
life of 25 ± 1 min. 1 In addition, a line at 
11.66 MeV was observed and found to contain 
a longer-lived component of 9 ± 1 min in addition 
to the expected 45-sec half-life of 212mpo.2 
Both activities could be produced by the bombard
ment of 208Pb with 40Ar, and also from 238U 
with a variety of projectiles such as 40Ar, 
48Ca and 136Xe. 

A spectrum of a source obtained by irradiating 
238U with 40Ar followed by electrolytic dissolution 
and extraction of the Bi-Po-At fraction into 
diphenylthiocarbazone-CC14 at pH 2.5 is shown in 
Fig. 1; the doublet at 6.3 MeV was found to 
decay with the same 25-min half-life as the 
group at 10 MeV. 

The 25-min activity was found to follow 
the chemistry of Bi through the technique of 
residue adsorption or chemisorption3 and its 
mass number was found to be 212 in three isotope 

48Ca + 238U 
Bi, Po, At fraction 

10.105 
10.2~0 

100 L..L ........ -~-......... -~.....,8---9.illWLJ.LJ1~IOJW..L-~....L.Jl....JI 

~E(MeV)-

Fig. 1. Alpha spectrym of the Bi, Po and At 
fraction from 48Ca + /::38U. Geometry 20%, reso
lution, FWHM = 25 keV. (XBL 783-332) 



separation runs made with chemically separated 
samples using the LBL Isotope Separator. Our 
studl'es indicate that this isomeric state, 
,I,m Bi, decays both by alpha emission to 208Tl 
and by beta emission to excited levels in 212Po, 
followed by the emission of "long-range" alpha 
particles to the ground state of 208Pb. 

The f~ct that an isomeric state should 
exist in 21'Bi is suggested by analogy with 
the 9-isomeric state in 2106i.4-7 The con
figuration of 212Bi, (TIh9/2)(v99/2)3, differs 
from that of 210Bi, (nh9/2)(V99/2), in that 
21'Bi has two additional 99/2 neutrons. Shell~ 
model studies have been carried out on the 
ground state and low-lying states of the config
uration (TIh9/2) (V99/2) of 2106i by Kim and 
Rasmussen. 8 Their calculations, which are 
in excellent agreement with the experimental 
observations of Motz et al.,9 indicate the 
level responsible for the isomeric state is 
a 9- state located at 268 keV. Therefore, 
we suggest an analogous 9- spin for the isomeric 
state in 21Zm16i. 

Detailed shell-model calculations of the 
excited levels of 212po have been made by several 
authors. In one such calculation Glendenning 
and Harada, allowin9 for confi~uration mixing, 
predicted a state wlth JTI = 18 to explain 
the 45-second 212mPo.10 Their results also 
indicate the possibility of another isomeric 
state J = 10-12 at an excitation energy of 
1.2 MeV. On the other hand, calculations by 
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activity away from our sources while the 9-min 
and 25-min activities remained. 

In their discovery work on 212mpo, Perlman 
et al. 2 irradiated a lead oxide target with 
l16-MeV 116 ions and separated a Po fraction 
by a combination of volatilization and cation 
exchange. They found that ratio of the 21 Po 
and 21zmpo activities was not changed by the 
chemical procedure if the latter was assumed 
to have a half-life of 45 seconds; this appar
ently rules out the possibility that the 9-m~n 
ute activity is another isomer in 212po feedlng 
the 45-second state. It is also difficult 
to postulate a second isomer in 212po that 
would decay into the known 2l2mpo and yet have 
the required long half-life against alpha decay. 

The remaining possibility, that the 9-min 
activity is another isomeric state in 2126i 
which beta decays into 212mpo, appears quite 
plausible. If one breaks the pair of 99/2 
neutrons in 2126i and recouples the four particles 
outside the 208Pb core to maximum spin, a 15-
state is obtained. 12 We consider this state 
in 212Bi the most likely explanation of the 
9-min activity; a consequence of this assignment 
would be that the spin of 21Zmpo would be 16 
as suggested by Auerbach and Talmi.11 A decay 
scheme of the two isomers is shown in Fig. 2. 

In conclusion we have shown evidence for the 
existence of two isomeric states in 2126i. Since 

Auerbach and Talmi, assumi ng no confiquratl' on Q.l9m >07 _~' 
mixing, indicate a spin of 16 for 2 ;::mpo.1 "00% ~~6:145s 290' 

Likewise, their calculations also suggest a !~-i60'60~ Z 
second isomeric state, however, of lower spin, f 212, ,,~~% '6.6 

around J = 8-10. 0< 81 (3- "- ( ~==:t1~46 
36% 64"10 ........ 1. ~_: I 35 

I t ' , b 1 t t'h t ' ~ 0 '2246 ')I iI3 

the-firs~se~~n~~ast~te °o:s~H~~b i~ 2:~n~~V_-_~------------ .... - ------0:·'6.2-07---- ~~~ -~-
0. 0.305" 0 above the ground state, the lO-MeV group decays " 

to the. ground state of 208Pb. This would place .:.-% jJ. 212po 

the levels in 212po responsible for the lO-MeV ~ 
transitions at an excitation energy of 1.1 
to 1.5 MeV. These levels are consistent with 
either of the shell-model calculations mentioned. 

As a test for the assumption of a 9- isomeric 
level in 2126i, one would expect a log ft value 
of 6-9 (first forbidden transition) for a beta 
decay from a 9- to either an 8+ or 10+ state 
in 212Po. In view of the possibility of gamma 
decay the ratio of alpha transitions from the 
9- state yields a lower limit of 7% for the 
beta branch to 212po. The resulting UpPer 
limit of 6.8 for the log ft value is then com
patible with the spin assignment of 9- for 
212m1Bi. 

We were unable to obtain a definite elemental 
or mass assignment of the 9-min activity in the 
chemisorption and isotope separation experiments 
but we did find out that it is coprecipitated 
with CuS from an acidic solution. Since our 
48Ca + 248Cm work showed that it is genetically 
related to the 45-sec 212mpo it c~uld, in 
principle, be an isomer in 2i2At, . 12po or 212Bi. 
The first possibility was eliminated when we 
observed that we could volatilize the 211At_211po 

0 ... '8.954 

6.30 (1¥43) " 180 
0.0399 6.34("'57)1:200 

'Ttl PBy3m 0 

208 T1 \ 
/.l-

0".'4.992 \ 

o. 

208Pb 

Fig. 2. Tentative decay scheme for isomeric 
states in 2126i. Relative alpha intensities 
are given in parentheses after the alpha energies. 
Other pertinent information shown, which was 
not explicitly determined in this work, was 
taken from Ref. 13. (XBL 783-330) 



these isomers are made in a variety of heavy 
reactions with heavy targets, the high energy 
alpha particles associated with their decay 
may be present in experiments aimed at the 
synthesis of superheavy elements. The possibility 
is accentuated by the fact that Bi is a homolog 
of element 115 and will follow the chemistry 
of the eka-Pb group of the superheavy elements. 
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PRODUCTION OF 2~SI11PU FISSION ISOMER AND 234PU IN THE REACTIONS 
(y. + 233U and ~He + 234U 

L.P. Somerville, M.J. Nurmia, A. Ghiorso and G.T. Seaborg 

The known spontaneous fission isomer 235mpu 
has been produced in bombardments of 3He + 234U 
at the 88-inch cyclotron. An annular detector 
concentric with the 3/16-in. diameter target 
and located 4 mm downstream from the target was 
used to detect spontaneous fissions from recoils 
decaying in flight (Fig. 1). By fitting the 

DECAY IN FLIGHT 
234U + 3He _ 235mpu + 2 n 

r Mica spontaneous fission track detector 

3 I", "', . I 
He 0___ ,. J!?-~ ---:J 

,,," .. .,! ~ Faraday cup 

Fig. 1. Experimental setup for measuring spon
taneous fissions from recoils decaying in flight. 

(XBL 784-689) 

calculated radial track distributions, assuming 
compound nuclear recoil velocity, we are able 
to estimate, very roughly, the half-l ife for 
this isomer to be 23 ns from the a + 233U bom
bardment and 10-27 ns from the 3He + 234U bom
bardments. The cross section forproduction of 
this isomer is ~137 nb for 36.1 MeV a + 233U, 
assuming a calculated 15% geometry for detection 
of a spontaneous fission event. This result ;s 
within 10% of previous work. 1 In a calibration 
experiment we had produced the well-known 
3.8-ns fission isomer 240mpu in the reaction 
238U(a,2n) 240mpu and found excellent agreement 
between the calculated and observed radial track 
distribution and number of events. 

An excitation function (Fig. 2) has been 
measured for the reaction 21.5-31.4 MeV 
3He + 234U (99% pure) with 0 = 46 nb at the 
maximum. Identification of this activity as 
235mpu in the reaction 3He + 234U is based 
primarily on the flat excitation function, 
characteristic of the direct reactions observed 
in other bombardments of 3He + ~07Pb and 
3He + 181Ta. 2 In the direct reaction mechanism 
it is assumed that the two protons amalgamate 
with the target and the neutron flies on. 
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Fig. 2. Excitation function for production of 
235mpu and 234Pu in the reaction of 3He + 234U. 
The left scale refers to the 235mpu cross section 
in nb, the right one to 234pu in mb. (XBL 788-1650) 

A second neutron mgy then be evaporated. In 
the case of a + 233U the ~23-ns half-l ife obtained 
is close to the previous measurement of 30 ns 
for 235mpu1 (Fig. 3). Furthermore, Lark et al. 3 
have established low upper-limit cross sections 
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Fig. 3. Radial track distribution on mica 
taking the number of tracks in uniformly spaced 
concentric rings around the target for the 
reaction 36.1 MeV a + U. (XBL 7180-11516) 
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for groduction of fission isomers of 234-235U 
and 233-236Np isotopes, which might be produced 
here in non-compound nucleus reactions. In 
a bombardment of 23.2-MeV 3He + 233U an upper 
limit of 2.6 nb was estimated for spontaneous 
fission activities with half-lives between 
10 ns and 1 ~s. Since 235mpu would have to 
be proouced in a (3He,n) reaction with low 
probgbility, this result supports the assignment 
of 235mpu for the fissions produced in the 
a + 233U and 3He + 234U bombardments. 

The half-life measurements are very rough 
due to the continuous spread of recoil velocities 
from thick 233U and 234U tarqets. in most cases 
thicker than the compound nucleus recoil range. 
Recoil ranges were calculated using the empirical 
formulas of Liukkonen et al. 4 

The prompt fission cross section was also 
measured for each of the 3He energies by measur
ing the number of fissions in mica facing the 
target. At the peak of the excitation curve 
the ratio of isomer to prompt fission cross 
sections was found to be 1.9 ± 0.7 X 10-7, 

During some of the 3He + 234U and a + 
233U runs we proved that the fissions were 
not due to target material sticking to the 
mica and fissioning under the intense neutron 
flux. We proved this by using mica to measure 
the number of neutron-induced fission events 
from glpha decay calibrated samples of Z34U 
or 233U exposed to the same neutron flux. 
Then by measuring the alpha decay rate on the 
mica surface at the end of the experiment 
(usually 0-1 ct/min) we found that possible 
neutron-induced fission of uranium stuck to 
the mica could not account for the number of 
fissions we observed. To prove instead that 

~-}~~g~-i s i~g~ \~:njH~t:~m2~~5°~-~~c~~~~~j~~}iaced---
a thin 30-~g/cm2 aluminum stopper foil over the 
target. The foil was selected just thick enough 
to stop the recoils. We observed 5% of the number 
of fission as were observed without the foil. 

The excitation curve for the 234Pu ground 
state was also measured by catching the recoils 
in a thin 50-~g/cm2 carbon foil and measuring the 
alpha spectrum from the foi 1 in ~21f geometry. The 
yield at the peak energy was found to be only x2 
lower than the 1.2 mb result predicted by JORPLE 
code. If 234Pu has a fission isomer in the 
nanosecond region, these experiments allow 
us to quote an upper limit for 234Pu isomer 
to ground state ratio of Oi/Og ~ ~2 x 10-4• 

References 

1. Yu. P. Gangrsk i i et a 1., Atomnaya Energi ya 
33(4), 829-833 (1972). 

2. N. E. Scott et al., Nucl. Phys. A 119, 
131-145 (1968). 

3. N. L. Lark et al., Nucl. Phys. A 139, 481-
500 (1969). 

4. E. Liukkonen et al., Nucl. Instr. Methods 
125, 113-117 (January 1975). 



,.) :J .) 
41 

A NEW METHOD FOR CALU3RATING THE PULSE HEIGHT DEFECT 
IN SOLID STATE DETECTORS· 

J.B. Moulton, E.J. Stephenson,t R.P. Schmitt, and G.J. Wozniak 

As the capability of heavy ion accelerators 
expands to include heavior and heavier nuclei 
at ever greater energies, a greater need develops 
for ac~urate calibration of the energy and 
mass non~linearity of solid-state detectors. 
These non-linearities are defined relative 
to the detector response to alpha particles. 
In general terms, the pulse height defect (PHD) 
is the difference between the detector response 
to a heavy ion and to an alpha particle of 
the same energy. 

In the present work we present PHD measure
ments made at Lawrence Berkeley Laboratory's 
88-inch cyclotron. These measurements cover 
a larger mass and energy range than previously 
reported work and use a direct irradiation 
technique that avoids some errors inherent 
in recoil scatter measurements and that provides 
fragments with unit atomic number and mass 
resolution. 

Since the cyclotron can be tuned very 
precisely to select one value of the charge
to-mass ratio, it provides just one specific 
isotope at a time to the experimental area 
in nearly all cases.! The extremely low back
grounds obtained for several Au beams are illu
strated in Fig. 1. 

To obtain such heavy ion beams, a Penning 
____ LQtLGauge (PIG) source was fed with a mixture 

of noble gases (Ne, Ar, Kr, Xe). In addition, 
either Au or a combination of rare earths was 
mixed with Ta and used in the ion source as 
a mixed pellet at the edge of the ion discharge, 
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Fig. 1. Pulse height spectrum of counts vs 
energy for Au7+, Au9+, Au11+, and Au13+ beams. 
Note the near absence of background events. 
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opposite the anode opening. In this way many 
charge states of elements over a large mas~ . 
range were produced by the ion source and lnJected 
into the cyclotron. Tuning of the cyclotr9n 
frequency, the dee voltage and electrostatlc 
deflector voltages allowed quick selection 
of a particular isotope and charge state. 
Low intensity beams of 45 different ions were 
accelerated and extracted from the cyclotron 
during a typical 16-hour run. Typical beam 
currents ranged from tens to thousands of 
particles per second impinging on the detector. 
Ion energies from 5 to 160 MeV were achieved, 
without exhausting the potential of the machine. 

Because the cyclotron parameters are known 
for each ion and because no intermediate scatter
ing in a target occurs, the true energy incident 
at the detector is known quite accurately. 

The pulse height response of the detector 
to alpha particles was measured using a thin 
212Pb source, which emits two alpha particles 
of substantially different energies in its 
decay chain. This calibration was extrapolated 
to higher energies using a mercury pulser. 
The alpha particle calibration defines an "alpha 
energy," E , for the centroid of each spectrum. 
The true t8tal energy, ET, minus the energy 
loss Ew of the heavy ion in the detector window, 
yields the "deposited energy," Ed. The PHD 
is then· defi ned--as--the-dif-ferenee--between~the--· 
deposited energy and the alpha energy: 

PHD = (ET - Ew) - Ea ~ Ed - Ea (1) 

The accuracy of the PHD data is limited 
by the accuracy to which three different quantities 
can be measured or calculated: the total ion 
energy eT, the "alpha energy" EQ\' and the energy 
loss in the surface dead layer two ~xperience 
with measuring the absolute energies of beams 
from the 88-inch cyclotron using a magnetic 
analysis system3 has lead to an upper limit 
on the error of ET of ±O.5%. The accuracy 
of Ea depends on the measurement of the energy 
centroids of the two alpha particle peaks and 
the extrapolation to higher energies with a 
linear pulser. The error in this extrapolation 
has been estimated to be ±O.36% of Ea. The 
error of Ew arises from the uncertainties in 
the dead layer thickness and in the range-energy 
relations.4 The error of Ew has been estimated 
as ±2.5% of Ew based on the reproducibility 
of the dead layer measurements. The window 
correction is comparable to the PHD only for 
lighter masses, and in all cases makes only 
a negligible contribution to the PHD error. 
The net uncertainty in the PHD is less than 
the size of the data points shown in Fig. 2. 
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PHDs have been measured for elements ranging 
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a(Z) ~ 0.02230(~~3) + 0.5682 
(3) 

a(A) = 0.03486(A24) + 0.5728 
. 10 

(4) 

Using one of these correlations for the 
a parameter, a value of intercept, b, can be 
calculated from the measured PHD and the deposited 
energy (Ed) according to the following equation: 

(5) 

With the exception of the lightest elements 
(Ne and Mg), where the PHD is very small and 
the percent error is large, the calculated 
intercepts are accurately represented by a 
straight line. The fitting equations are 

bIZ) = -0.1425(~) + 0.0825 , 
(6) 

b(A) = -0.2840(~) + 0.0381 • (7) 

The slope and the intercept calculated from 

from N e to Au, for en er g i e s fr om abo ut 5 to 0 . 8r---r----r---r--.--,--,--r---r---,----,-,---.----:?f---"l 
160_MeV._J:he~~HD~datLfoLonLcounteLjLsho_wn_~ ____ ~~ _______ ~ __ ~ ____________ _ 
in Fig. 2 in MeV units and log-log format. 
Two important features should be noticed: 
that log PHD is linear with log Ed for each 
element, and different elements lie on different 
lines. The four long solid lines represent 
linear least-square fits to the Au, Ta, Xe 
and Kr data. The good agreement with the data 
reveals the utility of a simple power-law fitting 
function: 

(2) 

where a is the slope and b is the y-intercept 
of a plot of log PHD vs log Ed. Both the slopes 
and the intercepts increase with atomic number 
(Z) and a typical value for the slope is 0.6. 

Since the data for each element cluster 
on separate lines, it is desirable to have 
a procedure for mathematically generating cal
ibration lines for all elements from lines 
measured for just a few. This has been done 
by fitting the slope and intercept parameters 
of Eq. (2) to simple functions of the atomic 
number (Z) and mass number (A). Figure 3 shows 
linear fits of the slope, a, to the square 
of Z and A for the Au, Ta, Xe and Kr data shown 
in Fig. 2. The fitting functions are: 
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Fig. 3. Measured values of the parameter a 
[of Eq. (2)1 for Au, Ta, Xe and Kr, plotted 
Vs Z2 and AZ. Lines are linear least-square 
fits to the data with equal weights. 

(XBL 783-7427) 
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Eqs. (3) or (4) and (6) or (7) can be used 
in Eq. (2) to compute the PHD for any element. 

As a test of the scheme, the PHD lines 
were calculated from Eq. (2) for the remaining 
elements in Fig. 2. The slope and intercept 
were calculated from Eqs. (3) and (6). The 
results, shown by the short lines in Fig. 2, 
provide good agreement with the observed PHD. 
This calibration scheme is valid for elements 
from Ne to Au and energies from 5 to 160 MeV. 

Footnotes and References 
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B. NUCLEAR REACTIONS AND SCATTERING 

1. Microscopic 

SYSTEMATIC STUDY OF COULOMB ABSORPTION IN HEAVY ION SCATTERING* 

p, DolI,t A,J. Baltz,t M, Bini,§ D,l, Hendrie, S.K, Kauffmann, J, Mahoney, A, Menchaca~Rocha,1I D,K, Scott, 
T,J,M, Symons, K, Van Bibber, V,P, Viyogi,~ and H. Wieman 

Recent investigations of elastic scattering 
of heavy ions, with sufficient resolution to 
separate the ground state from low-lying target 
and projectile states, reported a strong damping 
of the elastic scattering cross section below 
the Rutherford val~e even at angles smaller than 
the grazing angle. 1,2 We present a systematic 
investigation of 20Ne scattering on 148,150,152Sm 
below the Coulomb barrier to study deviations 
from pure Rutherford scattering as a function 
of the deformation of the target nucleus, and 
to test an analytical Coulomb absorption model,3 
which was derived to overcome time consuming 
coupled channel calculations. 

The measurements were perfot'med with a lO-MeV 
20Ne4+ beam from the 88-inch cyclotron; scatter
ed 20Ne particles were detected in the focal 
plane of the QSD magnet spectrometer by Borkowski
Kopp type position detectors and an ionization 
chamber measuring the residual energy loss. 

The spectrometer was operated with a solid 
angle of 1 msr typically. Under these conditions 
the energy resolution was sufficient to resolve 
the 551 k~V 2+ state in 148Sm, the 334 keV, 2+ 
level in 150Sm~ and at a few angles the 122 keV, 
2+ level in 15~Sm (see Fig. 1). A peak fitting 
procedure was applied to all spectra, and errors 
in the cross sections represent uncertainties 
in this procedure. Systematic effects due to 
energy dependent charge state distributions were 
measured up to 800 in the laboratory system and 
extrapolated to be 5% for backward angles. 

Position spectra from the focal-plane detector 
taken at 900 and 1400 in the laboratory system 
are shown for the different target nuclei in 
Fig. 1. A comparison with energy spectra taken 
at the most forward angles shows an increasing 
enhancement of the inelastic yields when approach
ing the backward angles, which become larger 
than the elastic yield for the15~Sm target. 

In Fig. 2 we compare the measured angular 
distributions for elastic scattering with the 
predictions of the analytical closed form for 
the cross section ratio O'el/O'R = exp [-a·f(S)], 
based on a long range imaginary potential. 3 
All reaction parameters are contained in the sum 
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Fig. 1. Energy spectra of 20Ne9+ after scattering 
from 148, 150, 152Sm at Slab ~ 900 and Slab = 1400. 
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and f(8) is a function only of the scattering 
angle 8 in the center of mass system. The 
BT\E2, 0 ->- 2+), B (E2, 0+ ->- 2+) values for the 
target and projecrile respectively, were taken 
from the compilation of Christy and Hausser. 4 
The Sommerfeld parameter is n = 52 in the present 
experiment. The semi-classical model applies 
a correction factor g(~) to the potential in 
order to take some account of the energy loss 
during the 2+ excitation process. 

The model (dashed curves in Fig. 2) gives 
a satisfactory description of the measured angular 
distributions up to 1000 in the c.m. system. 
Some discrepancies occur at more backward angles, 
especially for 148Sm and 150Sm. For comparison, 
coupled channel calculations were performed using 
the code CHORK with the same B(E2, 0+ ->- 2+) 
transition probabilities as in the semi-classical 
model, and with quadrupole moments derived in 
the rotational limit from these values. Coupling 
to both low-lying 2+ states in target and pro
jectile and including reorientation effects in 
both channels result in distributions given by 
the solid curves in Fig. 2. 

The lower solid curve for 152Sm shows the 
calculation, without reorientation coupling. 
For 148Sm and 150Sm, non-reorientation coupling 
calculations (not given in Fig. 2) are only 6% 
and 16% lower at extreme backward angles, 
respectively, indicating the decreasing importance 
of this coupling mode for the lighter Sm nuclei. 
While direct coupling to additional target states 
at incident energies above the Coulomb barrier 
is known to reduce further the elastic scattering 
flux, their influence is assumed to be small 
in the present experiment. 
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Fig. 2. An8ular distributions from elastic scat
tering of 2 Ne on samarium nuclei. Dashed curves 
show calculations in a Coulomb absorption model, 
solid curves represent coupled channel calculations 
(see text). (XBL 782-251) 
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We have demonstrated that the elastic scatter
ing flux is depleted by 30% to 80% at backward 
angles in sub-Coulomb heavy ion scattering, syste
matically increasing with the collectivity of 
low-lying target states. From a comparison with 
the semi-classical Coulomb absorption model and 
coupled channel calculations it becomes clear that 
the present model does not account for a) reori
entation effects and b) trajectory dependent 
energy loss corrections, which seem to be required 
for I~8Sm and 150Sm by the remaining difference 
between non-reorientation calculations and the 
model calculations at backward angles. Neverthe
less the development of this analytical approach 
is useful for giving physical insight into the 
process, and for surveys of much heavier systems, 
such as 84Kr + 209Bi,5 for which the exact cal
culations are difficult to perform. 

Footnotes and References 

*Condensed from anarticle to be published in 
Phys. Lett. and LBL-7195. 

t Nato Fellow, on leave from MPI, Heidelberg, 
Germany. 
* . Brookhaven Natlonal Laboratory, Upton, N.Y. 
11973. 

§permanent address: University of Florence, Italy. 

"permanent address:, Instituto de Fisica, UNAM,' 
Mexico, partially supported by CONACYT (PNCB-
0022). 

ff IAEA Fellow on deputation from Bhabha Atomic 
Research Centre, Calcutta, India. 

1. C. E. Thorn, M. J. Levine, J. J. Kolata, 
C. Flaum, P. D. Bond, and J. S. Sens, Phys. Rev. 
Lett. 38, 384 (1977). 

2. D. L. Hillis, E. E. Gross, D. C. Hensley, 
C. R. Bingham, F. T. Baker, and A. Scott, Phys. 
Rev. C 16, 1467 (1977). 

3. A. J. Baltz, S. K. Kauffmann, N. K. 
Glendenning, and K. Pruess, Phys. Rev. Lett. 40, 
20 (1978). 

4. A. Christy and O. Hausser, Nucl. Data Table 
11, 281 (1973). B(E2, 0+ ->- 21") [e2b2] used: 
0.048, 0.73, 1.44, 3.40 for 20Ne, 1,48Sm, 150Sm, 

152Sm, respectively, and QR2+OT [eb] =- 0.9059 
IB(E2, 0+ ->- 2+). 

5. J. R. Birkelund, J. R. Huizenga, H. Freiesleben, 
K. L. Wolf, J. P. Unik, and V. E. Viola, Jr., 
Phys. Rev. C ll, 133 (1976). 



u u ~ ! 
:')) 

:-." "" .4 ~,;l 
47 

EXCITATION OF GIANT RESONANCES IN 20apb BY INELASTIC SCATTERING OF 160. 

A. Guterman,t D. Ashery,t J. Alster,t O.K. Scott, M.S. Zisman, C.K. Gelbke,t H.H. Wieman, and D.L. Hendrie 

Giant resonances in general, and those in 
20BPb in particular, have been extensively inves
tigated in recent years.l A variety of different 
projectiles is helpful for understanding the 
details of the observed states such as their 
structure, multipolarity, and strength distribu
tion. The interest in using heavy ions for the 
excitation of giant resonances is twofold. First, 
these experiments provide additional information 
on the structure of the giant resonances--for 
instance, the stronger excitation of components 
populated through large angular momentum transfer. 
In addition, it has been proposed2 that the giant 
resonances could play an important role as doorway 
states for heavy-ion deeply-inelastic collisions. 
In the present work we regort the excitation 
of giant resonances in 208Pb by the inelastic 
scattering of 160 ions at 140 MeV. 

A 20BPb target of 1.4 mg/cm2 thickness was 
bombarded with a 140-MeV 160 beam. The target 
was a self-supgorting foil covered on both sides 
with 150-~g/cm2 carbon layers to prevent the 
evaporation of the lead. The scattered ions 
were momentum-analyzed with a magnetic spectro
meter where their time-of-flight and energy loss 
were also measured. All these parameters were 
recorded by a computer and stored event-by-event 
on magnetic tape. The presence of light con
taminants on the target was not a problem since 
they gave rise to very low energy particles at 

,,_thf angles covered in the experiment. Data were 
taken at nine laboratory angles between 310 and 
500 in 20_30 steps. The energy resolution of 
450 keV FWHM was mainly due to the target thick
ness. Energy calibration was done by using elastic 
scattering gnd inelastic scattering to low-lying 
states in 2UBPb and by the transfer reaction 
20BPb( 160, 150)209Pb populating the ground state 
and 1.45-MeV excited states, equivalent to Q
values of -11.72 and -13.17 MeV. 

The energy spectrum of 160 ions detected 
at 35 0 is shown in Fig. 1. The spectrum shows 
several features common to all spectra. The 
giant resonances (9-15 MeV) sit on top of a back
ground which is not flat and which is grobably 
due to excitation of the continuum in ZOBPb and 
to tails of bound states--mainly that of the 
6.1-MeV state in 160. The figure also shows 
the assumed background, the unfolding of the 
resonance, and the total fit to the data as dis
cussed below. 

In order to obtain the angular distribution 
for the resonances, a systematic subtraction 
of the background is very important. The back
ground was assumed to be composed of two parts-
~ straight line at,the high excitation ~nergy 
region (17-22 MeV). a part of which is shown 
in Fig. 1, and a tail from the bound states at 
lower excitation energy. Parameters of the 

straight line were obtained by a least squares . 
fit, and parameters of the Gaussians which descrlbe 
the bound states were obtained by the minimum 
x2 method. The background defined in this way 
is shown in Fig. 1. After background subtraction, 
the most consistent results for all the data were 
obtained by decomposing the spectra into four 
Gaussians at excitation energies of 9.2, 11.0, 
13.0 and 14.3 MeV with full widths at half maximum 
of 1.1, 3.0, 1.75, and 1.1 MeV respectively. An 
example of such a decomposition is shown in Fig. 1. 

Projectile excitation cannot contribute 
to the observed spectrum at these excitation 
energies, which are well above the threshold 
for particle emission from 160. Combined exci
tation of the target and projectile is expected 
to be negligible since the cross sections for 
excitation of the relevant bound states in 208pb 
(4.1 and 5.4 MeV) are about 5 mb/sr at 400 , com
pared to 8 mb/sr for the resonances. We therefore 
conclude that the observed spectrum is predominantly 
due tn excitation of resonances in 208Pb. This 
conclusion is strengthened by the observation 
of similar structures in 197Au, for which the 
excitation of discrete states is not observed. 3 

The angular distribution of the sum of the 
four peaks is shown in Fig. 2, with only statist
ical errors (including background subtraction) 
indicated. The absolute errors, including syste-
mat i c errors'i nbackground' subtraction-;--ar-e-e-st-i---"-, 
mated to be 20%. The results of DWBA calculations 
for an L = 2 transition, normalized to the data 
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Fig. 1. Energy spectrum for 208Pb( 160, 160)208Pb. 
The unfolding of the spectrum into four Gaussian 
peaks and a background is indicated. (XBL 787-1417) 
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at the grazing angle, are also shown in the figure. 
The question of the multipolarity of the various 
components of the giant resonances region in 
208f>b_ and~in-par:ti cu] ar_the_questi on_oLthe 
breathing mode (the giant monopole resonance) 
is still open. In a recent paper4 the results 
from previous experiments, in which several 
different projectiles were used to excite the 
giant resonances in 208Pb, are discussed in detail. 
The conclusion drawn is that the (L = 0) breathing 
mode is located mainly at the excitation energy 
of 8.9 ± 0.2 MeV, exhausting 50% of the energy
weighted sum rule (EWSR). Another recent paper,5 
in which a similar analysis is done and RPA cal
culations are carried out, comes to the conclusion 
that the breathing mode is located at the excita
tion energy of 14 MeV, exhausting 80% of the 
EWSR. The 9-MeV resonance, according to this 
paper, is proposed to be a component of the split 
T = 0 quadrupole resonance. Both papers assign 
the broad peak centered at 11 MeV as mainly a 
T = 0 giant quadrupole resonance. 

In order to help resolve this problem we 
have carried out DWBA calculations for the 9.2-
and 14.3-MeV states excited in the present work, 
assuming both L = 0 and L = 2 transitions. The 
results are summarized in Table I, and indicate 
that the 14.3-MeV resonance is unlikely to be 

48 

a monopole excitation since this assumption would 
imply at excitation strength of 250% of the EWSR. 
The results of these calculations for the 9.2-MeV 
resonance are consistent with an L = 0 assign
ment,4 but the possibility of L = 2 is not excluded. 

Calculations assuming an L = 2 transition for 
the whole resonance region show that about 150% 
of the EWSR for E2 excitation is exhausted (see 
Table 1). The large percentage observed may 
be reconciled with the experimental systematic 
errors and ambiguities in the DWBA calculations. 
Of course it cannot be ruled out that other multi
polarities are excited in the same energy region . 

Although the cross section measured in the 
present work for excitation of the giant resonances 
(~10 mb) is small, it still exhausts a large 
fraction of the EWSR. The giant resonances appear 
to be excited with the maximum allowed strength 
for inelastic scattering. Therefore it is diffi
cult to conclude that significant flux is removed 
by multistep excitation into the deeply inelastic 
continuum. 6 For this system of 160 + 208Pb at 
140 MeV the giant resonances do not appear to 
act as doorway states for deeply inelastic scat
tering, and it will be interesting to see if 
this conclusion is supported by detailed calcula
tions, which predict that the observed strength 
of the direct excitation depends on the system. 2,6 
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Table 1. Values of B(E2) and I M(0)\2 and the 
percentage of the T = 0 sum rule limit.a 

Excitation B(E2) Percentage of 
EnerJ

y 
L1T or T = 0 

(MeV \ M(0)\2 sum rule 

9.2 0+ 4.4 x 10 66% 
2+ 0.13 x 10 10% 

10-14 2+ 1.54 x 10 140% 

14.3 0+ 10.5 x 10 250% 
2+ 0.45 x 10 54% 

aThe sum rule limits are defined as follows: 

S = E B(EL) = 3Ah2LR2L-2 L ~ 2 
L x 8mm 

So = Ex\M(O) \2 = 6A~!R2 

where A is the mass number of the nucleus, and 
m is the nucleon mass. 
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A NEW TYPE OF GIANT RESONANCE IN HIGH ENERGY HEAVY ION SCATTERING 

P. 0011,* D.L. Hendrie, J. Mahoney, A; Menchaca-Rocha,t D.K.Scott, T.J.M. Symons, K. Van Bibber, 
V.P. Viyogl,:\: and H. Wieman 

The excitation of giant resonances as the 
mechanism by which two nuclei lose part of their 
relative kinetic energy in a collision has been 
discussed frequently in the past,l,2 In a 
theoretical pictureZ it is suggested that giant 
resonance states are possible doorway states 
through which energy and angular momentum is 
dissipated into intrinsic degrees of freedom 
of the colliding nuclei. To investigate this 
problem we have performed survey studies at the 
88-inch cyclotron by scattering 312 MeV 160 from 
12C, 58Ni and 208Pb targets. At the focal plane 
of the QSD spectrometer we looked simultaneously 
at inelastically scattered 160 particles and 
ions near the projectile mass to compare nucleon 
transfer cross sections with the amount of cross 
section exhausted by giant resonance excitations. 
We discovered that the (160, 150) reaction has 
a g.s. Q-va1ue comparable with the energy loss 

--due-to excitation of high-lying mu1tipo1arities. 

Spectra were taken around the grazing angles 
for 160 on 58Ni and 208Pb to study the transition 
from large impact parameters, where the two nuclei 
interact rather gently, to small impact parameters 
where the two ions become highly excited. With 
the exception of 12C, the heavier target nuclei 
exhibit pronounced structures in the continuum 
region near their grazing angles. We may interpret 
the 10.7-MeV bump in 208Pb and the comparatively 
broader structure at 14.7 MeV in Ni as the known3 
giant quadrupole resonance, and the 13.5-MeV 
and 20.6-MeV structure in lead and nickel, 
respectively, we identify tentatively with the 
giant monopole resonance. Hardly any structure 
was found in 12C around 26 MeV of excitation 
energy even at angles forward of 60 in the 
laboratory system; future investigations near 
the grazing angle (-30 ) in the 160 + 12C system 
will be undertaken. There seems to be an 
increasing transfer probability compared to the 
mu1tipo1e excitation probability in going to 
lighter target nuclei. 

One of the most striking features is the 
observation of an additional gross structure 
Deak at around 20 MeV of excitation energy in 
Z08Pb (see Fig. 1). No light ion or hadron 
scattering experiment has revealed any resonance 

structure at this excitation energy so far. 
However, several theoretical calculations 
predict a strong concentration of strength for 
the 2=3 and 2=5 response function of Pb in this 
region. It is well known in heavy-ion scattering 
that angular momentum matching conditions favor 
large 2-transfers and can therefore be used to 
search for new collective modes. Angular distribu
tions have been taken for dominant transitions 
revealing a peak around the grazing angle. In 
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Fig. 1. Energy spectrum of inelastically 
scattered 160 particles on 208Pb. (XBL 786-1055) 



160 scattering on 208Pb the energy integrated 
cross section for (160, 150) turned out to be com
parable to that of the high multipole transition, 
which is indicative of the role the latter may 
playas doorway states in deep-inelastic pro
cesses. This comparison is less obvious for 
lighter nuclear systems due to the faster damping 
of the giant resonance modes in light nuclei. 
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THE RAPID ONSET OF FRAGMENTATION IN PERIPHERAL HEAVY ION COLLISIONS* 

O.K. Scott, M. Bini,t P. 0011,* C.K. Gelbke,§ D.L. Hendrie, J.-L. Laville,1I J. Mahoney, A. Menchaca-Rocha,~ 
M.C. Mermaz:* C. Olmer,tt T.J.M. Symons, Y.P. Viyogi,H K. Van Bibber, H. Wieman, and P.J. Siemens§§ 

Our knowledge of collisions between complex incident energy (top scale) in Fig. 2 by filled 
nuclei comes mainly from two extremes of incident circles. The variation of the temperature 
energy, each dominated by characteristic reaction initially follows the trend of the Fermi gas 
processes. Below 10 MeV/nucleon, the collision equation of state, (Ec-V) = aT2, where Ec is 
time is longer than the transit time of nucleons the center of mass energy and V the Coulomb 
at the Fermi level; consequently the whole barrier in the incident channel (Q-values are 
nucleus responds coherently to the collision, neglected); the level density parameter, a, is 
and the dbminant phenomena are characteristic set equal to A/8, with A the mass number of the 
of the mean field.1 At relativistic energies intermediate complex. Hence, T is proportional 
of GeV/nucleon, on the other hand, the reaction to ~, the variable appearing on

1
the bQttom 

processes are dominated by independent collisions scale. Data from the analysis3 of 60, 15N + 
of individual nucleons. The transition between 232Th reactions, at incident energies similar 
the ~twor-eg;-me~s-is-eKpected-to-occur-when~the ~~~t~o-the-present-work,are-included-with-square~~~~~~ 
incident energy allows the complete disjunction symbols. 
of the two nuclei in momentum space, at a few 
tens of MeV/nucleon. 1 At relativistic energies the concept of 

Our approach to the study of this transition 
is to measure the production cross sections and 
energy spectra of projectile-like fragments from 
160-induced reactions on targets of Pb, Au and 
Ni as a function of incident energy. Typical 
spectra for outgoing 12C products at incident 
energies of 140, 218, 250 and 315 MeV are shown 
in Fig. 1. The spectra peak at an energy 
corresponding to a velocity close to that of 
the projectile (Ep). The widths of the spectra 
increase rapidly with energy, which is a manifes
tation of the transition in the nature of the 
reaction mechanism. 

First we use the concept of temperature 
to find systematic trends in the data. At low 
energies «10 MeV/nucleon), the production cross 
sections of isotopes in reactions of the type 
reported here have an exponential dependence,2 
a ~ exp (Qgg/T), which is explained by a statis
tical model of partial equilibration in the 
dinuclear system at temperature T. The two-body, 
ground state Q-value, Qgg, determines the relevant 
excitation energy. For our data the associated 
temperatures are shown as a function of the 

temperature has also been useful in explaining 
isotope production cross sections, where the 
"emitter" is the projectile rather than the 
dinuclear complex. 2,4 Then a ~ exp (QF/T), 
with QF equal to the appropriate fragmentation 
Q-value, and T is the projectile temperature. 
This approach was previously adopted for the 
data at 315 MeV2 (~20 MeV/nucleon) and at 
2.1 GeV/nucleon. 5 These values of T are also 
shown in Fig. 2 by the filled circles. Following 
the initial trend of the Fermi gas equation, a 
rapid rise sets in between 10 and 20 MeV/nucleon, 
after which the temperature appears to remain 
constant in the region of 8 MeV. Above 15 MeV/ 
nucleon, where the curve departs from the 
prediction of the Fermi gas for heating the 
entire intermediate complex, only a part of the 
total system can be heated. 

Although temperature is a useful concept 
for understanding the limiting behavior in the 
high-energy region, an alternative interpretation 
comes from the abrasion mode1 6 in which the 
primary fragments emerge by the sudden shearing 
of the projectile without prior excitation. 
We show that the dependence a ~ exp (QF/T) can 
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Fig. 1. Energy spectra of 12C fragments produced 
in the collision of 160 + 208Pb and 197Au at 
several energies. The arrow g.s. corresponds 
to a two-body reaction forming residual nuclei 
in the ground state. If two-body processes are 

. --dominant, the spectra imply high excitation 
energies. The arrow Ep denotes the energy of 
a fragment travelling with beam velocity. This 
energy is characteristic'of two-body processes 
at low energy Q.nd of fragmentation at high energy. 
The dashed curves are theoretical predictions 
using Eq. 3, as discussed in the text. 

(XBL 7711-11041A) 

also be derived analytically with this model. 
For the primary distribution of fragments in 
neutron number N about the mean NO, we use the 
formulation of the abrasion model in Ref. 7: 

j
1 ) 

a 0: eXP[-(N-NO)2 (~ + +)] = ex p[- (N-NO)2 , 
20 a 80t a 

3 

where 0a, Ot1 are the dispersions in particle 
number and isospin, which are derived from a 
mode1 7 with correlations built into the nuclear 
ground state, viz., Ot3"" 0.24 A1/3, oa"" 4.9 Ot3' 
In the production of a series of isotopes, the 
changes in QF are determined primarily by the 
N-dependent terms in the liquid drop mass formula. 
For small excursions in N from the mean, it 
follows that the sum of the fragment masses 
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Fig. 2. The variation of temperature ~ith l'n9ident 
energy in the collision of 160 with 208Pb, 9 Au, 
58Ni and Ta (the lowest energy point). The open 
circles correspond to the widths of momentum 
distributions. The filled circles and square 
blocks are derived from isotope production 
systematics. The hatched line is the prediction 
of a statistical equilibrium model, based on the 
Fermi gas equation of state. The arrows Vs and 
vF mark the characteristic velocity of sound and 
the Fermi velocity in nuclear matter. The solid 
line is drawn to guide the eye. (XBL 785-948) 

exceeds that of a symmetric division (N=NO) by 
the amount:--------· ----., .. 

where as and ass are the symmetry and surface 
symmetry coefficients, respectively. From 
Eqs. (1) and (2) we get a 0: exp (QF/aS), which 
is equivalent to the result of the thermal 
excitation model, with T replaced by as. 
By inserting the values7 0a,Ot and the mass 
formula coefficients, we deduce that T = 9 MeV 
(or 32 MeV with values of 0a.Ot1 neglecting 
correlations. This value of 9 MeV is close to 
the required saturation value of 8 MeV shown 
in Fig. 2. The pQ.rameter in the exponential 
dependence of 0 on QF is, however, identified 
with the onset of the fast abrasion mechanism, 
rather than with the saturation of nuclear 
temperature in the slower process of local 
equilibration. 

In the saturation region above 20 MeV/nucleon, 
the abrasion model also accounts consistently 
for the momentum distribution of fragments in 
the projectile rest frame. 5 For the energy 
distribution in the laboratory frame at angle e, 
the model predicts8: 



where s2 = 1/2 MFV~, vp is the velocity corres

ponding to the peak of the energy distribution, 

AF and Ap are the mass numbers of the observed 
fragment and the projectile, and 00 = PF/ >'5, 
where PF is the Fermi momentum of the projectile. 
The value 00 = 86 MeV/c, appropriate5,8 for the 
data at 20 MeV/nucleon, 1.05 GeV/nucleon and 
2.1 GeV/nucleon, corresponds to PF = 192 MeV/c 
(0.97 fm- 1) which is close to the measured Fermi 
momentum of a nucleus as light as 160. The 
predicted energy distribution at 20 MeV/nucleon 
is shown in Fig. 1. 

The energy distribution in Eq. 3 is also 
expected from a statistical model of fragment 
emission. 5 Therefore, the formula can be applied 
equally well to the lower energy spectra in 
Fig. 1, where we have already shown that 
equilibration processes at temperature Tare 
relevant. By consideration of energy and 
momentum, T and 00 are related5 by 

,,2 Ap-l 
v 0 = Tm ii:p 

where m is the nucleon mass in MeV. The value 
of T required to fit the data at all energies 
are shown in Fig. 2 by the open circles. At 
low energies «10 MeV/nucleon), the temperatures 
extractea-from-Ule momentum ( opencircTesTand 
isotope yield distributions (filled circles and 
square symbols) are in agreement, supporting 
the temperature model. At high energies 
(>20 MeV/nucleon), the saturation of the widths 
of the momentum and isotope distributions with 
T = 8 MeV is consistent with a fast abrasion . 
mechanism. 

If we adopt the abrasion model for the 
description of the high energy data, then the 
sudden transition from equilibration to fragmen
tation must contain information on characteristic 
properties of nuclear matter, such as the relaxa
tion time for spreading the localized deposition 
of energy, or Ihot-spot,"9 over the nucleus. 
The initial excitation may be in the form of 
uncorrelated particle-hole excitations, in which 
case this relaxation time is related to the Fermi 
velocity. On the other hand, if the initial 
excitation is carried by coherent, collective 
compressional modes, then this time is related 
to the frequency of these modes, which in turn 
depends on the speed of sound in nuclear matter10 
and can be evaluated from the compressibility 
coefficient K ~ 300 MeV, as Vs = IK/9m, i.e., 
0.19c (m is the nucleon rest mass). This velocity 
and the Fermi velocity in nuclear matter (equiva
lent to 36 MeV/nucleon) are marked in Fig. 2, 
but it would be premature to specify which defines 
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the change of mechanism without a detailed model. 

Our study of single-particle inclusive 
peripheral reactions over a broad range of 
incident energy demonstrates the rapid transition 
from equilibration to abrasion or fragmentation 
above 20 MeV/nucleon. This transition implies 
an increased localization of the nuclear response 
as the time scale of the reaction becomes faster. 
If a quantitative treatment of this behavior 
can be developed, it may be possible to extract 
interesting inform9tion on the tensile strength 
of nuclear matter,11 as the healing properties 
of the nucleus disappear under the stress of 
the collision. 

Footnotes and References 

*Condensed from LBL-7729, submitted to Phys. 
Rev. Letters. 

t Nato Fellow, on leave from University of 
Florence, Florence, Italy. 

'" Nato Fellow. 

§present address: Physics Dept., Michigan State 
University, East Lansing, Michigan 48824. 
1\ On leave from CNRS, Caen, France. 

~On leave from Instituto de Fisica, UNAM, Mexico. 
Partially supported by CONACYT (PNCB 0022). 

**On leave from CEN, Saclay, France. 

tt dd h' D'" A Present a ress: P YS1CS lVlslon, rgonne 
National Laboratory, Argonne, Illinois. 

** IAEA Fellow, on deputation from Bhabha Atomic 
Research Centre, Calcutta, India. 

.. -------~------~--~-~-~--~-~--------

§§ 
On leave from Niels Bohr Institute, DK-2100, 

Copenhagen, Denmark. 

1. G. Bertsch, Lecture Notes for the Les Houches 
Summer School, 1977. 

2. M. Buenerd, C. K. Gelbke, B. G. Harvey, 
D. L. Hendrie, J. Mahoney, A. Menchaca-Rocha, 
C. Olmer, and D. K. Scott, Phys. Rev. Lett. 37, 
1191 (1976). -

3. V. V. Volkov, Sov. J. Nucl. Phys. ~, 240 
(1976). 

4. V. K. Lukyanov and A. I. Titov, Phys. Lett. 
B~, 10 (1975). 

5. A. S. Goldhaber, Phys. Lett. B 53, 306 (1974). 

6. J. HUfner, C. Sande~and G. Wolschin, Phys. 
Lett. B 73, 289 (1978). 

7. J. P. Bondorf, G. Fa\ and O. B. Nielsen, 
Phys. Rev. Lett. 41, 391 (1978). 

8. C. K. Gelbke, D. K. Scott, M. Bini, D. L. 
Hendrie, J.-L. Laville, J. Mahoney, M. C. Mermaz, 
and C. Olmer, Phys. Lett. B 70, 415 (1977). 



u ; 
o. J ",,l ~", 

9. P. A. Gottschalk and M. Westrom, Phys. Rev. 
Lett. 39, 1250 (1977). 

10. P. J. Johansen, P. J. Siemens, A. S. Jensen, 

53 

and H. Hofmann, Nucl. Phys. A 288, 152 (1977). 

11. G. Bertsch and D. Mundinger, Phys. Rev. C 
lZ, 1646 (1978). 

MEASUREMENT OF THE 6Lj(3He, d)1Be AND 7Li(3He, WBe CROSS SECTIONS* 

R.V. Pyle,t L. Ruby,t and J,W. Sterbentzt 

A suggestion1 has been made that a lithium 
waterfall could have an ameliorating effect on 
the first-wall radiation damage and radioactiva
tion problems in an inertial fusion reactor. 
However, radioactivation of the lithium itself 
may present a new problem, making it desirable 
to know the cross sections for the reactions: 

3He + 6L i + 7Be + 2H + 0.1144 MeV 

3He + 7Li + 7Be + 3H - 0.8807 MeV, Eth 

= 1. 258 MeV. 

These cross sections have been measured with 
the aid of 3He+ beams of 2.0, 3.0, and 6.0 MeV 
from the Lawrence Berkeley Laboratory 88-inch 
cyclotron. Thin targets of 99.32% 6LiF, 99.99% 
7LiF, and normal LiF were evaporated onto aluminum 
backings and irradiated in the cyclotron beam. 
The 7Be activity in the targets was subsequently 
counted absolutely by integrating the 477-keV 
photopeak as recorded by a Ge(Li) detector. 
Preparation and irradiation of the targets 
proceeded as described previously2 in connection 
with the measurement of the 6Li(6Li, 5He)7Be 
cross section. Calibration of the detector was 
accomplished by measuring the photopeak efficiency 
for several gamma-ray standards, both above the 
below 477 keV. Interpolation to the 477-keV 
efficiency was accomplished by a least-squares 
fitting procedure. A final correction for the 
fact that gamma rays are emitted in only 10.3% 
of the 7Be decays permitted the activity to be 
computed from the measured counting rate. The 
error made in assuming that the relatively large 
(2.9 cm) 7Be targets, with possible non-uniform 
irradiation, had the same efficiency as a point 
source of 7Be was investigated experimentally 
by moving one of the calibration standards 
progressively off axis. As a result, a non-uni
formity error of ±1.25% was assigned, which 
considerably exceeds the statistical error of 
typically +0.8%. The largest error assigned 
to the resultant cross sections +5.0% is ascribed 
to the measurement of the target-thickness by 
successive weighings, before and after evapora
tion. Some of the additional uncertainties which 
were also considered are the +1.5% stated error 
in the calibration standards,-and +0.52% as deter
mined experimentally for the beam-current integrator. 

Since the targets contain fluorine, an 
investigation was undertaken to determine whether 

7Be could be made by the reaction: 

3He + 19F + 7Be + 15N - 2.424 MeV, Eth 

= 2.806 MeV. 

Some initial tests were done using teflon (C2F4) 
targets, but a more satisfactory materi al was 
found in the form of MgF2, which, like LiF, is 
a relatively insoluble, high-melting-point salt. 
The threshold energies for production of 7Be 
in the isotopes of either carbon or magnesium 
are all about 6.0 MeV. Although, at 6.0 MeV, 
activity was found in both the teflon and MgF2 
targets, the gamma emission turned out to be 
annihilation radiation whose half life was 
characteristic of 1.82-hour 18F. The latter 
was presumably made in the reaction: 

3He + 19F + 18F + 4He + 10.15 MeV. 

No detectable photopeak in the teflon or MgF2 
targets was observed at 477 keV, and to make 
sure that th~ pr.es_eYJce~of 18~jLthe_Li F_targets_ 
did not interfere with the counting of 7Be, the 
targets were always stored for a few days after 
irradiation to allow for decay of the former. 

As a check on the cross sections determined 
for 6Li and 7Li, an irradiation of normal LiF 
was made at 6.0 MeV. The resulting value of 
206 + 12 mb per lithium atom compares well with 
the constructed value of 218 + 26 mb based on 
the isotopic cross sections. -

The resultant cross sections and other 
pertinent data are shown in Table 1. Because 
the targets were relatively thin, the effective 
energy of the beam was taken as the average energy 
in the target. The adjusted cross section is 
a weighted average for all of the targets exposed 
under the same conditions. It is seen that to 
the extent that 0.8-MeV 3He ions will be present 
in fusion r~actors, as a result of 2H(d,n)3He 
reactions, the 6Li cross section for production 
of 7Be will be appreciable. 3 Further details 
are available. 4 
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Table 1. Results of cross section calculations. 

Incident Statistical Measured Adjusted 
beam countering "Effective" cross cross 

L iF target energy 
Target thickness (Vg/cm2) (MeV) 

6LiF 446 2.0 
462 2.0 
464 2.0 

467 3.0 
473 3.0 

509 6.0 
509 6.0 
487 6.0 
505 6.0 
520 6.0 

hiF 544 2.0 
540 2.0 

568 2.0 
547 3.0 

509 6.0 
505 6.0 

NATLiF 519 6.0 
526 6.0 

Footnotes and References 
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error energy in section section 
(%) target (MeV) (mb) (mb) 

0.63 1.7 290 ± 16 
0.83 1.7 278 ± 16 283 ± 16 
0.83 1.7 282 ± 16 

0.67 2.8 387 ± 22 
384 ± 22 0.65 2.8 380 ± 21 

0.63 5.9 397 ± 22 
0.62 5.9 375 ± 21 
2.51 5.9 391 ± 24 389 ± 23 
0.53 5.9 403 ± 23 
0.57 5.9 379 ± 23 

8.20 1.7 7.2 ± 0.7 6.9 ± 0.7 9.20 1.7 6.5 ± 0.7 

1.10 2.8 92 ± 5 95 ± 6 1.00 2.8 98 ± 6 

0.85 5.9 199 ± 11 204 ± 12 0.88 5.9 208 ± 12 

0.86 5.9 208 ± 12 
206 ± 12 0.88 5.9 203 ±ll 
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CHARGE SYMMETRY IN TI;-IE NUCLEON-NUCLEON SYSTEM'" 

H.E. Conzett 

The polarization analyzing-power theorem1 
for (p,n) transitions between charge-symmetric 
nuclear states Band B', i.e., B(p,n) B', 
establishes the equality 

Ay(p,n) = py(p,n) 

That is, the proton analyzing power is equal 
to the neutron polarization produced in the (p,n) 

transition. Recently, Plattner2 has made a very 
interesting and timely proposal for an experimental 
check of charge-symmetry in the nucleon-nucleon 
interaction. Taking the states Band B' to be 
the neutron and proton, respectively, it follows 
that 

Ay [n(i),n)p] py[n(p,O)p] , 



so that the proton analyzing power, Ap, is equal 
to the neutron polarization, pn, in n+p scatter
ing for a charge-symmetric N-N interaction. 
The proposal is particularly timely because the 
time-honored test for basic charge-symmetry, 
i.e. the comparison of the neutron-neutron 
scattering length with the Coulomb-corrected 
proton-proton scattering length, is presently 
in disrepute. The comparison of the scattering 
lengths, a, has been attractive because of the 
amplification factor involved. That is, for 
a square well of depth V and range b, the relative 
change in scattering length for a relative change 
in the interaction strength is given by 

with 

because of the large scattering length, 
ann = -17 fm. Thus, with 

ann = aC + 0.5 fm pp -
determined experimentally, Eq. (1) gives 

b. V _ 1 (0.5) - 0 4% v-S!7-' o , 

(1) 

(2) 

so that it was believed that charge-symmetry 
of the N-N interaction had been verified at the 
level of a few parts per thousand. However, 
Sauer3 showed that all the previous local potential 
model calculations of the Coulomb-corrected 

scattering length, a~p' were suspect. He showed 

that a~p was strongly dependent on the form 

of the nuclear interaction at small distances, 
_~whereit is really unknown, and this had been 

ignored in the model calculations. He parameter
ized the short range (non-local) behavior of 
the potential, and from his calculation he found 

values of a~p ranging from -34 to -17 fm, so 

there was no longer any value with which to compare 
ann for a test of charge symmetry. The range of 

uncertainty in the calculated value of a~p 

has since been reduced to 3 to 8 fm., but this 
is still very large compared to the experimental 
uncertainty in ann of 0.5 fm. 

The proposal for an experimental verification 
of charge-symmetry is to test the equality of 
A = p in n + p scatterlng. Time-reversal in
vRrianee makes Pn = An' Thus, one looks experi-
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mentally from Ap 1 An as direct evidence for 
a charge-symmetry breaking component of the N-
N interaction. Theoretically, one expects small 
deviations from exact charge symmetry due to 
one-photon exchange and p-w mixing,4 and these 
have been estimated to give values of 
b.A = Ap-An in the range 0.005 to 0.015. Clea~ly, 
an experimental comparison of Ap and An to thlS 
level of accuracy would be very difficult, if 
even possible, from using an ordinary method 
of comparing the Ap and An values derived in 
separate experiments, where the complete equiva
lence of the experimental conditions cannot be 
guaranteed. I have recently found a solution 
to this particular aspect of the problem whereby 
an experimental determination of bothAp and 
An can be made from a single experTment. It 
requires the combination of a polarized neutron 
beam and a polarized proton target, for which 
the scattered yield is given by 

1++(8) = 10(6) 1 + PnAn+ PpAp + PnppAyy (3) 

where Pn, Pp, and Ayy are, respectively, the 
neutron polarization, the proton polarization, 
and the np spin-correlation parameter. 10(6) 
is the scattered yield for unpolarized beam and 
target, and 1++(6) is that for positive values 
of both Pn and Pp. Changing the signs of Pn 
and/or Pp gives the other yields 1+_(6), I_+(6), 
and L_ (6 ) . From Eq. (3) one fi nds that 

(1+++1+_) - (1 __ +1_+) = PnAn , (4a) 
41 0 

(4b) 

Thus, from-these-varioas-c-omo-fnan ons-Of---
experimental yields with the different signs 
of beam and target polarizations, both An and 
Ap can be determined from a single experiment. 
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RECENT POLARIZATION RESULTS IN THE TWO- AND THREE-NUCLEON SYSTEMS'" 

H,E. Conzett 

Because the "exact" three-nucleon theory 
calculates the three-nucleon observables from 
the (presumed known) two-nucleon interaction 
via the Faddeev equations, it follows that there 
is interest in the latest developments in the 
N-N system below, say, 100 MeV. New N-N results 
within the past year are: (a) precise measurements 
of the neutron analyzing power in t-p scattering 
between 14 and 17 MeV,1 and (b) recent work on 
the determination of the np 3S1_301 mixing para
meter, £1, at 50 MeV.2 The absolute errors in 
the measurements of the n-p analyzing power are 
below ±0.002. These data are reasonably consistent 
with the previous data in this energy region, 
but also are finally of sufficient precision 
to show that the analyzing powers calculated 
from the presently accepted n-p phase shifts 
are too large in the backward hemisphere. Thus, 
these data will cause some changes in the phase 
shifts in the region of 10-20 MeV. Since the 
analyzing power is determined by the spin-orbit 
splitting of the partial-wave phase shifts, an 
analysis was made in terms of the spin-orbit 
phase parameters which are 1 inear combinations 
of the phase shifts, 0LS, for each value of L. 
A clear requirement for the inclusion of an L = 3 
spin-orbit phase parameter, in addition to the 
previously determined L = 1,2 contributions, 
was demonstrated. 

The next new result concerns the determina
tion of the n-p mixing parameter q for the coupled 
3S1=-30I-st~aTe;-tne~aeuteron-cl'janner:~Just a 
few years ago Binstock and Bryan3 showed that the 
then available n-p data near 50 MeV, consisting 
of GTOTAL, G(8) and Pn(8), were not sufficient 
to determine £1. They also examined the sensi
tivity of other observables to changes in £1, and 
they found that the spin correlation coefficient 
A¥y was a good one to measure for a determi nat ion 
o £1. This Ayy(8) measurement was a difficult 
experimental task, because it required the prepara
tion of both a polarized neutron beam and a polar
ized proton target. 2 For this arrangement, the 
scattered neutron yield for both neutron Pn and 
proton Pp positive polarizations is 

1++(8) = 10(8)[1 + PnAn + ppAp + pnPpAyy] • 

From this and the three other yields for the 
other possible combinations of Pn and Pp, the 
values of Ayy(8) can be determined as 

Four values of Ayy(8) were determined between 
8 cm = 109 and 17l1- degrees, and when thes~ data 
were included in a phase shift analysis, the 
value of €I = 2.9 ±1.0 degrees was obtained, 

in excellent agreement with Bryan's theoretical 
prediction. 

The only new results in the three-nucleon 
system ar~ measurements of the neutron analyzing
power in n-d scattering at 12 MeV4 and ~easurements 
of deuteron tensar analyzing powers in d-p scat
tering at 45.4 MeV.5 The 12-MeV h-d data again 
are characterized by a considerably improved 
accuracy over previous neutron results. There 
is aqreement with the 12-MeV p-d analyzing power 
data'within the experimental errors of 1%-2% 
and this is in good accord with the expectation 
based on charge symmetry of the N-N interaction. 

The d-p deuteron analyzing powers measured 
recently at Berkeley are shown in Fig. 1. These 
now establish a rather complete set of data in 
nucleon-deuteron scattering at EN = 22.7 MeV, con
sisting of cross section, proton analyzing powers. 
deuteron vector and tensor analyzing powers. and 
vector polarization transfer measurements as 
well. A primary goal of the three-body theory 
has certainly been to reproduce the three-nucleon 
data from exact calculations that use the known 
two-nucleon forces. Ouring the past few years. 
considerable success has been achieved in that 
direction. 6 The principal remaining discrepancy 
has been the failure to provide a quantitative fit 
to both the nucleon and deuteron vector analyzing 
powers at scattering angles forward of ~m = 1200. 
Ooleschall's calculation7 showed the vector ana-
l yz i n g -Powersto--oequrte--sensiTfvefO~fneaefa;lS-~~ 

of the input nucleon-nucleon (3S1-301) tensor 

interaction. so it seemed likely that this discrep
ancy was coupled to the difficulty in providing 
a separable tensor interaction which simultaneously 
reproduces the 3S1.301 phase shifts and the 
corresponding mixing parameter £1. Since the 
calculations at EN = 22.7 MeV also show a signif
icant sensitivity of the deuteron tensor polari
zations to changes in the nucleon-nucleon tensor 
interaction. we have made measurements of the 
tensor analyzing powers T20 and T22 in d-p scatter
ing at Ed = 45.4 MeV for direct comparison with 
the calculated results at the equivalent nucleon 
energy of 22.7 MeV. 

001eschal18 has recently noted that his 
two-nucleon tensor interaction had an unreasonably 
long range; and. when this feature was corrected. 
a dramatic improvement was obtained in the calcu
lated fits to the analyzing-power data. Both 
the nucleon and deuteron vector analyzing powers 
are in almost perfect agreement with experiment 
as is demonstrated by his calculation labelled 
2T4 in Fig. 2. The fits to our tensor analyzing 
power results in Fig. 1 are not as good. Even 
though the best fit curves. labelled 3T4. result 
from a tensor force which correctly represents 
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E1, it was still of the type w~th the poor lO~g~ 
range behavior. So, a correctlon of that defl~ 
ciency could very well result in a corresponding 
improvement in the calculations of T20 and T22. 
If that should be the case, the goal of reproducing 
the three-nucleon data from these exact calcula
tions will have been achieved. 
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Fig. 2. Deuteron vector analyzing power iT11 
in d-P scattering at Ed = 45.4 MeV. The calculated 
solid curve is from Ref. 8. (XBL 778-1574) 
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Fig~ 1. (0) Tensor analyzing power component T20 
in a-p scattering at Ed ~ 45.4 MeV. The calculated 
curves are from Ref. 8. 

(b) Tensor analyzing power component T22 
in d-p scattering at Ed ~ 45.4 MeV. The calculated 
curves are from Ref. 8. 

[(a) XBL 778-1575; (b) XBL 778-1576J 
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TENSOR ANALYZING POWER IN d + P SCATTERING AND THE DEUTERON D-STATE 

H.E. Conzett, P. von Rossen, E.J. Stephenson: B.T. Leemann, and R.M. Larimer 

Although it has been known for more than 
35 years that the deuteron has a small O-wave 
component, the O-state probability has not been 
determined within a factor of 2, with values 
ranging from 3.3 to 9%.1 Since its value is 
always deduced from an experimental result via 
a model-dependent calculation, it is in fact 
not an experimental observable of the deuteron. 

In a recent paper, Amado et al. 2 advocate 
the use of a different quantity to specify the 
deuteron D-state, i.e., the ratio, PD of the 
asymptotic O-wave to S-wave parts of the deuteron 
wave function. They show how Po can be determined 
in a model-independent fashion from precise 
measurements in d+p elastic-scattering at backward 
angles. The back-angle scattering amplitude is 
dominated by the neutron-exchange amplitude, which 
has a pole (in the momentum-transfer variable) 
whose position in the complex 6cm plane is given 
by 

(1) 

where B is the deuteron binding energy and E 
is the deuteron laboratory kinetic energy. At 

the deduced value of Po is rather strongly 
dependent on the maximum L-value of the Legendre 
polynomial fit, so it is clear that the extra
polation procedure must be investigated in an 
attempt to find a procedure that has a better 
convergence behavior. 
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exact and simple relationship between Po and 
the tensor-analyzing power component T22( 6): 

Po = -(T22(6)/sin26)(O.2495E)-1 , 

at cos6p• The procedure, then, is to measure 
T22(6) precisely, with particular emphasis on 
data at angles approaching e = 1800 where cos 
6 =-1.0. An extrapolation of the measured 
T22(6)/sin26 to the pole at cos6p then gives 
a direct determination of Po from Eq. (2). 

(2) 

From Eq. (1), it is important to measure 
T22(6) in ~ + p scattering at the higher energies 
that are available with polarized deuteron beams, 
since the pole position then moves closer to 
the physical region at cos6 = -1.0. Thus, we 
have measured T22(6) at E = 45 MeV, for which 
cos6p = -1.36. Our data are shown in Fig. 1, 
where the errors indicated are from counting 
statistics alone. An additional overall normaliza
tion error of 3%-5% is present. A preliminary 
extrapolation to the gole via a Legendre polynomial 
fitting of T22(6)/sin2 revealed a problem 
connected with the fitting procedure. That is, 

Cos 8 

~ig. 1. Tensor-analyzing power, T22(6), in 
a + p elastic-scattering at 45 MeV. The arrow 
marks the position of the neutron exchange pole 
at cos 6 p = -1.36. (XBL 788-2623) 
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CROSS SECTION AND VECTOR ~NALYZING POWER iT1J IN THE PROCESSES 3He(d, d)3He 
AND 3He(d, p)4He BETWEEN 15 AND 40 MeV 

R. Roy: F. Seiler,t H.E. Conzett, F.N. Rad,:j: and A.M. Larimer 

The mass-5 system has been the object of 
numerous experimental and theoretical studies 
in the past several years. The 3He(d,p)4He reac
tion is a particularly suitable process for both 
theoretical and experimental investigations. 
Its spin structure is already quite complex, 
but polarized beams or targets can be prepared 
for all reactants with spin, making a large number 
of observables available for a detailed comparison 
of theory and experiment. The present work extends 
the range of v~ctor polarizatiQn studies of the 
processes 3He(d,d)3He and 3He(d,p)4He from 15 to 
40 MeV in 5 MeV intervals. Complete differential 
cross sections 00(6) and angular distributions 
of the vector analyzing power iT11(6) have been 
measured at all energies. Cross sections and 
angular-distributions of polarization for both 
processes were analyzed in terms of Legendre 
polynomials. The resulting coefficients were 
investigated for energy-dependent features such 
as those predicted by some analyses and models. 
In addition, the elastic scattering data were 
fitted with an optical model analysis. 

A purely vector polarized deuteron beam 
of the Berkeley 88-inch cyclotron impinged on 
a 3He gas target in a 36 in. scattering chamber. 
The beam polarization was monitored in a 
4He(a,d)4He polarimeter located further downstream. 
Typically about 80% of the maximum possible value 
(Py = 2/3) was found. During a run the polar-

~~ization usually remained constant to within 0.01. 

The present data, summarized in Figs. 1 and 2, 
show few and only gradual changes in the angular 
distributions of both observables. The vector 
analyzing power reaches relatively large fractions 
of the maximum possible values (iT11 = ±(1/2) 13), 
mostly at rear angles for elastic scattering 
but at forward angles for the proton reaction. 
In the latter the angular distribution of iT11, 
which is essentially anti symmetric with regard 
to 900 at 11.5 MeV and below, changes to a more 
symmetric appearance between 20 and 30 MeV. 
The elastic scattering data, on the other hand, 
show little change over the entlre energy region. 

Both the cross sections 0Q(6) and the quanti
ties -2iT11(6)'00(6), derived from the vector ana
lyzing power, were parametrized by expansions in 
terms of appropriate Legendre polynomials. The 
normalized expansion coefficients doo(L) and 
d11(L), respectively, have been defined elsewhere. 1 
The maximum degree Lm of the polynomials used 
was determined in the usual manner, except in 
cases where a generally nonzero coefficient crosses 
zero as a function of energy. In these circum
stances, that particular coefficient was also 
allowed to vary freely. The values of maximum 
degree Lm, determined in this manner, varied 
between 8 and 12. With 25 to 35 data points 
per angular distribution, the resulting degrees 

of freedom of the fits were sufficiently large 
for a reliable determination of the coefficients. 
The resulting fits are shown as the solid lines 
in Figs. 1 and 2. 

The cross section 00(6) for elastic scattering 
of the deuterons shows a strong energy-dependent 
structure of the coefficients doo(L) near 35 MeV 
and a weaker one near 20 MeV. While almost all 
coefficients are strongly affected at the higher 
energy, the structure near 20 MeV shows best .. 
in the coefficients of higher degree L. A slmllar 
situation obtains for the cross section of the 
3He(d,p)4He reaction. The structure at higher 
energies, however, is not nearly as dominant, 
while the one at the lower energy affects again 
all coefficients. 

The expansion coefficients d11(L) show quite 
generally less structure. In elastic scattering 
they are small and do not vary strongly with 
energv, although they show pertu~bations near 
both 20 and 35 MeV. In the 3He(a,p)4He reaction, 
almost no corresponding structure can be discerned 
at 35 MeV, while the one at 20 MeV is very weak. 
In this process, however, the main energy dependent 
features are shown by the coefficients d11(1) 
and d11(2). At low energies the L = 2 term is 
large and dominates all others. As the energy 
increases toward 20 MeV, it goes to small values, 
while the initially unimportant L = 1 coefficient 
becomes 1 arge ~enou g h ~to~determin e-th e~gros s~----
structure of the angular distribution. 

This change can be interpreted in terms 
of intermediate states in the 5Li system. An 
expansion coefficient dkq(L) is a linear combin
ation of a set of interference terms R1R2* of 
reaction amplitudes 

A restriction required by parity conservation 
for all first-order and some second-order polari
zation observables1 is that the interference 
term must satisfy the condition J/,J.+~+L = even. 
Thus the L = even terms involve combinations 
of reaction matrix elements with equal parity, 
while opposite parities lead to contributions to 
the L = odd coefficients. Thus the predominance 
of the coefficient d11(2) supports the result of 
calculations by Heiss and Hackenbroich2 which lead 
to strong interference terms between members of 
a quartet of d-wave resonances. Correspondingly, 
the rise in importance of the L = 1 coefficient 
with increasing energy is due to terms involving 
matrix elements of opposite parity, such as the 
d-wave amplitudes and a large f-wave 7/2--state 
proposed recently1 at deuteron energies above 
11.5 MeV. 
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Fig. 1. 3He (d,d)3He : (a) differential cross sections, and (b) vector 
analyzing powers, The solid lines are Legendre polynomial fits to the 
data. [(a) XBL 763-2524; (b) XBL 7512-9210] 
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Fig. 2, 3He (d,p)4He : (a) differential cross sections, and (b) vector 
analyzing powers. The solid lines are Legendre polynomial fits to the data. 

[(a) XBL 7512~9207; (b) XBL 7512~9209l 
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ELASTIC SCATTERING OF P + 28SIIN THE GIANT RESONANCE REGION 

C.R. Lamontagne: B. Frois,t R.J. Slobodrian: H.E. Conzett, and Ch. Leemann 

We have measured angular distributions of 
the differential cross section and of the analyzing 
power in the scattering of polarized protons 
from 28S at eight energies between 17 and 29 MeV. 
Our experimental results are shown in Fig. 1. The 
analyzing power shows a strong energy dependence 
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of the negative maximum (near Scm = 400 ) through 
this energy region. An optical model (OM) analysis 
of these data yields a corresponding energy 
dependence of the spin-orbit interaction strength, 
VSO, shown in Fig. 2. Since this energy interval 
spans the giant dipole resonance region of the 
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p + S, elastic scattering between 17 and 29 Mev. The solid 
line ar~ optical model fits to the data. (XBL 788-2626) 



19 

50 10 

40 

Fig. 2. Optical model potential pa~ameters d~rived 
from fitting the data. The absorptlve pot~ntlal, 
W + WD is an approximately constant functlon 
of ene~gy. (XBL 788-2627) 

composite system, 29p, it is natural to try to 
explain the energy dependence of our experimental 
results in terms of the coupling of the giant 
resonance to the elastic proton channel. Other 
studies have been carried ou~ in such regions 
for p + 24Mg, p + 27Al, and!? + 32S.1 Weller 
et al. 2,3 have studied p + 14C and p + 56Fe. 
It has been established through inelastic proton 
scattering from a broad range of nuclei that 
just below the giant dipole there are also guadru

~pole and monopole resonances. The proton wldths 
of these resonances imply that they should affect 
the proton elastic scattering. 

Since the standard OM calculation does not 
include contributions to the scattering from 
other than the shape-elastic resonances, it is 
possible that the anomalous behavior found for 
VSO(E) is due to a giant resonance contribution 
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to the scattering which is not specifically included 
in the calculation. In their investigations 
over the giant resonance regions of 15N and 57Co 
via p + 14C and p + 56Fe elastic scattering, 
Weller et al. carried out phase shift analyses 
of their data, and they found in each case an 
energy dependence of a single partial-wave amplitude 
that showed a broad resonance behavior which 
they interpreted to be consistent with the effect 
of a giant dipole resonance. Weller and Divadeenam4 
had also examined the phase shifts derived from 
the OM analy~is of our data,5 and they concluded 
that the g9(2 partial wave exhibited an energy 
dependence a~propriate to a JTI = 9/2* resonance 
at ELAB = 23 MeV, with a proton width of 1.62 MeV 
and a total width of 6.0 MeV. This clearly had 
no connection with the giant dipole resonance 
in 29p, which is restricted to JTI = 1/2- or 3/2-

components since only these can decay to the 
1/2+ ground state via an E1 transition. Then, . 
on the basis of a 2p - 1h doorwa~ state calcul~tlon, 
they concluded that a strong 9/2 resonance, wlth 
an energy and a width appropriate to account f?r 
the data, was indeed predicted by the calculatlon. 

We find an alternate, more plausible ex~lan
ation for the behavior of the 99/2 phase Shlfts 
in p + 28Si scattering between 17 and 29 MeV, 
and we raise the question as to whether104r not 
the resonance behavior seen in the p + C and 
the p + 56 Fe studies2,3 can be attributed unambig
uously to the giant dipole resonances of those 
systems. We have examined the energy dependence 
of the partial wave amplitudes, 

flj = [nljexp(2iolj) - 1]/2i 

and it is seen that the anomalous behavior of 
VSO (Fig. 2) does not result in a resonant behavior 
of fg 9/2 between 17 and 29 MeV which is not 
already present for the potential wit~ a linearly 
interpolated VSO, i.e., a shape elastlc effect. 
It is also not clear that the energy dependence 
of fg 9/2 can be described as resonant. Its. 
trajectory certainly does not trace an approxlmate 
circle in a counter-clockwise direction in an 
Argand diagram. Thus, the ascription of the 
g 9/2 phase shi ft behavi or to a doorway ~tate . 
resonance is questionable. In order to lnve

2
"§tl

gate whether the giant dipole resonance of P 
was in some way connected with the anomalous 
behavior of VSO(E) in our OM analysis, we per
formed a constrained phase-shift analysis of 
our data. That is, we searched on the p-wave 
phase shifts while constraining the other phase 
shifts to their OM values for the potential with 
the linearly interpolated values of VSQ(E). 
The p-wave amplitudes determined in thlS manner 
wer e--l es s -smoot h-fun ct i on s-of-energ.Y'~b-(ft-t h-eir-
general trends were similar. Thus, no evidence 
for a p-wave resonance was found, so an effect 
due to the 29p giant dipole resonance is not 
seen in our analysis. 
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EXTREME VALUES OF THE SPIN POLARIZATION ANALYZING POWER 
IN NUCLEAR REACTIONS· 

F. Seiler,t F.N. Rad,t H.E. CO;lzett, and R. Roy§ 

Large values of the polarization have been 
known in p-a and n-a scattering for some time. 
Analytically the existence of absolute values 1 
of unity was first proven by Plattner and Bacher 
for several elastic scattering processps with 
the part i cul arly simple spi n space at + 0 + 1/2 
+ O. Subsequently, Gruebler and collaborators2 
proved the existence of several+extreme values 
for t~e spin-1 polarization in d-a elastic scatter
ing (1 + 0 + 1 + 0). In both cases a single 
linear relation between transition amplitudes 
must be satisfied. Proof is therefore simple 
if an analysis of the process is available. 

In a nuclear reaction, as opposed to elastic 
scattering, the possibility of an extreme value 
of a polarization obiervable was first proposed3 
for the process 3He(a,p)4He. The proof of existence 
used above for the cases of elastic scattering 
with a simple spin space can no longer be applied, 
since two conditions have to be satisfied simul
taneously. Recently, these linear conditions 
for elements of the transition matrix were derived 
quite generally4 for the analyzing power of the 
four-particle reaction ~ + B + C + 0 with spins 
a + b + c + d. In this paper. we provide a more 
general discussion of extreme values of analyzing 
powers. States of maximum polarization (analyzing 
power) are described, and their usefulness in 
the calibration of polarization measurements 
and in the analysis of data for the determination 
of the_M"matdLampJitud_e_siLdhclls~_ed. Known 
and proposed points of extreme values in elastic 
scattering and in reactions, respectively, are 
reviewed, and the required values of the other 
polarization observables are listed. 

The description of a state of maximum polari
zation for an ensemble of spin-1/2 particles 
is strai ghtforward. Therefore cons i derat i on 
will be given here only to the less obvious case 
of spin-1 polarization. It is usually described 
in terms of tensor moments of an irreducible 
set of spherical tensors Tkq or of the set of 
corresponding Cartesian tensors Pi,Pij as defined 
by the Madison convention. 5 Since the Cartesian 
tensors do not form an irreducible set, there 
exists a condition requiring that 

Pxx + Pyy + pzz = 0 (1) 

Therefore the second rank quantities usually 
given are Pzz, Pxz and Pxx-Pyy, in direct corre
spondence to the spherical tensors t2q. An equi
valent situation exists for the analyzing power 
Tkq or Aij, so that again the quantity Ayy often 
does not appear directly, but only in th~com
bination Axx - Ayy . This probably is the reason 
why extreme values of the analyzing power Ayy 
went unnoticed in some instances even though 
experimental data indicating such values were 
available. 

The limits of the values for the usual 
polarization parameters are 

-1/2v3<itll~1/2v3 , -l<py<l 

-12<t20<1/212 , -2<pzz<1 

(2a) 

(2b) 

-1/2v3<t21 < 1/2v3 , -3/2< Pxz< 3/2 (2c) 

-1/2v3<t22< 1/2v3 -3< Pxx-Pyy< 3 (2d) 

For the polarizatio~ efficiencies.Tkq and Ai,~ij, 
also defined accord1ng to the Mad1son convent10n, 
the same range of values apply. For the com
Donents Pxx and Pyy that appear only in combi
~ation in Eq. (2d), the individu~l limits are 
the same as for pzz. 

Limits for the polarization attainable by 
an ensemble of spin-l particles produced in a 
nuclear reaction were discussed very early in 
Lakin. 6 These maximum possible values were derived 
using the fact that the density matrix of the 
ensemble is positive semi-definite. This imposes 
restrictions on the tensor moments tkq, derived 
from the expansion of the density matrix of the 
outgoing particles in term~ of ~he set of ir~educ
ible operators Tkq. Invok1ng t1me reversal 1n
variance, identical limitations can be shown 
to apply to the polarization efficiencies Tkq. 

Since the conditions due to parity conserva
tion assume a particularly simple form in a 
transverse coordinate system S', this was the 
frame of reference chosen by Lakin. The z'-axis 
of this coordinate system lies perpendicular 
to the reaction plane, along kin x kout, while 
the y'-axis is chosen along the direction kout 
of the polarized particles. The positivity con
ditions turn out to be considerably more simple 
in the traverse system S' than in the Madison 
frame. They yield the inequalities6 

and 

£2 :: (T~O + 12)2 - 3{Tlol- 61T~212 >0 • (4) 

In the S12ace (T' , T' , v2IT' I) the con-
dition 82 <1 defqnes2~he int~?ior of a sphere, 
and the inequal ity £2 >0 the interior of an in
scribed cone. Clearly, condition (4) is more 
restrictive than inequality (3). This situation 
is shown graphically in Fig. 1. where the coordi
nate axes have been relabelled with the Cartesian 
observables according to the Madison convention. 



Ayy=-2 
C 

,~,) ,) 

Fig. 1. The polarization sphere with the inscribed 
Lakin cone. Points A and B correspond to Ay = ± 1, 
point C to Ayy = -2 and the base of the cone to 
Ayy:: 1. The axes of the transverse polarization 
quantities Tkg have been partly labeled with 
the usual Cartesian tensors. (XBL 788-2624) 

Extreme points A = 1 lie anywhere on the 
bases of the cone, an~Ycondition (4) yields the 
restriction 

1> (Ay)2 + 4/9(Axz )2 + 1/9(Azz - Axx)2 

0.6 

0.4 

~ 6 MeV 
28 MeV 
110 MeV 
~ 11.5 MeV 

(5) 
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Extreme values Ay :: ±1 are only possible 
at the points A and B of Fig. 1, respectively. 
The necessary conditions are 

Ayy :: 1 , Axx:: Azz :: -1/2 , Axz = 0 • (6) 

They are not sufficient, however, since they 
only define a point somewhere on the line AB. 
Equations (6) thus show that the condition Ayy = 1 
is a prerequisite for an extreme value Ay = -1, 
and that all the other efficiencies are num~ric~llY 
determined. This was demonstrated for 4He(d,d) He 
elastic scattering by GrUebler et al.,2 using 
the properties of that particular M-matrix. 
From the derivation given here, it is obvious 
that Eqs. (6) are valid for any process 

-+
l+b""c+d, (7) 

-+-
where b, c and d are arbitrary spins and 1 stands 
for the only polarization (spin-I) determined 
in or by the experiment. The requirement that 
both Ay and Ayy reach their peak values at the 
same point (eQ',EO) is therefore also a general 
condition, WhlCh may be useful in experimental 
and theoretical work. Near the point Ay = ±1, 
the relations between the values of Ayyand Ay 
may be of use. Noting that the slope of the 
Lakin cone is ±1/3, it follows that 

Ay = 1 - n -+- Ayy ~ 1 - 3n . 

Despite the singular nature of points A and B, 
a curve representing the values of polarization 

(8) 

20 30 40 110 120 130 140 

8c.m. (deg) 
Fig. 2. The component A of the analyzing power of the 3He (d p)4He 
reaction, calculated fro~Ythe data obtained by GrUebler et al. 8 Clearly 
an extreme point is reached near 9 MeV and ecm = 270 • At angles near 
1200 another point might be found at energies above 12 MeV. 

(XBL 753-2495) 
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0.60 3He (d.p)4He 0.30 

0040 0.20 

0.20 0.10 

0 0 
>C N -0.10 >C -0.20 >C 

« « 
-0040 -0.20 --;- -----
-0.60 -0.30 

-0040 
+8MeV 

-0.80 ) ~IO MeV 
-1.00 -0.50 

100 140 100 120 140 
8c.m. 

Fig. 3. Values of the components A x and Axz o~ the analyzing power cf 
the 3He(~ p)4He reaction near 10 Me~. For a pOlnt Ay = ±l the values 
A = -1/2 and A = 0 are needed. With increasing energy these values 
mS~ be obtained R~ar 1200 . (XBL 754-2663) 

as a function of angle for a given energy may 
touch these points, with the trajectory starting 
and ending somewhere within the Lakin cone. 

As an example, we consider extreme values 

extreme values as possible is therefore of impor
tance. Of particular interest are those points 
that have in addition near-extreme values over 
a large range of energy and angle. 

of the analyzing power cQl11ponents for a reaction Perhaps the most important appl ication of 

~!~~ ~~~w~P~~a~i~~~t~~et~i; ~~~e: 1~~(a,~)4H~~e ~~t~~~~dv~~u~~eo:n~~~~:~Z~~i~~eO~~~~~~~!~si~ay 
was the first process other than elastic scattering which they occur. Similar to the invariance 
for-whi Gh-a-poi nt~~SO ,r;o)--with-maximum-posSi~ 1 e~---Gondit-i ons-of~par-it;y-and-t-ime-~eve~sal,-the-con---- -
tensor analyzing power Ayy = 1 was proposed. ditions imposed4 are linear in the elements of 
This extreme value has recently been confirmed the M-matrix. Unlike the former, they are not 
within the experimental error. 7 In addition, valid independent of energy and angle, but hold 
an inspection of the complete polarization data only for the extreme point (SO,EO). There, how-
of GrUebler et al. 8 at 11.5 MeV and of the measure- ever, they lead to severe restrictions on the 
ment~ of iT11 at 15 MeV by R6y et al. 9 indicates solution space. Thus the measurements made to 
the possibility of large absolute values near extablish the presence of an extreme value have 
Scm = 1200 for both components Ay and Ayy of another important application. Introduced into 
the analyzing power. As the energy increases, the data base of an analysis, they directly impose 
so does Ayy near 1200 (see Fig. 2) and the rest these linear conditions on the set of bilinear 
of conditlons (6) are nearly fulfilled at 11.5 MeV equations. This may be of importance even in 
(see Fig. 3), a prerequisite for values of Ay those cases where the existence of an extreme 
close to unity. Thus a point (So,EO) between point can be proven analytically, since the quality 
12 and 15 MeV with Ay = Ayy = 1 is a possibility. of the solution required for that kind of proof is 
It should be noted that for large values of Ay not very high. With a few additional measurements, 
the component Ayy has to be large also due to it can thus be improved considerably. Measurements 
restriction (8). Also conditions (6) have to on or near points of extreme values of polarization 
be more or less fulfilled. However, a circle observables should help to reduce decisively 
is not very restrictive for lateral movement the effort necessary to analyze processes with 
away from a diameter, even close to the periphery. a non-trivial spin-space. 
Thus a close approach of the measured data to the 
required values may be indicative of an extreme Footnotes and References 
point Ay = ±1. 

Extreme values of the analyzing power have 
been used very successfully for the calibration 
of polarizations. In practice, however, problems 
have arisen with the transfer of the calibration 
to energies different from that of. the extreme 
point. Clearly, the identification of as many 

*Condensed from Nucl. Phys. A 296, 205 (1978). 
tpresent address: Physics Department, University 
of Basel, Switzerland. 
* Present address: Laboratory for Nuclear Science, 
2epartment of Physics, MIT, Cambridge, Mass., USA. 
Research Council of Canada, Postdoctoral fellow. 

Present address: Universite Laval, Quebec, Canada. 
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STUDY OF THE (3He, t) REACTION MECHANISM* 

G. Bruge,t M.S. Zisman, A. Bacher,:j: R. Schaeffer,t C.J. Zeippen,§ and J.M. Loiseaux ll 

The present work is concerned with the "charge
exchange" reaction 38Ar(3He, t)38K at 40 MeV. In 
recent years, increasing use has been made of 
the (3He,t) reaction as a spectroscopic tool.1 
In fact, it is a very powerful method of reaching 
nuclei which could otherwise be obtained only 
through transfer reactions. The charge-exchange 
reaction is generally described in terms of a 
microscopic model. In this framework, the (3He,t) 
reaction is very similar to a reaction involving 
inelastic scattering of a light projectile. 
However, in the case of (3He,t) charge exchange, 
the cross sections are very small. and multistep 
processes can be a very important part of the 
rNcti onmechani sm. 2, 3 

Great progress has been made in our knowledge 
concerning the (3He,t) reaction mechanism. Usually 
an effective force interacting between the pro
jectile center-of-mass and the excited nucleon 
in the target is used. 4 It seems that enough 
information has been gathered in the case of 
nuclei with simple structures to enable one to 
make a reasonable choice of the force parameters 
and to start a spectroscopic study of more complex 
nuclei. 1,4-10 

In particular, the existence of new codes 
allowing for coupled-channel calculations ll makes 
it possible to investigate the effect of two
step processes, such as [(3He,a) + (a,t)], on 
the usual one-step microscopic description of the 
(3He,t) reaction mechanism. We have concentrated 
here on the first five levels of 38K since they 
are well separated in our experiment and their 
spins and parities are well known. 

The experiment was performed using a 40 MeV 
3He beam from the Berkeley 88-inch cyclotron. 
The target was argon gas (enriched to 94.4% 38Ar) 
at a pressure of 120 Torr which was contained 
in a cell having a thin (0.68 mg/cm2) nickel 
entrance foil and a 2.1 mg/cm2 Havar exit foil. 
Tritons were detected by telescopes consisting 
of 0.25-mm 6E and 3-mm E detectors which fed 

a Goulding-Landis particle identifier.12 Triton 
groups corresponding to 26 states in 38K up to 
an excitation energy of about 8 MeV have been 
observed with an overall energy resolution of 
75 keV FWHM; angular distributions have been 
measured from Sc.m. = 110 to 500 • 

The transitions occurring via the [(3He,a) 
+ (a,t)] channel can be incl~ded in a way which 
is now rather well known. 13-15 We have not solved 
the whole set of coupled equations, but we have 
taken into account only the contributions up 
to second order. The intermediate states were 
assumed to be obtained by simply picking up a 
part i c 1 e from~the J~ALg~o_un_d_s.tate_wHbouLdts-~ ~ .. 
turbing the others. The spectroscooic amplitude 
for the (3He,a) process: S = (37Ar'lanI38Ar> 
is then unity, since 137Ar> = a~ 138Ar> except 
for small corrections. Also, the spectroscopic 
ampl itude for the (a, t) process: 

Sp = (38K la+ 137Ar> = (38K la+an 138Ar> is then p p 

proportional to the same configuration mixing 
amplitudes as those which enter into the direct, 
one-step transition. 

All the calculations of the present part 
of our study were done using the coupled channels 
code CHUCK.11 

If one considers the magnitude of the second
order transition for each of the levels studied, 
one realizes that it is rather sensitive (the 
variation can be a factor of 2, in some cases) 
to the choice of optical parameters. Obviously 
the parameter set which gave the best overall 
agreement with the experimental angular distri
butions of the five lowest levels of 38K in a 
one-step calculation is not necessarily the best 
choice if second-order effects are included. 
We have hadproQlems in finding optical parameters 
consistent with the known value of Do since large 
cross sections are usually obtained. The expla-
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Table 1. Parameters used in the present calculation which allow for two-step processes. 

Set 

B + T { 
Boul der 

(a)Ref. 5. 

(b)Rev. 2. 

(C)A = 38. 

(d)A = 48. 

{ 

Particle 

3He(a) 

t{a) 

CL(b,c) 

CL(b,d) 

3He(e) 

t(e) 

CL (e) 

V rv 

150.7 1.22 

143.7 1. 22 

198.6 1.458 

183.7 1.4 

149.0 1.2 

159.2 1.2 

200 1.4 

av W rw aw Vso 

0.7 23.5 1.5 0.8 -0.96 1.5 0.8 

0.7 23.5 1.5 0.8 0.96 1.5 0.8 

0.502 19.8 1.51 0.79 

0.56 26 1.48 0.56 

0.72 32.2 1.4 0.88 10 1.2 0.72 

0.72 41.5-0.32E 1.4 0.84 10 1.2 0.72 

0.57 55.2-0.6E 1.4 0.57 

(e)o. C. Weisser, J. S. Lilley, R. K. Hobbie, and G. W. Greenlees, Phys. Rev. C~, 544 (1970). 

nation for this behavior can probably be found 
in Ref. 16. As it is commonly accepted that the 

~~~i~~~e~o~~~ ~~ i~~u~~r~~ei!~S6ot~ ~~~ ~:~_~~3/~ 

well reproduced. [The theoretical results which 
are shown in the case of the 2+ level have been 
obtained by using the wave functions of Oieperink 
and Glaudemans;17 this leads to better agreement 

is fairly well known, we shall restrict ourselves 
to the parameters listed in Table 1. One should than that obtained by simply assuming a (d372) 
note that our 3He and triton optical parameter 2 
set s-aY'e-ve~y-s-i mi-l a r--to-t he-one s-used-by-Toy ama---~-conf-i gUl"at-i on.~-A s--fa r-as-the-unn a tUl"a 1-parity~~-~ 
and indeed they give comparable results. states are concerned, the two-step contribution 

Whatever optical parameters are chosen 
the second-order transition dominates the 3+ 
state when the tensor strength is adjusted to 
fit the 48Ca + 48Sc 3+ transition. Using the 
parameters of Table 1, the second-order contribu
tion has about the right magnitude for the 3+ 
state of 38K. This gives us a prediction for 
the two-step process which shall no longer be 
modified. Figure 1 shows the theoretical results 
for the direct, two-step and combined processes, 
as well as experimental measurements for each 
of the five lowest levels of 38K. One can see 
that, in the case of the 0+ and 2+ levels, the 
second-order contribution alone is a factor of 
2 too small at forward angles, but has the correct 
magnitude at angles beyond 300, where the calcula
tions involving a direct mechanism fit poorly. 
Also, if a central force VT = 12.5 MeV is used 
for both levels, one-step contributions provide 
just the missing strength at forward angles, 
and the interference between the two amplitudes 
leads to angular distributions in which both 
forward-and backward-angle experimental patterns 
are qualitatively reproduced. Thus, in the case 
of natural-parity states, it is possible to describe 
both levels using exactly the same parameters. 
In particular, one should notice that the lack 
of structure and the slope of the 2+ level are 

alone explains ~he observed strength of both 
the 0.458 MeV 11 and 3+ ground state, whi~h 
could not be reproduced by a one-step calculation; 
on the other hand the second-order effect is 
too small by an order of magnitude for the 

+ 1.704 MeV (1 2) state. If one uses a tensor 

force VTT = 7 MeV for the 3+ and both 1+ levels, 
all these unnatural-parity states can be reproduced 
quite well. In this case also, it is possible 
to describe all the levels by using the same 
parameters. It should nevertheless be acknowledged 

that while the magnitude of the 0.458 MeV (1t) 

level is quite satisfactory and the shape is 
qualitatively reproduced, the precise form 
remains a problem. In brief, it seems we are 
fully justified to conclude that two-step processes 
including an intermediate CL particle are essential 
to exglain the experimental results concerning 
the 38Ar(3He,t)38K reaction at 40 MeV. However, 
a more elaborate treatment of the second-order 
process still seems necessary.16,18 

As the specific choice of the different 
parameters has been shown to be crucial, we felt 
it was important to test the various values we 
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10 20 30 40 50. 20 30 40 50 
SCM 

~~~·t~~ 1~!~~~S~~~!Cl~~!f~1~}igg~,(~11~W~~g5f~~Vtw~Ist:p7t~~~~i-
tions. Curves for the direct, two-step and combined processes 
are shown. The optical parameters are g·iven in Table 1. 

used for A = 38 in the case of A = 48. Figure 2 
shows the theoretical curves for direct, two
step and combined transitions, together with 
experimental data. We show results for all 

(f7/2 -+f7 /2)0+ -+ 7+ transitions in the 

48Ca(3He,t)48Sc reaction. Toyama2 discussed 
this reaction previously, but restricted himself 
to natural-parity levels and to separate two-

(XBL 777-9742) 

step and direct transitions. In our cas~, the 
strengths we have used to describe the ( He,t) 
mechanism for A = 38 are consistent with the 
requirements for A = 48. The theoretical cross 
sections are in satisfactory agreement with the 
experimental ones and the shapes of the theoretical 
curves are quite good. Our results are correct 
within a factor of 2: the natural-parity transi
tions are somewhat too weak, whereas the unnatural
parity transitions are slightly too strong. If 
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0+ 
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--- B+T,A=38 \ D+25 
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•• E)(~iment 

10 
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SCM ...... -0 .. , 
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Fig. 2. Microsc~pic calcu4§tions (VT = 15 MeV, VT = 5 MeV) for the 
f multiplet 0 + 7+ of Sc, allowing for two-step transitions: 
(A12natural parity states; (b) unnatural parity states. Curves for 
direct, two-step and combined processes are shown, together with 
experimental data taken from A. Richter, J. R. Comfort, V. Anantaraman, 
and J. P. Schiffer, Phys. Rev. C 5, 821 (1972). The optical parameters 
are given in Table 1. - [(a) XBL 777-9741; (b) 777-9740] 

(b) 



we made the choi ce V T - 15 MeV and VJT - 5 MeV, 
we would reproduce the exact strength of the 
transitions to these eight levels. Thus, we 
consider that a justification of the choice we 

.' 
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made for the different parameters has been provided. 
In Table 2 the final values of VT and VT are 
given. They are now nearly unique for all spins 
and targets. 

Table 2. Strength parameters for the one-step 
effective interaction contributing to the (3He,t) 
reaction. 

Configuration 

d3/2 ->- d3/2 

f7/2 ->-f7/2 

Footnotes and References 

VT 
(MeV) 

12.5 

15 

*Condensed from LBL-5823, to be published in 
Phys. Rev. C. 

VTT 
(MeV) 

7 

5 
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STUDY OF HIGH ENERGY HEAVY ION ELASTIC SCATTERING: gSe + 28Si 

M.S. Zisman, J.G. Cramer: R.M. DeVries,t D.A. Goldberg,:j: and J.w. Watson§ 

In recent experiments1,2 we have investigated 
in a systematic fashion the elQstic sC9ttering 
of high energy beams of 6Li, 1ZC, and 160 from 
a 28Si target. It was found that the 12C and 
160 projectiles exhibit behavior very different 
from that seen for lighter projectiles such as 
4He. In particular, 12C and 160 + 28Si elastic 
scattering display diffractive, oscillatory angular 
distributions at high energies (EL ~ 200 MeV), 
as opposed to the structureless fall-off associated 
with nuclear rainbow scattering. 3 

By using both high and low energy 12C or 
160 + 28Si results simultaneously, it was possible 
to derive in each case an energy independent 
six-parameter Woods-Saxon optic9l potential capable 
of fitting the 12C (Ref. 1) or 160 (Ref. 2) data 
over a large energy range. Although this was 
true only if a rather shallow (Vo ~10 MeV) real 
potential was chosen, it is now known that a 
different optical model formulation--one which 
allows for energy dependence in the imaginary 
diffuseness--is capable of giving similar quality 
fits to the data over the same energy range. 4 

9Be(4+) beams from the 88-inch cyclotron. The 
detector system consisted of an array of four 
2.5-mm Si(Li) detectors spaced 20 apart in the 
lab system; energy resolution of about 300 k~V 
allowed clean separation of the 1.78 MeV 28S 1 (2+) 
state except at the few most forward angles 
(8L ~30). As in previous experiments, 1 the beam 
direction was monitored both by means of a split 
Faraday cup and by means of measuring the g.s./2+ 
ratio at a suitably chosen monitor angle. This 
technique yields beam angle uncertainties of 
0.10 or less. 

'The measured angular distributions together 
with the 50 MeV data of Stahel et al. 6 are shown 
in Fig. 1. The curves through the data represent 
preliminary optical model fits bused on both 

9 Se + 28Si 
Elastic scattering 

-Sete 

---- Set L 

Because there appeared to be a difference 
between the diffractive characteristics seen 
for "heavy ion" projectiles such as 12C or 160 
and the refractive behavior seen for "light ion" 
projectiles such as 4He, the 6Li + 28Si system 
was also recently studied. 1 The 6Li data showed 10-1 

significant differences from that for 12C or 
121 MeV 

160-;---Inf act--,~tneexperimenn.l~a:ngular-d is t r i~-~----~----~ ~-~-~~ 
bution at 135 'MeV did show the effect of nuclear 
rainbow scattering-rwhich is absent with the 
heavy ion projectiles) and furthermore, it was 
not found possible to obtain an energy independent 
six-parameter Woods-Saxon potential which fit both 
low and high energy data simultaneously. 

Based on these observations, it is apparent 
that there exists a pronounced transition from 
light ion to heavy ion behavior which sets in 
between A = 6 and A = 12. For this reason we 
have now embarked on a study of the 9Be + ~8Si 
system. In terms of mapping out the transition 
region, this projectile is an obvious choice. 
Moreover, 9Be allows us to explore any possible 
effects in the 6Li + 28Si system which are related 
sp~cifically to the weak binding of 6Li. It 
is well known that for 6Li elastic scattering, 
potentials with a large imaginary diffuseness 
are required,5 presumably due to the influence 
of projectile breakup. Because of the small 
neutron binding energy for 9Be, similar results 
might be expected. This expectation is in fact 
borne out in a recent study of 50 MeV 9Be elastic 
scattering.6 

Data for 9Be + 28Si elastic scattering were 
measured in the present experiment at ELAB'= 121 
and 201.6 MeV using 9Be(3+) and the newly-developed 

o 

Fig. 1. Measured 9Be + 28Si elastic scattering 
at ELab = 50, 121, and 201.6 MeV. The curves 
are optical model fits to the data using the 
potentials given in Table 1. The 50-MeV data 
are taken from Ref. 6. (XBL 787-1334) 



a Li-type potential (Set L in Table 1) and a 
C-type potential (Set C). It is clear that both 
types of potential are capable of yielding 
reasonable fits to the lower energy data sets, 
although for the highest energy the back angle 
points (6c.m.~ 230 ) are not particularly well 
given by either potential. Attempts to fit the 
high energy data alone have thus far yielded 
no improvement on this point. 

It is interesting that in this case, as 
opposed to the findings1 for either 6Li or 12C, 
both a shallow (Set C) and a deep (Set L) energy 
independent potential give quite similar results 
over a very large energy range. Such an insen
sitivity to the real well may be a manifestation 
of the strong absorption due to the projectile 
breakup process. Hopefully, however, the inclusion 
of lower energy 9Be + 28Si elastic scattering 
data in our data set will ultimately allow a 
determination of whether 9Be behaves as a light 
ion or a heavy ion projectile. 

Table 1. Optical potentials for 9Be + 28Si 
elastic scattering. 

ar Vo r~a) aR Wo r~a) aI 
Set (MeV) (fm) (fm) (MeV) (fm) (fm) 

L 

C 

150.0 0.727 0.877 60.85 1.015 0.791 

12.1 1.234 0.757 51.3 1.068 0.733 
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2. Macroscopic 

PROTON EMISSION IN REACTIONS INDUCED BY 315-MeV 160 IONS 

T.J.M. Symons, P. 0011,* C.K. Gelbke,t D.L. Hendrie, J. Mahoney, G. Mantzouranis, A. Menchaca-Rocha,t 
O.K. Scott, V.P. Viyogi,§ K. Van Bibber, and H. Wieman 

In recent years, there has been a growth 
of interest in the study of light particle emission 
accompanying heavy-ion collisions. It is hoped 
that from these studies one may learn about both 
the time scale and the nature of the reaction 
processes. Much of our present knowledge comes 
from two extreme regions of bombarding energy. 
At low incident energies of a few MeV per nucleon, 
light particle emission is dominated by statistical 
evaporation from the compound nucleus, with small 
contributions from precompound emission. At 
the other extreme, in reactions induced by heavy 
ions with energies of several hundred MeV per 
nucleon, light particles have been observed that 
are characteristic of a system moving at a velocity 
intermediate between the target and projectile. 
The interpretation of these data has led 10 the 
development of the nuclear fireball model in 
which it is assumed that the nucleons swept out 
in the overlapping region of tar~et and projectile 
form an equili brated system at hl gh temperature. 
This model and its subsequent refinements have 
provided the simplest and most elegant description 
of the high energy data. 
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spectra in reactions induced by 315-MeV 60 ions. 
The 1606~~~Jrorn~the-,=BL 8i!-,inch cyclotron Fig. 1. Proton S[lectra obtained from bombardment 
was used to bombard 197Au and 12C-targetsor--'---of a9-:-5mg. cm---2-197 ATI~t-ar·get-by-a-315-MeV~160---· 
9.5 mg·cm- 2 and 210 ~g·cm-2 respectively. High beam. (XBL 786-9166) 
energy protons, deuterons, and tritons were detec-
ted in a telescope'consisting of 1-mm and 5-mm 
thick Si(Li) detectors both of 5-cm diameter 
and a 7.5 x 7.5 cm cylindrical NaI(T1) detector. 
The detectors were mounted outside a scattering 
chamber and the target viewed through a Mylar 
window. Use of a sliding seal allowed the labor
atory angle to be varied from 200 to 800. A 
second telescope was mounted inside the chamber 
consisting of a 200-~ Si surface barrier detector, 
a 5-mm Si(Li) detector, and a veto detector. 
This telescope was used to measure the proton 
spectrum up to 30 MeV. 

The detectors were calibrated using 45-MeV 
protons elastically scattered from 197Au and 
polystyrene targets and also with protons produced 
in the 12C(a,p)I5N reaction at incident alpha' 
energies of 65, 90, and 110 MeV. These cali
bration reactions produced protons between 22 
and 90 MeV. In Fig. 1 we show the spectra obtained 
from the gold target at lab angles between 200 
and 800. The most striking feature of these 
spectra is the smooth dependence of the differ
ential cross section on energy and angle, charac
teristic of statistical evaporation spectra from a 
moving system. In order to parameterize the data, 
we have fitted a simple Maxwellian distribution 

to the observed cross sections. In the fit, 
we have assumed 

cr(e,EL) ~ 1EL 11 - Vc!Ec e- Ec/T 

where e is the laboratory angle, EL and Ec are 
the proton energies in the lab and moving frames, 
Vc is the energy of the Coulomb barrier (taken 
to be 2.7 MeV), and T is the characteristic 
temperature of the system. 

The curves shown are for a temperature of 
6.9 MeV and a system moving at 0.10 c (50% of 
the beam velocity). Reasonable values for the 
160 + 197Au compound nucleus are 3.3 MeV and 
0.02 c, respectively, and the data are clearly 
incompatible with compound nuclear evaporation. 
Similarly, the variation of cross section with 
angle is too small to be explained by isotropic 
evaporation from the excited projectile. It 
should of course be noted that the low energy 
protons will mostly come from compound nuclear 
evaporation. 

These results are, in fact, very reminiscent 
of the high-energy data which have been interpreted 



with the nuclear fireball model. To investigate 
this further, we have performed a simple fireball 
calculation using the standard geometrical tech
niques to deduce the number of participating 
nucleons as a function of impact parameter. 2 
Since our excitation energies are very much lower 
than is usual for these calculations, we have 
deduced the temperature from the Fermi gas dis
tribution rather than from the classical distribu
tion. In this model one obtains 7.6 MeV and 
0.06 c for the excepted temperature and velocity, 
in surprisingly good agreement with the experi
mentally derived values. 

As an alternative approach, we have also 
investigated the contribution to the proton cross 
section from precompound emission. As a first 
step, 'we follow Griffi n3 in defining the mean 
number of excitons in the system by plotting 
the log of the angle-integrated cross section 
vs the loa of the residual excitation energy 
in the 21ZAt nucleus. From the shape of this 
graph one obtains a value of 27 for the number 
of excitons as shown in Fig. 2 Next, we have 
used the hybrid model of Blann4 to calculate 
the precompound proton cross section. This cross 
section is very sensitive to the initial exciton 
number as may be seen from Fig. 3 where the calcu
lation for 16 and 25 excitons may be compared. 
This 16-exciton state was made up of 8 protons 
9nd 8 neutrons (corresponding'to the impingin9 
160 nucleus) and the second calculation contalned 
an additional 5 particles and 4 holes. It may 
be noted that the agreement for the energy depen
dence and the absolute cross section is almost 
prefect in the high energy region. 

The rather similar results obtained by these 
two quite different calculations is surprising. 
While both models restrict the excitation energy 

--to a small fraction of the total nuclear system, 
the time scales are very different, with the pre
compound protons being emitted at a much earlier 
stage of the reaction process. It alsQ raises 
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the interesting question as to how much of the 
yield observed at very much higher bombarding 
energies could, in fact, be explained by pre
compound emission rather than by the equilibrated 
fi reba 11 mode 1. 
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RELATIVE THRESHOLDS FOR PRODUCTION OF IODINE ISOTOPES FROM FUSION AND 
TRANSFER-INDUCED FISSION REACTIONS· 

M. de Saint-Simon,t R.J. Otto, and G.T. Seaborg 

The reaction of 40Ar ions with energi~s by Oganesyan, to obtain B 171 MeV (c.m.) and 
from 212 to 340 MeV impinging on a thick 2 8U R = 13.85 fm. 
target has been studied using radiochemical methods. 
The formation cross sections of iodine isotopes 
were measured and converted to independent yields 
from which isotopic distributions were derived. oR = nR2(1 - B/E) (1) 

The iodine isotopic distributions (see Fig. 1) 
in the reaction 40Ar + 238U at different pro
jectile energies have been shown to be composed 
of three reaction components corresponding to 
three different, although not entirely separable, 
processes: (a) Quasielastic transfer (QET), 
(b) deep inelastic transfer (DIT), (c) complete 
fusion (CF), followed by fission of the heavy
reaction product. 

The observed unexpected stable position 
of the centroid of the complete fusion-induced 
fission distribution is found to be in agreement 
with calculations based on the statistical model 
for fission and on evaporation calculations with 
the "overlaid-ALICE" code. Important for this 
observation is the integral nature of the thick 
target experimental method. 

Figure 1 shows that the production cross 
sections for iodine isotopes from QET-induced 
fission and CF-induced fission have a different 
behavior at the energies close to the Coulomb 
barrier, the value of the ratio of which is taken 

(Where B is the barrier energy and E is the energy 
of the projectile.) 

.E ~ ) oR = _1_ J aRdE = nR2 1 - _B_ ln I . 
E - B E - B B 

B 

An effective bombarding energy (Eeff) can be 
defined in the following way: 

( 2) 

(3) 

As shown in Fig. 3, a plot of oR vs l/Eeff 
produces a straight line with an intercept equal 
to l/B. 

.First approximations for the relative average 
complete-fusion cr2ss section (crCF) were o~tained 
as the product of oR and [(aQET/aCF) + 1J - and 

plotted against E;}f' A threshold for complete 

to be 200 MeV (ro = 1.44 fm) in the laboratory fusion was obtained, but the effective bombarding 
system,-~~~gure 2 shows .1_J)lot of the ratio of __ e.wrgies musLJ:1e recal.9!lated,.3~_must the~cross~~._ 
the integrated cross section for the production of sections for the complete fusion products since 
iodine isotopes from fission following CF to that a higher barrier implies a shorter range to the 
from fission following QET. The drastic change in barrier and a smaller number of target atoms. 
slope of the curve shows that the cross section for These corrections have been made and the final 
QET is a relatively predominant fraction of the _ 
total cross section near the Coulomb barrier and aCF vs E~}f is plotted in Fig. 3. 
decreases in relative importance at higher energy. 

If we assume that the overall fission mass
distribution remains symmetric and peaked near 
half the mass of the compound nucleus, then the 
trends in the iodine isotopic distributions reflect 
the trends in the identified reaction mechanisms 
and there is a higher threshold for the complete 
fusion than for the quasi-elastic transfer (and 
some of the deep-inelastic transfer) reactions. 

Our objective is to estimate the relative 
difference between the complete fusion threshold 
and the interaction barrier by using the ratios 
shown in Fig. 2. To do this, the excitation 
function for the total reaction cross-section 
must be known and used. Due to the small number 
of cross-section data that we have obtained in the 
barrier region, we choose to take the excitation 
function of Sikkeland1 as representative of the 
total reaction cross section. This excitation 
function can be relatively well estimated with 
the easily integrated function given in Eq. (1), 
using the value of ro = 1.44 fm, as suggested 

Of the seven complete fusion data points that 
were obtained from these experiments, four OCF 
cross sections, calculated using the procedures 
described above and corresponding to the experi
mental laboratory bombarding energies of 240, 250, 
270, and 290 MeV, appear to fallon a straight 
line, as shown in Fig. 3. The least-squares 
fit to these data points shown as a dot dashed 
line gives an intercept of 182 ± 7 MeV/(c.m.). 
The complete fusion cross section for the data 
point corresponding to the experimental bombard
ing energy of 340 MeV is well below the best fit 
line and outside the error limits for this fit. 
A dashed line is extended through this point 
to show the deviation from the solid line. Two 
upper limit complete-fusion cross sections were 
obtained at the lowest laboratory bombarding 
energies of 226 MeV and 212 MeV. Since 212 MeV 
(181 MeV c.m.) is below the first estimated com
plete fusion barrier, this data point does not 
appear in Fig. 3. Inclusion of the upper limit 
cross section for the 226 MeV-(lab) point, how
ever, limits the least squares estimate (shown 
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as a dot-dashed line} of the complete fusion 

threshold to 185~~ MeV/(c.m.}. This corre~ 

sponds to a complete fusion threshold that is at 
least 12 MeV higher than the assumed interaction 
barrier of 171 MeV. 

Based 00 elastic scattering data, Schroder 
and Huizenga3 have reported a value of R = 13.6 fm 
for the interaction radius in the 40Ar + 238U 
reaction, which if used would give an interaction 
barrier of 175 MeV (c.m.). If an analysis identi
cal to the one described above is carried out 
using these values, a threshold for complete 

fusion of 185~~ MeV (c.m.) is obtained. Thus, 

the analysis using a barrier of 175 MeV (c.m.) 
indicates that the complete fl,lsion threshold 
is at least 8 MeV higher than the interaction 
barrier. The least squares fit of the four data 
points corresponding to the experimental laboratory 
bombarding energies of 240, 250, 270, and 290 MeV 
give an intercept of 181 ± 8 MeV. As in the 
first analysis which used 171 MeV (c.m.) fOI·. 
the interaction barrier, the cross section, aCF, 
corresponding to the highest energy data point 
was well below (and outside the error limit of) 
the linear fit to the lower energy data. 

We summarize these results as follows. The 
energy intercept obtained from a least squares fit 
to the complete-fusion cross sections calculated 
using the experimental laboratory data between 240 
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the effective bombarding energy, Eeff, and the 
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depending on. the value chosen for the interaction 
barrier. These values represent the smallest 
differences allowable within the energy uncer
tainty associated with the data as shown in Fig. 3. 
The difference between the complete fusion thres-

r hold and the interaction barrier could well be 
slightly larger than the values given. 
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NEW EXPERIMENTAL INSIGHTS INTO THE PRODUCTION OF SUPERHEAVY ELEMENTS 
USING HEAVY ION REACTIONS· 

R.J. Otto, D.J. Morrissey, G.T. Seaborg, and W.o. Lovelandt 

Attempts at the Lawrence Berkeley Laboratory 
to produce sup.erheavy elements (SHE) using the 
reactions of 48Ca with 248Cm and 136Xe with 238U 
have been unsuccessful. These neqative results 
have led us to consider the possibility that 
these reactions (and their associated mechanisms) 
do not lead to the formation of superheavy nuclei 
with sufficiently low excitation energies. Con
sequently, the number of surviving atoms of super
heavy elements is well below our detection thres
holds even with using relatively low estimates 
for prompt fission losses. A summarv of some 
new experimental evidence, supporting the above 
hypothesis, is presented and possible alternative 
heavy-ion heavy-target combinations are suggested 
for SHE synthesis. 

We have considered several possible reasons 
for negative results in the synthesis and identi
fication of superheavy elements obtained at heavy
ion accelerator laboratories around the world. 
Due to the limited choice of targets above uranium, 
projectiles heavier than 40Ar have been used. 
However, for projectile ions near and above the 
mass and charge of 40Ar, quasi-elastic transfer 
and deep-inelastic transfer comprise a significant 
fraction of the total reaction cross section. 
The deep-inelastic transfer reaction has many 
characteristics that tend to obscure the obser
vation of the complete fusion and compound nucleus
fission reactions. As a result, previous measure
ments of the fraction of the total reaction cross 

---section correspondinq to complete fusion can only 
be taken as upper limits. Furthermore, mass 
and energy distributions associated with binary 
eyents frQm heavy-ion rea8tions ffor example, 
4UAr + 23eU (Ref. 1) or 4 Ar + 243Am (Ref. 2)J, 
in which complete fusion was assumed to occur, 
cannot be safely interpreted as corresponding 
to the fission of a compound nucleus. 

A recently developed differential recoil 
range method3 can be employed to further test 
this broad role of the deep-inelastic transfer 
process in the production of a wide range of 
products from bombardments with 40Ar and similar 
ions. This method has been used to deduce the 
general shapes of angular distributions of products 
ranging from approximately one-half the mass of 
the compound composite system to products near 
the target. 4 These recoil range distributions 
from the reaction of 250 MeV 40Ar with 238U were 
correlated with a trend in the angular distribu
tion of the projectile-like fragment as a function 
Of ~Z similar to the trend observed in the 40Ar + 
197Au reaction. 5-9 This is a trend that has 
been interpreted as evidence for viewing the 
deep inelastic reaction mechanism as a dynamical 
diffusion process.b,I,Y Complete fusion is ruled 
out for products with backward- or forward-peaked 
angular distribution since the l/sinB-type angular 
distribution is expected for such a process. 

These data indicated that non-complete fusion 
(and non-compound nuclear) processes accounted 
for an unexpectedly large portion of the mass 
distribution of the 48Ca + 238U reaction and, 
of the broad symmetric, previously 19beled

23
"f
8
usion-

fission," mass distribution of the 4UAr + U 
reaction. 1 Again, we can see that earlier work 
on the 40Ar + 238U system may have overestimated 
the cross section due to complete fusion processes. 
Thus we conclude that the use of 48Ca as a pro
jectile with heavy targets, considered a hopeful 
approach for the production of SHE's, must actually 
result in a much smaller production of compound 
nuclei than had been anticipated. 

For ions heavier than argon, complete fusion
fission rapidly decreases, eliminating the poss
ibility for. production of SHE fission fragments 
in such reactions as krypton, xenon or uranium 
with uranium. In spite of the larger contribution 
from deep-inelastic transfer reactions, some 
complete fusion and compound nucleus formation 
is expected to occur in the 48Ca + 248Cm reaction. 
However, use of the proximity potential model 10 
and the Bass model 11 ,12 predicts complete fusion 
thresholds 10 to 15 MeV higher than the interac-

13 tion barrier, and the work of Saint-Simon et al. 
using the similar reaction 40Ar + 238U provides 
experimental evidence for such an effect. As a 
result, the minimum attainable excitation energy 
for the compound nucleus (296116) results in 
1 arge prompt fi ssion~l osses--puttin~th-e~SHE-pr-o--:;~ .-
duction level below the present experimental 
level of sensitivity. 

For the 136Xe + 238U reaction, the probability 
of transferring the required number of protons 
and neutrons to reach the SHE region appears 
to be unacceptably low. This conclusion

1
is 

sup'ported by a study of the reaction of jbXe and 
160Gd. 14 The reaction 160Gd(136Xe;84Kr,n's)212Pb 
requires the transfer of 18 protons and 34 neutrons 
to 160Gd from the 1j6Xe projectile. This is 
the number of protons and neutrons reguired in a 
transfer from 136Xe to 238U to make (290110) which 
is predicted to be in the "island of stability." 
Using a radiochemical separation procedure, an 
upper limit Of 2 x 10-34 cm2 was observed for pro
duction of 212Pb in the reaction of 1150 MeV 136Xe 
with a thick natural Gd target (21.9% 160Gd).14 
The upper limit cross section for the reaction 
160Gd(136Xe;84Kr,n's)212Pb is therefore 1 x 10-33 
cm2 or 1 nb. The 1 nb limit was applied to a 
similar or gregter number of nucleons transferred 
from 136Xe to ~3eu by assuming that less than 
10% of the Pb fragments fissioned and that the 
nucleon diffusion rates and the interaction times 
are nearl.y the same for the 136Xe + 160Gd and 
136Xe + 238U reactions. It was pointed out that 
this limit is consistent with the theoretical 
prediction that the cross section for transfer 
of ~60 nucleons in the Xe + U reaction is about 



1 nb. 15 Figure 1 summarizes the results of this 
work. The cross section for SHE production is 
estimated to be <4 x 10-36 cm2. 

The possibility remains that transfer reac
tions using very heavy-ion proj ecti

5
les such2as 

197Au, Z08Pb, 238U, or 244pu with Z 4Es or J/Fm 
targets could lead to the production of SHE nuclei 
at relatively low excitation energies. 

Recent studies of the 238U + 238U reaction 
at Gesellschaft fUr Schwerionenforschung16 ,17 
show that, for a given average width in the charge 
dispersion (mass dispersion), the energy damped 
into internal excitation energy is less than in 
Xe transfer reactions. 18 ,!5 Such an observation 
can be interpreted as supporting the idea that 
there should be significantly larger cross sections 
for the production of heavy transuranium elements 
in the reaction of U + Ulo than in the Xe + U 
reactions. 19 Evidence for such an effect can 
be seen by making a comparison of the yields 
of Cf and Es isotopes (~z = 6 and 7, respectively) 
from these two reactions, where the cross sections 
for the production of the more neutron-excessive 
isotopes are 10 to 102 times larger from the 
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165Ho + 248Cm -+ 289(113) + 124Sn 
67 96 176 50 

165Ho + 248Cm -+ 208pb + 200TI 
67 96 82 81 

238U + 238U -+ 255Fm + 221po a "'" 10-33 
92 92 100 84 

Transfer (~p = 8, ~n = 9) 

254Es + 238U -+ 271(107) + 221po 
99 92 164 84 

Transfer (~p = 8, ~n = 9) 

257Fm + 238U -+ 283(110) + 212Pb 
100 92 173 82 

Transfer (~p = 10, ~n = 16) 

Fig. 2. Hypothesized heavy-ion transfer reactions. 
Only the U+U reaction has been shown to occur 
exp~rimentally.17 No designation of emission 
of neutrons has been indicated. (XBL 789-11117) U + U reaction. 17 Such an effect suggests the 

use of a very heavy target such as 248Cm, 249Cf, 
252Cf, 254Es, or 257Fm with a heavy-ion beam 
of 238U (or possibly 197Au, 208Pb, or 244Pu) as cross sections. However, the formation of SHE's 
a way to produce SHE's. Figure 2 shows a number requires a transfer with a larger neutron-to-proton 
of interesting transfer reactions. The 165Ho ratio, as indicated in the reaction of 238U with 
and 248Cm reaction shown first could be driven 257Fm. It is important to note that the predicted 
by the closed shell at Z = 50. However, the stability of the products in the SHE region for 
diffusion process would probably favor symmetric these last two reactions varies from being unstable 
division into two fragments near 208Pb. to having detectable half-lives. 20,21 Although 

such reactions would have many technical diffi-
Based on the results with the U + U reaction17 culties associated with them, these target-

studies at GSI to produce 255Fm, an analogous projectile combinations may provide a suitable 
reaction of 238U with 254Es is written to suggest reaction pathway to the formation of SHE's not 
the_posslbilit,Lof transfer reactions_to_RY'.()_~tuce __ ---'a"-'vailable in the reactions that have been used 
elements near the SHE regi on wi th reasonable up-to now. The success of these experim-ents re ly----- -

on the transfer reaction mechanisms and on an 
extrapolation of broad Gaussian distributions 

136Xe + 160Gd ~ 212Pb + 84Kr + n's 
54 64 82 36 

a ,;;;; 1 X 10-33 cm2 
DIT 

Transfer to target (~p = 18, ~n = 34) 

Loss by Fission? 

136Xe + 238U -+ 290( 11 0) + 84Kr + n's 
54 92 180 36 

a ,;;;; 1 X 10-33 r r rn r 1 x ,;;;; 1 X 10,33 X 4 X 10,3 
SHE l n + f 

Fig. 1. An upper limit cross section for the 
production of SHE's in the 136Xe + 238U reaction 
based on the experiments using the 136Xe + 160Gd 
reaction. Values of x = 4 and [rr)/(rn+rf)]4 = 
4 x 10-3 were used. 14 (XBL 789-11116) 

of primary products (before fission) around the 
target nucleus extending from the millibarn region 
into the nanobarn region. Also, the disadvantages 
of the extremely small amounts of 254Es and 255Fm 
available may more than offset these advantages 
for their use. 
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LARGE CONTRIBUTION OF DEEP·INELASTIC PROCESSES TO REACTIONS OF 
40Ar AND 48Ca WITH 238U*---- ~~.~--~~~.- .... ~-~-~.~ .~--

R.J. Otto, D.J. Morrissey, G.T. Seaborg, and W.D. Lovelandt 

Differential recoil range distributions 
have been measured for heavy-reaction products 
ranging from Te(Z = 52) to quasi-elastic transfer 
products near the charge aod mass of the targets 
for the reactions 276-MeV 48Ca + 238U 237-MeV 
and 250-MeV 40Ar + 238U, and 259-MeV 40Ar + 197Au. 

A detailed description of the experimental 
recoil range distribution method has been given 1 
and will only be briefly covered in this report. 
Thin UF4 targets of thickness -D.7 mg/cm2 supported 
on a 3.4 mg/cm2 aluminum backing, or a 2.4 mg/cm2 
gold foil target, were ~laced directly in front 
of a stack of 1.1 mg/cm Al recoil foils and 
irradiated as a single package. Following the 
irradiation the target and Al recoil foils were 
separated, taped to aluminum planchets, and 
assayed by x-ray spectrometry. X-ray spectra 
were obtained for the energy region between 10 
and 100 keV. We report here the results for 
selected representative elements from the x-ray 
spectra obtained for the systems studied. 

To correlate the measured recoil range dis
tributions with the center-of-mass angular distri
bution

1
0f a given reaction product, we have written 

a code that calculates the recoil range distribu
tion for any given experimental conditions and 
for any chosen center-of-mass angular distribution. 
The measured recoil range distributions for the 
40Ar + 197Au reaction agree with range distribu
tions calculated from the known grojectile-like 
fragment angular distributions2-6 for this reaction. 

Figure 1 shows recoil range distributions 
of the product 237pu (detected via its 59.7-keV 
gamma ray) and a composite recoil range distribu
tion of Te, I, Xe, and Cs species and Hf, Ta, 
W, Re, and Os species from the combined count 
rate of x-rays having energies between 27.5 keV 
to 31.0 keV and 55.9 keV to 62.0 keV, respectively. 
These results were taken from spectra obtained 
from the 250-MeV 40Ar + 238U reaction. Since 
237Pu is expected to be primarily a quasi-elastic 
transfer product, a Gaussian shaped angular 
distribution peaked at the classical grazing 
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The calculated recoil range distributions 
predict somewhat longer ranges than observed; 
however, the relative shapes are in good agreement. 
The experimental recoil range distribution for 
products between Hf and Os (solid line) is in 
good agreement with the calculated recoil range 
distribution (dashed line) derived from an exponen
tially decreasing backward-peaked angular distri
bution. 

Figure 2(a) shows the experimental recoil 
range distributions for the Hg(Tl) products 
corresponding to the x-ray peak that is a 
superposition of the Ka1 x ray of Hg and the 
Ka2 x ray of Tl. As shown in Fig. 2(a), these 
similar results come from the two reactions 
48Ca + 238U and 40Ar + 238U and correspond to 
three different excitation energies. Calcul ated 
recoil range distributions for the Hg(Tl) 
products from these three reactions are shown 
in Fig. 2(b) and are based on three different 
assumptions about the heavy product angular 
distribution. These three functional forms are 
shown in Fig. 2(c). The Hg(Tl) recoil data 
correspond most closely to the predictions of 
the simple backward-peaked angular distributions 
(corresponding to a forward-peaked projectile
like fragment distribution). However, there 
is a small discrepancy at the longer ranges 
indicating the possibility of a small (l/sinB) 
contribution. To test such an effect we have 
used a background-peaked angular distribution 
mixed with a 10% (l/sinB) contribution (actually 
l/sinB + 0.01). The experimental results (shown 
in Fig. 2(a), fall between the calculated dis
tributions (shown in Fig. 2(b), expected for a 
backward-peaked plus l/sin B-angular distribution 
(dotted line) and the simple backward-peaked 
angular distribution represented by an exponen
tially decreasing function (solid line). 

~~ .... ~-~ I~~ I--~~ .~~~~--~-~~~--~ ~------~--Kal-pakcnielTn~t~al-;-7-ha\le~interpreted-the--~~~ __ - -
20 I r-l results of correlated fragnent mass distribution 
10 : measurements for the 40Ar + 243Am reaction as 

I possible evidence for the existence of highly 
5 I mass-as.'y'1l1metric fission of the compound nucleus 

283[113]. Also, they have attributed the 
observed as,',111metry (AH/AL"" 2.5) to the preferen
tial formation of a heavy fragment near the 
doubly-magic 208Pb region. Such behavior has 
been predicted on theoretical grounds by 
Sandulescu and Greiner. 8 

2 

I 

Recoil foils 

Fig. 1. Experimental (solid line) and calculated 
(dashed line) recoil range distributions for 
237pu and the combined products of Te, I, Xe, 
and Cs and of Hf, Ta, W, Re, and Os from the 
reaction 250-MeV 40Ar + 238U. The bottom axis 
indicates the position and number of each of 
the forward recoil foils. (XBL 782-2383) 

angle with a FWHM of 300 was used to calculate 
the theoretical recoil range distribution shown 
as a dashed line. The experimental recoil range 
distribution (solid line) from the combined x rays 
from Te, I, Xe and Cs products is compared with 
the calculated recoil range distribution (dotted 
line) for a l/sinB angular distribution [actually 
l/sinB + 0.1 )]. . 

We believe that our data indicate that non
complete fusion (and non-compound nuclear) 
processes account for a large portion of the 
mass distribution of the 48Ca + 238U reaction 
and Qf the brQad symmetric mass distribution of 
the 40Ar + 238U reaction9 previously attributed 
to "fusion,.fission." It would aDDear to us that 
earlier work9,lU on the 40Ar + 238U system may 
have overestimated the cross section due to 
complete fusion processes. Furthermore, since 
we see little difference between the compound 
nuclei expected to be produced in this study 
and the work of Kalpakchieva et al.,7 we might 
expect that a careful study of the angular 
distribution trends as a function of Z for 
fragments in the Pb region would rev~al back
ward-peaked angular distributions for the 40Ar + 
243Am reaction. Such an observation would rule 
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Fig. 2. (a) The experimental recoil range a~stribytions for Hg(Tl) 
products from the three reactions, 276~MeV Ca + ~38U and 239- and 
250-~1eV 40Ar + 238Uo The excitation energies, E*, for the compound 
nucleus system are also given. 

(b) The calculated recoil range distributions for the same 
reactions as shown in (a). The three calculated distributions shown 
in (b) for each of the Hg(Tl) distributions were calculated using the 
angular distributions in (c) denoted by the same type of line. 

(XBL 781-89) 

out a complete fusion-fission process leading 
to the observed mass distribution asymmetry. 
Perhaps the results of Kalpakchieva et al. 7 
could be taken as strong evidence for shell 
stabilization effects in the deep-inelastic 
process. 
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SPONTANEOUS FISSION ACTIVITIES IN THE BOMBARDMENT OF 248Cm 
WITH OXYGEN IONS 

J.M. Nitschke, L.P. Somerville, M.J. Nurmia, R.C. Eggers, and A. Ghiorso 

The history of element 104 is full of contro
versy. The claim by the Dubna group for its 
discovery ;s based on the properties of the isotope 
260104 to which they have assigned various spontan
eous fission (S.F.) half-lives between 80 and 
300 msec. These half-lives were obtained in 
bombardments of 22Ne + 242pu, 180 + 246Cm, and 
15N + 249Bk. Attempts to find an activity with 
a similar half-life in Berkeley have failed 
repeatedly. An experiment performed with a 
rotating and scanning drum in 1976 showed, however, 
clear eyidence for a 20 ± 2 msec S.F. emitter 
in the 15N + ~49Bk and 160 + ~4BCm reactions. 
The excitation functions were compatible with 
the assumption that this activity was due to com
pound nucleus reactions. Due to the nonspecific 
nature of the S.F. decay it was not possible to 
determine A or Z. A limit of 0.7 nb was set for 
the existence of the 80 msec component in the 
1976 15N + 249Bk experiment; this limit is more 
than one order of magnitude lower than the cross 
section claimed by the Dubna group for the same 
reaction (8 nb). However, this experiment was 
met with criticism in the U.S.S.R. as it had 
Q high background level caused by the decay of 
~56Fm [Tl/2(S.F.) = 2.63 hrJ. 

Apart from its historical role, the isotope 
260104 is of crucial importance in the understand
ing of the fission systematics for the heaviest 
elements, A simple extrapolation of the fission 

and carries the recoils to 32 mica detectors. 
These mica detectors start about 7 mm from the 
center of the target and extend over a length 
of 1 m to both sides. Since most of the beam 
intensity is lost in the stainless steel tape 
it is cooled through contact with a water-co?led 
copper block. The "tape-recorder" operates ln 
vacuum and the target as well as the tape itself 
are insulated to facilitate the measurement of 
the beam current. During an experiment the area 
near the target and the first 20 cm of the tape 
and of the mica detectors are monitored by a 
television camera. By visual on-line observation 
it was determined that at a speed of 1 TLs 
the tape will support at least 4 )lA of 6/180+4• 
At the time of this writing the exoeriments are 
still in progress and the reported results are 
prel iminary. 

The parameters for the first experiment 
which was aimed at the production of 260104 were 
as follows: 

1. Target: 242)lg total of 248Cm 
(as fluoride) on 2.63 mg/cm2 Be covered 
with 54 )lg/cm2 Al. 

2. Effective target diameter: 6.4 mm. 

3. Beam: 160+4, 92 MeV, typically 3.2 )lAo 

chard~c_tt~.fr!~t2i CS100f4~l1.~S~cF~nli2..dlef-ilsioftoP'~_tWIi~lJ_~ __ ~ ______ ~4_, _}40.!al]_i~thegrated beam i ntens i ty: 
pre 1 c or 50 , a • . a - e 1 n e 3. )lA rs. 
)lSec region and an even shorter value for 262104. 
Calculations by Randrup et al. 1 based on a semi- 5. Typical tape speed: 1.00 m/sec. 
empirical WKB framework have, however, shown 
that due to the disappearance of the second fission 
barrier, the behavior of the fission half-lives 
as a function of neutron number changes drastically 
beyond nobelium, and the half-lives for 260104 
and 262104 are predicted to be in the 10 to 30 
msec region. It was therefore decided that these 
two isotopes should be investigated in an experi
ment which had a high sensitivity as well as a 
low background. 

As was pointed out earlier, the backgrQynd 
in most of these experiments is caused by 205Md 
or ~55Fm which accumulates on the recoil catcher. 
A reduction of the background can be achieved 
by increasing the area of the catcher surface. 
We therefore built a detection system which has 
a sixty times larger area than previously used 
in Berkeley and a six times larger area than 
used in Dubna. This system consists of a giant 
"tape recorder" with a 2000 m stainless steel 
tape (12.5 )lm thick and 12.5 mm wide). It is 
driven by a capstan which runs at constant rpm. 
The supply and takeup reel are driven by two 
variable torque motors. The linear speed of 
the tape is adjustable between zero and about 
1.5 m/sec. The tape passes behind the target 

The beam energy of 92 MeV corresponds to the 
calculated peak of the excitation function for 
260104. The mica detectors were scanned for 
fission tracks and the sums of the tracks in 
10 msec bins are plotted in Fig. 1. Contrary 
to previous experiments, the background of 256Fm 
is negligible. A least-squares fit with the 
code CLSQ gives a half-life of 19 ± 2 msec and 
a cross section of about 4 nb. An upper limit 
for a possible 80 msec component in the data shown 
in Fig. 1 is 0.1 nb which is in clear contradiction 
to the Dubna results. 

It was pointed out earlier that 262104 is 
of particular importance to the S.F. systematics 
for the heaviest elements. A second experiment 
was therefore performed where the beam was changed 
from 160 to 180 at 93 MeV, which corresponds to the 
calculated peak of the excitation function for 
262104; all other parameters were kept the same 
as in the 260104 experiment. A total of 33.5)lA 
hrs of 180+4 was accumulated and the fission 
tracks summed up in 10msec bins are shown in 
Fig. 2. A single component least-squares fit 
to the data gi ves a decay of 63 ± 10 msec wi th 
a cross section of about 2.4 nb. It is too early 
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to speculate whether or not the 63 msec activity 
is due to the unknown isotope, 262104. Only 
if it can be proven that the reaction mechanism 
is of the compound nucleus type would such a 
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Fig. 2. Decay curve of S.F. activities in the 
bombardment of 248Cm with 93-MeV 180+4 ions. 
Integrated flux 33.5 lJA hr. (XBL 788-1472) 

statement be justified. Should it, however, 
be possible to accumulate enough circumstantial 
evidence through excitation functions and angular 
distributions for the assignment of the two S.F. 
emitters to 260104 and 260104, this would lead 
strong support to the fission systematics as 
proposed by Randrup et al. 1 

Reference 

1. J. Randrup et al., Phys. Rev. C 13, 229 (1976). 

EVIDENCE FOR FRAGMENT DEFORMATION IN NEAR BARRIERDEEPlY-INEt-ASTIC 
REACTIONS OF TWO DOUBLY-MAGIC NUCLEI 

R.C. Eggers, J.M. Nitschke, M.J. Nurmia, and A. Ghiorso 

Although several theories have been proposed 
to explain deeply inelastic reactions, such reac
tions continue to present puzzling features. 
In our continuing study of the reactions of magic 
nuclei using the helium jet technique,1 we have 
found several francium and radium isotopes as 
products in the reaction of 40Ca on Z08Pb. These 
products are very difficult to explain as transfer 
products as the cross section becomes vanishingly 
small for such extreme multi-nucleon reactions. 
We have in fact seen such products before.' 
If we take the data for the francium isotopes 
from Fig. 1 and plot them as cross section versus 
mass number, we can fit a gaussian through our 
data points which peaks around 211.5 amu. No 
correction for neutron evaporation is made. The 
value of 211.5 amu would be predicted by assuming 
Z/A equilibration. as is common in deeply
inelastic reactions. Further, if we center a 
gaussian on mass 214 (the equilibrated Z/A value 
for radium) and fit it through our data for the 

radium isotopes as shown in Fig. 2, we can get 
an idea of the charge dispersion in this reaction. 
A gaussian constrained to be centered on the 
target Z and fit through the total cross section 
for each Z gives a charge dispersion of about 
1.5 elementary charges. The reason for not seeing 
several other elements in this distribution is 
that our helium jet technique is only sensitive 
to a select group of nuclei. Out of this group, 
only 213Ra is missing, and this may be due to 
the fact that its major alpha line at 6.62 MeV 
is obscured by alpha lines at 6.65 MeV due to 
208Fr and 209Fr which are formed with higher 
cross section. 

It seems likely that we are dealing with 
something similar to the deeply inelastic reaction 
mechanism which have been seen at much higher 
E/B ratios. Since a certain amount of excitation 
energy is required for the charge and mass 
diffusion to take place, we must ask where this 
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Fig. 1. Cross sections of francium isotypes 
as a function of different bombarding energies 
in the reaction 40Ca on 20SPb. (XSL 7S10-11S04) 

excitation energy comes from. The excitation 
energy in the outgoing channels is the original 
center-of-mass energy plus the Q-value minus 
the total kinetic energy of the two fragments. 
An estimate of the kinetic energy may be obtained 
from taking the Coulomb repulsion for two spheres 
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Fig. 2. Cross sections for radium isotypes as 
a function of different bombardin9 energies in 
the reaction 40Ca on 20SPb. (XBL 7S10-11S05) 

with the Nilsson model. 3 It is important to 
note that the deformation "costs" little in energy 
(around 10 MeV) as compared to the energy gained 
through the effective larger separation distance 
of the two fragments. 

at a separation distance defined by some Ro times The other aspects of these data which are 
the sum of the cube roots of the masses of the of interest to us are the transfer products, 
two nuclei. In order to provide at least zero 211mpo and 212mpo. We did not observe 211Si 
excitation energy, we must assume the two fragments as we did in the previous experiments with 4SCa 
are highly deformed when they separate. An and 40Ar on 20SPb, although this may again be 
effective Ro of 1.6 fm results in the minimum due to the fact that the major alpha 1 ine of 
excTfatfonenergies-quofea-fnra5le~1--. ~rcis----~--~--Brrs prodUctfSlntheo-=--6o=-Mev-region:-~VJecan----~-
possible that the heavy fragment might be "caught" see from Figs. 3 and 4 that our previous analysis, 
in a deformed state after the collision like which gave the amount of energy shift necessary 
the shape isomers known in spontaneous fission. to give comparable cross section, is difficult 
This effect would depend on the potential energy to apply here as the shape of the excitation 
as a function of the deformation as calculated functions for the 40Ca reactions is quite 

Table 1. Minimum excitation energy for different exit channels in the 
40Ca+ 20SPb reaction. 

React i on and Reaction Outgoing Lowest Minimum 
Products Q-Value EC.S. Ec•m. Eex 

40Ca + 20SPb + 36.5Si + 211.5Ra -44.77 MeV 120 MeV 167 MeV 3 MeV 

40Ca + 20SPb + 35Si + 213Ra -41.33 120 167 6 

40Ca + 20SPb + 34Si + 214Ra -36.14 120 167 11 

40Ca + 20SPb + 39.5p + 20S.5Fr -41.46 126 167 0 

40Ca + 20SPb + 37.5p + 210.5Fr -34.5S 126 167 6 

40Ca + 20SPb + 35p +,213Fr -2S.11 127 167 12 
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Comparison of the production cross section 
for 21 mpo for different magic projectiles 
reacting with 208Pb. (XBL 787-9753) 

different from the previous reactions. Still 
our data are not inconsistent with such previous 
analysi s. 
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CHARGE AND ANGULAR DISTRIBUTIONS AS WELL AS SeQl.IENTIAl"J::!E~AL1.~RA\,_-- --'''' ,,"
EMISSION IN HEAVY ION COLLISIONS VIEWED IN LIGHT OF THE OIFFUSION M.ODELS* 

L.G. Morettot 

The hierarchy of the collective relaxation 
times in heavy-ion reactions is briefly reviewed. 
An improved diffusion model is introduced and 
applied to interpret the fragment Z and angular 
distributions for some typical reactions. The 
equilibrium in the neutron-to-proton ratio as 
well as the sharing of the excitation energy 
between fragments is studied by a coincidence 
method which leads to the measurement of the 
charge, mass, and mean number of nucleons emitted 
by each fragment. The final de$tiny of the dis
sipated energy is determined by measuring the 
atomic number of two coincident fragments, thus 
obtaining the missing charge as a function of 
bombarding energ'y and the Q of the reaction. 
The sequential fission probability of the heavy 
recoil is estab 1 i shed as a funct ion of the Z and 
kinetic energy of the light partner. The out-

of-plane angular distribution of the fission 
fragments is correlated with the fissionability 
and interpreted in terms of various sources of 
angular momentum misalignment. 

The y-ray multipl icities and y-ray angul ar 
distributions associated with deep inelastic 
are discussed in terms of the angular momentum 
transfer and in terms of the diffusion model, 

Footnotes 

~Abstract from LBL-6587; invited paper for the 
Symposium on the Macroscopic Features of Heavy 
Ion Collisions and the Pre-Equilibrium Process, 
Hakone, Japan, September 1977. 
t Sloan Fellow 1974-76, extended support. 
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'Y-RAY MULTIPLICITIES FROM A DIFFUSION MODEL INCORPORATING 
. ONE-BODY DISSIPATION'" 

R. Regimbart,t A.N. Behkami.t G.J. Wozniak, R.P. Schmitt, J.S. Sventek, and L.G. Moretto 

Recently a good deal of attention has been 
devoted to the e~perimental study of y-ray 
multiplicities1-~ in deep inelastic processes. 
The motivation for this study is twofold. On the 
one hand, one would like to clarify the mechanism 
of angular momentum transfer and its relation 
to energy transfer. There is at present an open 
discussion6,7 on the relative contribution of 
particle transfer and phonon excitation to energy 
and angular momentum transfer. On the other 
hand, an adequate understanding of the angular 
momentum transfer mechanism may lead to a deter
mination of the angular momentum fractionation3 
along the mass asymmetry coordi nate and thus 
to a strict verification of current diffusion 
models. 

In this paper we report a first attempt 
to explain the experimental data on the basis 
of a simple diffusion model in which the energy 
and angular momentum are equilibrated exclusively 
through particle transfer. This model has already 
been quite successfu18 in accurately reproducing 
the Z distributions and the angular distributions 
for individual Z values. The most recent modifi
cation of the model, to include the energy and 
angular momentum transfer mediated by particle ex
change, has been described in detail elsewhere. 6,8 
The average fragment spins 11(Z,Ek) and 12(Z,Ek) 
are calculated as a function of the exit channel 
asymmetry, Z, and kinetic energy, Ek. 

20 
1\ 

)0.... 

::2: 
V 

20 

618 MeV 6sKr 
Z "30-39 

I07,I09Ag 

~-the transformation from t11-e- carcuratea-frag_---~-0ILOO~-==-L-":::-:::-:::--:'20-!-:0---..l.-.::::-.::::---"--=30~0-----L-------.-I40LO----L--"--~0-----
ment spins to the y-ray multipl icity produced TKE (MeV) 
by the y-de-excitation of the two fragments is 
based upon the assumption that most of the frag
ment angular momentum is removed by stretched 
E2 decays. More specifically we use the following 
transformation: 

M = (1/2)[11(Z1,Ek) + 12(Z1,Ek)] + 2a y (1) 

where 11 and 12 are the fragment spins, My is 
the y-ray multiplicity and 0\ is the number of 
statistical y-rays emitted by each fragment. 
Compound nucleus studies with heavy ion reactions 
indicate that 0\ ranges from 2.5 to 4 depending 
upon the nucleus. 

In Fig. 1 the y-ray multiplicity, My, asso
ciated ~ith both fr~gments from the reactions 
197Au, 165Ho, 107,1U9Ag + 618-MeV 86Kr, is plotted 
as a function of the exit channel total kinetic 
energy (TKE). Both the experimental and the 
theoretical y-ray multiplicities have been inte
grated over a range of exit channel asymmetries 
(Z3 = 30-39). The number of statistical y-rays 
per fragment 0\ was taken to be 3. 

At the highest kinetic energies both the 
calculated and experimental multiplicities are 
low and increase rapidly with decreasing TKE. 

Fig. 1. M vs total kinetic energy (TKE) for 
the reacti6n 86Kr (618 MeV) + 197Au, 165Ho and 
107,109Ag. "The experimental data (solid symbols) 
have been averaged over 10 Z-values near the 
projectile Z and the experimental TKE have been 
corrected for neutron evaporation. The theore
tical curves (solid and dashed lines) have been 
calculated as described in the text. Only rel
ative errors are shown for the data points. 

(XBL 786-2553) 

The agreement between theory and experiment is 
excellent in this region. At the lowest kinetic 
energies the experimental multiplicities reach 
a plateau and then slightly decrease again. 
The calculated multiplicities on the other hand 
reach a maximum and then decrease quite rapidly 
with the decreasing kinetic energy. 

The early rapid increase of My with decreasing 
kinetic energy is due to the rapid transfer of 
angular momentum associated with the particle 
transfer which occurs as the energy of relative 
motion is being equilibrated. The plateau in the 
experimental multiplicities and the maximum in 



the calculated multiplicities corresponds to 
a regime very close to rigid rotation. The drop 
in the calculations (dashed curve) at low kinetic 
energies is due to the effect of the Coulomb 
energy (which in the model is taken to be that 
of two touching spheres) and to the fact that 
lower angular momenta, in the limit of rigidly 
rotating touching spheres, are associated with 
lower kinetic energies. The experimental values 
do not show a drop in multiplicity as large as 
that found in the theory because the exit channel 
configuration is not constrained to that of two 
touching spheres. Thus the deep-inelastic com
ponent is spread over an energy range extending 
well below the Coulomb barrier. 

Examples of data and calculations of the 
Z dependence of My in the quasi-elastic region 
are shown in Fig. 2. The characteristic V-shaped 
pattern visible in the data (open symbols) is 
very nicely reproduced by the calculations. 
Such a good agreement is consistent with the 
agreement observed between experiment and theory 
in Fig. 1 at the highest kinetic energies. From 
both of these figures one is tempted to conclude 
that particle exchange is sufficient to quanti
tatively explain the dependence of the angular 
momentum transfer upon kinetic energy loss without 
invoking the excitation of giant collective modes. 7 

The final aspect to be considered is the 
Z dependence of the y-ray multiplicity in the 
deep inelastic region. Examples of data and 
calculatja9s are also given in Fig. 2. (The 
case of 1 Au + 80Kr, which is marred by sequential 
fission9 at large Q-values is not shown.) Again 
the experimental data are reproduced quite well. 
It must be emphasized that in this energy region 
the calculation predicts near rigid rotation 
throughout the Z range. Yet the rise of My with 
decreasing Z, commonly considered as a fingerprint 

-of-rigid rotation,2-4 is conspicuously absent. 
The reason for this behavior is to be found in 
the angular momentum fractionation along the 
mass asymmetry coordinate, as first inferred else
where. 3 The main cause for this angular momentum 
fractionation is the decrease of the interaction 
time with increasing ~. 

Recently, fairly large second moments of. 
the y-ray multiplicities have been reported. 5 
The present model can account for about 60 to 
70% of the measured values. However, the statis
tical excitation of bending and wriggling modes 
in the exit channel, postulated by some of us9 
to understand both the sequential fission and the 
y-ray angular distributions, generates a randomly 
oriented component of angular momentum (13 to 
16h/fragment), which adequately provides the 
missing part of the second moments without 
substantially changing the first moments. 

In conclusion, it appears that both the 
magnitude and shape of the experimental data 
can be adequately reproduced by our model. 

Footnotes and References 

*Condensed from LBL-7751. 
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Fig. 2. M vs Z3 for the reactions 86Kr 
(168 MeV) + 165Ho and 107,109Ag. A comparison 
between experiment (symbols) and theory (curves) 
is made for both the deep-inelastic (solid symbols) 
and quasi-elastic (open symbols) components ob
served in-the- reactionS:-T~cutsTn TKE corre
sponding to these two components are given in 
the far right of the figure. (XBL 786-2556) 

*Present address: Physics Department, Pahlavi 
University, Shiraz, Iran. 

tpresent address: Laboratoire de Physique 
Corpusculaire, Universite de Caen, 14000 Caen, 
France. 

1. M. Berlanger, M. A. Deleplanque, C. Gerschel, 
F. Hanappe, M. Leblanc, J. F. Mayault, C. Ngo, 
D. Paya, N. Perrin, J. Peter, B. Tamain, and 
L. Valentin, J. Phys. (Paris) 37, L323 (1976). 

2. P. Glassel, R. S. Simon, R. M. Diamond, R. 
C. Jared, I. Y. Lee, L. G. Moretto, J. O. Newton, 
R. Schmitt, and F. S. Stephens, Phys. Rev. Lett. 
38, 331 (1977). 

3. M. M. Aleonard, G. J. Wozniak, P. Glassel, 
M. A. Deleplanque, R. M. Diamond, L. G. Moretto, 
R. P. Schmitt, and F. S. Stephens, Phys. Rev. 
Lett. 40, 622 (1978). 

4. J. B. Natowitz, M. N. Namboodiri, P. Kasiraj, 
R. Eggers, L. Adler, P. Gonthier, C. Cerruti 
and T. Alleman, Phys. Rev. Lett. 40, 751 (1978). 



5. P. R. Christensen, F. Folkmann, Ole Hansen, 
O. Nathan, N. Trautner, F. Videbaek, S. Y. 
van der Werf, H. C. Britt, R. P. Chestnut, 
H. Freiesleben and F. Puhlhofer, Phys. Rev. Lett. 
40, 1245 (1978). 

6. J. S. Sventek and L. G. Moretto, Phys. Rev. 
Lett. 40, 697 (1978). 

90 

7. R. A. Broqlia, O. Civitarese, C. H. Dasso 
and A. Winther, Phys. Lett. B 73, 405 (1978). 

8. L. G. Moretto, J. Phys. Soc. Japan Suppl. 
44, 361 (1978). 

9. G. J. Wozniak, R. P. Schmitt, P. Glassel, 
R. C. Jared, G. Bizard, and L. G. Moretto, Phys. 
Rev. Lett. 40, 1436 (1978). 

'Y-RAY MULTIPLICITIES OBSERVED IN 476-MeV s6Fe-INDUCED REACTIONS ON 
107 , 109Ag AND 197Au 

R. Regimbart,* G.J. Wozniak, A.N. Behkami,t R.P. Schmitt, G.J. Mathews, H. Hubel, R.M. Diamond, and L.G. Moretto 

Studies of heavy-ion reactions have shown 
the existence of an intermediate complex con
sisting of two well defined fragments in contact 
undergoing equilibration along the various degrees 
of freedom.l To investigate the equilibration 
of the angular momentum degree of freedom, we 
have studied the transfer of extrance channel 
.orbital momentum into intrinsic rotation of the 
two fragments constituting the complex. To 
determine the total spin of the fragments in 
a particular exit channel, we measured the atomic 
number Z3 and the energy E3 of the light fragment 
detected in a l'.E-E telescope. 

To illustrate the Z-dependence of My for 
deep-inelastic products, both the first and second 
moments are shown in Fig. 2 for the 476-MeV 
56Fe + 107,109Ag reaction. Only a weak dependence 
on Z3 is observed, which is very similar to the 
dependence observed for 80Kr-induced reactions. 2 

30r---~--~--------~---------'----~ 

470 MeV 56Fe + I07,I08Ag 
II Deep - inelastic II region e = 200 

lab 

The experimental setup consisted of a particle + 
teJ§_~C:2E~_j.9_1l~-~l'.~,~~01id_~tat~ E counter) and 20 1+J.~.L + + + + 
a y-ray multiplicity filter (sixrrn:--x3-in:-------~~- ~l-T 1'"++-- --+~-+-+--+-~+~+~~-~~-r+~-----
NaI detectors) which was placed 5 in. above the + + H++++ ++ 
target 450 out of the reaction plane. All possible + 
coincidences among the 6 NaI detectors and the 
telescope were recorded event by event. The 
multiplicity as a function of Z3 and E3 was deduced 
from the number of counts obtained in the different 
p-fold coincidences with the NaI detectors (a 
p-fold coincidence is a p-multiple coincidence 
among any combination of 6 NaI counters). The 
y-detection efficiency of the NaI detectors was 
measured with both 60Co and 207Bi sources and 
a mean value (0.012) was taken for each detector. 

The kinetic energy dependence of the y-ray 
multiplicity My is shown in the upper part of 
Fi g. 1 for reaction products ~10~ Z3 ~ 40) from 
the reaction 476-MeV 50Fe + 1 7Au. As the lab 
energy of the light fragment (Z3) decreases, 
My increases steadily from a value of 5 in the 
quasi-elastic region to a maximum value of 20 
in the deep-inelastic region. The steady increase 
of My with decreasing kinetic energy is due to 
the rapid transfer of angular momentum associated 
with particle transfer, which occurs as the energy 
of relative motion is being equilibrated. The 
observed saturatioi of My occurs in the regime 
of rigid rotation. The second moments illustrate 
a similar trend although somewhat reduced in 
magnitude. 
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Fig. 1. My. vs lab energy for the reaction 476-
MeV 56Fe + 197Au. (XBL 789-2621) 
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Fig. 2. First and second moments for the reaction 
476-MeV 56Fe + 107,109Ag as a function of Z3. A 
comparison between experiment (symbols) and theory 
(curves) is made for the deep-inelastic component 
observed in the r~action. (XBL 789-2620) 

. ~ ... Model calculations (sol id 1 ines) are also shown 
for a simple diffusion model,3 in which both the 
energy and angular momentum are equilibrated 
exclusively through particle transfer. One should 
note that both the trend and magnitude of the 
data are reproduced by the calculations. 
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In this energy region, the model calculations 
predict near rigid rotation throughout the Z
range, yet My does not rise4 with decreasing 
Z3. The reason for this behavior is that different 
Z-values (asymmetries) are populated by different 
2-windows. A similar angular momentum fraction
ation has been observed in 86Kr-induced reactions 
and has been interpreted2 as being due to the 
dependence on 2 of both the interaction time 
and the driving potential for diffusive mass 
transfer • 

In summary, the Fe-induced deep-inelastic 
reactions closely resemble 86Kr-induced ones, 
both of which show evidence of angular momentum 
fractionation, in contrast to 40Ar- and 20Ne
induced reactions where a strong dependence of 
My on Z3 has been observed. 
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KINETIC ENERGY MOMENTS AND CHARGE DISTRIBUTIONS FROM THE 20Ne + 197 Au 
REACTION AT 175 AND 252 MeV 

J.B. Moulton, G.J.Mathews, G.J. Wozniak, R.P. Sc;:hmitt, and L.G. Moretto 

Many of the gross features which' characterize 
heavy-ion deeply inelastic collisions are by now 
reasonably well understood in terms of classical 
dynamics and nucleon transport. Perhaps the 
time is ripe to examine specific features of 
these reactions in more detail. In this Work 
we examine two such detailed aspects of the 20Ne + 
197Au reaction. One feature is the behavior 
of the kinetic-energy distribution moments as 
a function of bombarding energy and product Z, 

the other feature is the role of secondary fission 
of the Au-like fragment (or compound nucleus) 
following the collision. 

Data were obtained with 175- and 252-MeV 
20Ne ions from the LBL 88-inch cyclotron. Pro
ducts were identified in ~E-E ionization-counter 
solid state telescopes. Energy spectra were 
corrected for straggling in the target and gas 
window. 



Some inferred centroids and widths as a 
function of Z are shown in Fig. 1 for relaxed 
products from the 175-MeV data. In an effort 
to more quantitatively understand these features 
model calculations have been performed and are 
also shown in Fig. 1. In the model the inter· 
mediate complex is treated as a canonical ensemble 
at thermal equilibrium whose temperature is fixed 
by the internal energy of the single-particle 
degrees of freedom. The nuclei are assumed to 
undergo ellipsoidal colinear deformation and 
to rotate rigidly. The nth moment of the fragment 
kinetic energy is then: 

~max [ ! EKE(P'~) exp(-V(p,~)/T) 
~ o~ ! exp(-V(p,~)/T) dp 
~min 

~max 
~ o~ 
~min 

where p is the deformation coordinate and V is 
the potential energy. 

The calculated moments were corrected for 
neutron evaporation. Overall, the predicted 
centroids match the data fairly well. Some of 
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Fig. 2. Calculated diffusion and diffusion plus 
fission yield vs Z for 3 different values of 
the LDPR. The points (X's) are measured cross 
sections extrapolated over the full angular range. 
175-MeV projectile energy. (XBL 785-8923) 
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Fig. 1. Experimental two-fragment center of 
mass kinetic energy (upper pOints) and FWHM 
(lower points) vs the light fragment atomic number. 
Corrected for evaporation. Adjacent smooth curves 
are calculated values. 175-MeV projectile energy. 

(XBL 782-7425) 

neglect of proton evaporation and quantal effects 
in the theory. 

The total angle-integrated charge distri
bution as a function of Z is shown in Fig. 2 
for the 252-MeV data. It is immediately evident 
that the charge distribution from particle 
diffusion alone cannot reproduce the data. 
Therefore, we have supplemented the diffusion 
model with a calculation of secondary fission 
of the Au-like fragment or compound nucleus . 

These results are shown as a function of 
the ratio of the fission to neutron level-density 
parameters in Fig. 2. In the model, ff/fn was 
calculated using the well known rotating liquid
drop barriers of Cohen, Plasil and Swiatecki. 
The gaussian charge distribution was computed 
according to the formulation of Nix and Swiatecki. 1 

For af/an of about 1.5, which is typical 
for the products of interest, the qualitative 
trends in the Z distribution are well reproduced. 

Reference 
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PROTON EMISSION IN THE REACTION 63CU + 252·MeV 2°Ne 

R.P. Schmitt, G.U. Rattazzi, G.J. Wozniak, G.J. Mathews, R. Regimbart, and L.G. Moretto 

Early studies of light charged particles 
emitted in heavy-ion reactions displayed features 
that could be interpreted as mainfestations of 
non-equilibrium processes. 1 However, only recently 
has the study of such phenomena moved into the 
foreground of heavy-ion research. 2-4 This renewed 
interest has largely been motivated by a desire 
to uncover the details of heavy-ion reaction 
mechanisms, and in particular, of deep-inelastic 
processes. Indeed, such studies may well be 
instrumental in evaluating the relative importance 
of one-body dissipation, two-body dissipation, 
and the excitation of giant modes in the energy 
damping process. As an example, the formation 
of localized "hot-spots" could be expected on 
the basis of two-body viscosity. A possible 
signature of the one-body dissipation mechanism5 
involves the emission of high energy nucleons. 6 
These particles would be generated through the 
coupling of the Fermi motion to the relative 
velocity of the target and projectile nuclei. 
If a one-body mechanism is operative and if the 
mean free path is long, nucleons originating 
from the projectile, for example, could pass 
through the target nucleus, collide with the 
potential wall and, in some cases, be transmitted 
as a Fermi Jet. 6 This experiment was specifically 
designed to investigate the possibility of such 
gre-equilibrium processes in the 63Cu + 252-MeV 
ZONe react ion. 

Thin, self-supporting targets of 63Cu (99% 
--enrichment) were bdmbarded with 252-MeV 20Ne 

ions accelerated by the LBL 88-inch cyclotron. 
Light charged particles were detected in either 
of two particle telescopes each consisting of a 
400-~m surface-barrier ~E detector and a 1.5 in. 
NaI E detector. A third telescope, which consisted 
of an extremely uniform 11-~m ~E detector and 
a 400-~m E detector, was capable of resolving 
Ne-like fragments with atomic numbers in the 
range 3<Z<13. This telescope was placed directly 
in front of one of the light particle telescopes 
so that it was possible to detect coincident pro
tons directly along the Ne-like fragment direction. 
During the experiment the arm supporting the 
heavy ion detector was placed at a fixed angle 
while the other counter was placed successively 
at different angles. Coincidences between the 
heavy-ion detector either of the light particle 
telescopes were recorded on magnetic tape as 
were suitably scaled-down singles events for 
all telescopes. 

In Fig. l(a) proton energy spectra are shown 
for a few representative angles. One may be 
impressed that the energy spectra extend up to 
very high energies (~60 MeV). Similar energies 
were observed for d's and t's. In Fig. l(b) and 
(c) proton energy spectra are plotted, wr.ich are 
in coincidence with a heavy particle (4<Z<13). 
It should be noted that the proton energy spectra 

L 102 
III 
I 

> 
(!j 

r: 101 , 
D 
E 

1((/" 
J> 
0 ... ..., 

Cl 1el-!' 10 
W 
10 , 
b 

N 10-"! 10 
102 

101 

N 
L 

10'" 
III 
I 

> 
III HI-1 r: , 
D 
E 

10-2 

102 

(a) 
!! 
v 
+ 

.. 

(b) 

(c) 

x 
~lX +;t 

I« * 
.. x x 

+ .. 
... f.i+v 'V 

..L-~--,-__ .~._J _____ -L~-" 

~"-10 
<>=-14· 
+ .. -20· 
x=-2S· 
.=-S5· • 
9 iench.;:::; 14 
prot.ons 
3<Z3<14 

0-=36° 
e 1 cnch . t:: 14 • 
prot.ons 
3<Z3<14 

Fig. 1. (a) Protion energy spectra observed in 
singles mode at various lab angles. 

(b) Proton energy spectra in coincidence 
with deep-inelastic fragments emitted at 140 on 
the opposite side of the beam axis. 

(c) Same as (b) but for protons on the 
same side of the beam axis as the deep-inelastic 
fragments. (XBL 787-9618) 

are "harder" for positive angles than for negative 
angles (see caption), leading to the tentative 
conclusion that the most energetic protons are 
associated with the Ne-like fragment rather than 
the target. This argues against Fermi jetting, 
which predicts that the energetic nucleons would 
be emitted from the target. However, the presence 
of orbiting could complicate this interpretation. 
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At this point it is clear that other mechanisms 
must be considered (i.e .• Fermi jetting may still 
be present but this process alone cannot describe 
the pattern of proton energy spectra). The fast, 
light particles may be emitted by a localized 
excitation or hot-spot. While this possibility 
cannot be completely ruled out, it seems unlikely 
in view of the fact that the heavy ions and protons 
are detected at the same angle, since one would 
expect that the Ne-like fragments would tend 
to shadow the hot spot. Another possibility 
is that the high energy particles result from 
evaporation from highly excited Ne-like fragments 
moving at high velocities. 

This latter possibility can be tested by 
transforming the proton energy spectra event
by-event into the moving frame of the Ne-like 
fragment. The results are shown in Fig. 2(a). 
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For relatively large angles, the energy spectra 
overlap nicely as one would expect on the basis 
of an evaporative mechanism. However, at more 
forward angles, the yield is substantially greater. 
This may be due to the fact that the protons 
observed at more backward angles may be emitted 
from the target while those observed at 140 are 
emitted from the projectile. If one attributes 
the exponential tail of the 140 data to evapora
tion, one extracts a temperature of about 5 MeV, 
which is in rather poor agreement with simple 
calculations that assume that the excitation 
energy of the deep-inelastic products divides 
according to their masses. In addition, the 
maximum proton energy is limited by the available 
excitation energy in the Ne-like fragment. Con
sequently, at least some of the light fragments 
must have about 50-MeV excitation energy to account 
for the most energetic protons observed. In 
contrast, the assumption that the excitation 
energy is divided according to the exit channel 
asymmetry predicts about 36 MeV for 20Ne. 

Figure 2(b) shows lab proton energy spectra 
for three different Z bins of the Ne-like 
fragments. Interest i ngl y enough, there is very 
little difference in the shapes of the spectra. 
The yield of coincident protons does depend on 
Z, and tends to be lowest for Z's above the 
projectile, where the deep inelastic cross section 
is small. 

It is difficult to draw any definite 
conclusions as to the occurrence of Fermi jets 
or hot-spot emission in the 63Cu + 20Ne reaction . 
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Fig. 2. (a) Proton energy spectra in the moving 
frame of the Ne-like deep-inelastic fragment. 

(b) Laboratory proton energy spectra for 
three different Z bins of deep-inelastic fragments. 

(XBL 787-9613) 
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DEEP-INELASTIC SCATTERING AND FISSION IN THE 220 .. MeV 4°Ar + 128U REACTION 

G. J. Mathews, L.G. Sobotka, G.J. Wozniak, R.P. Schmitt, R, Regimbart, G.U. Rattazzi, M. Lutolf, 
P. Bigeleisen, and L.G. Moretto 

The 220-MeV 40Ar + 238U reaction is an 
interesting system in which to study the reaction 
mechanisms and likelihood of heavy-element forma
tion. Recent work on a similar system,l 222-MeV 
40Ar + 243Am, has indicated that the inferred 
mass distribution exhibits features reminiscent 
of the shell effects of low-energy compound
nucleus fission. In this work, we have 
investigated an alternative explanation of this 
ohenomenQn which should also appear in the 
1l0Ar + 238U system. We propose that the peak 
in the mass distribution near A = 75 observed 
in Reference 1, may be due to a depletion of 
yield caused by the secondary fission of the 
heavy fragment (Z >82) following a deep-inelastic 
collision. Also in this work we are applying 
these results to test diffusion model predictions 
of heavy-element formation. 

There are several methods of testing this 
hypothesis. One way is to distinguish between 
compound-nucleus fission and deep-inelastic 
collisions by the possible asymmetry about 900 
in the angular distribution of the latter process. 2 
A more stringent test, which we also apply in 
this work, is to look at heavy products in 
coincidence with an identified fragment. If 
a peak in coincidence yield is produced by the 
increase or decrease of secondary fission of 
the heavy fragment, there will be a discrepancy 
between the singles and coincidence rate. 

We did, therefore, the following experiment. 
The light fragment was identified in an ionization
counter solid state ~E-E telescope. Coincidence 
events were detected in a solid state position
sensitive detector, which spanned an angular 
range of 320 in plane and 60 out of plane. 

Fragment singles cross sections exhibit 
some interesting features. One is the absence 
of a peak in the singles distribution near Z=28, 
which would be expected for a shell effect from 
the complementary (Z=82) heavy fragment. The 
light fragments show the side-peaked angular 
distributions expected from deep-inelastic 
scattering. The fragments heavier than the pro
jectile exhibit the transition to l/sin6 c.m. 
behavior consistent with fission or long lived 
deep-inelastic events. 
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Fig. 1. Comparisons of singles coincidence charge 
distribution for relaxed plus quasi-elastic events. 
The two spectra were normalized with the elastic 
events. The telescope angle is 500 , the PDS angle 
is 700 • (XBL 789-2242 L ___ _ 

Final conclusions can be drawn from Fig. 1 
which shows a comparison of the singles and coin
cidence yield at one detector angle setting. The 
differences between the two spectra are clearly 
understandable in terms depletion of the binary 
coincidence yield due to secondary fission of the 
heavy fragment for Z > 82 (ZLight < 28). The in
crease in the singles yield for ZLight > 34 can 
be attributed to the secondary fisslon fragments. 
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CHARGE DIFFUSION IN THE REACTION 197Au + 86Kr AT 506-, 620- and 732-MeV 
BOMBARDING ENERGY 

R.P. Schmitt, G.J. Wozniak, G. Bizard,' J.S. Sventek, and L.G. Moretto 

In previous work1 we have studied the energy 
spectra, charge distributions, and angular dis
tributions of deeo-inelastic fragments produced 
in the reaction 197Au + 620 MeV 86Kr. It was 
found that the data could be semi-quantitatively 
reproduced by a simple diffusion model,2 which 
treat~ mass transfer as a diffusion process. 
In fact it was also possible to obtain reasonable 
fits to experimental data obtained with 620 MeV 
86Kr on a variety of targets as light as natAg.3 
To further test and refine the model we have 
studied the dependence of the 197Au + 86Kr system, 
(see also Ref. 4) on bombarding energy. 

A self-supporting Au foil was bombarded 
with 506- and 732-MeV 86Kr ions produced by the 
SuperHILAC. Charged fragments produced in these 
bombardments were detected with gas-ionization, 
solid state 6E,E telescopes. Energy spectra and 
charge distributions were measured at 12 angles. 

In Figs. 1 and 2 typical Z-distributions 
are shown for both bombarding energies. At 
506 MeV the charge distributions are all peaked 
near the projectile Z-value, especially for angles 
near the grazing angle (620 in the lab) where 
quasi-elastic reactions are the most intense. 
At more forward angles like 350 where quasi .elastic 
reactions are essentially absent, the charge 
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Fig. 2, Lab Z-distributions for the reaction 
197Au + 732-MeV 86Kr, (XBL 7711-10742) 

distributions are somewhat broader and peak at In contrast to the 506-MeV data, the charge 
Z-values above the projectile. This shift is distributions obtained at 732 MeV are quite broad 
probably the result of enhanced diffusion towards (excluding those obtained at angles near the 
-symmetry' promot~e~d~byth-e~p-O't-Mna-l~en-er-gy~of----~gi..r"'a=z' i ng);liowever, tlfeyiennsag a i n con~centrared---
the intermediate complex. in the vicinity of the projectile. The increase 
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Fig. 1. Lab Z-distributions for the reaction 
197Au + 506-MeV 86Kr, (XBL 7711-10743) 

in the widths of the Z-distributions at 732 MeV 
is probably due to an increase in the temperature 
of the intermediate complex, which permits more 
extensive diffusion to occur. 

Another interesting feature of the two 
reactions is the variation in yield with angle. 
At the lower bombarding energy the cross section 
is highest near the grazing angle; that is, the 
angular distributions are side-peaked. This 
side peaking persists throughout the Z-range 
of the measurements, even for atomic numbers 
where the contribution from quasi-elastic reactions 
is small. However, at 732 MeV the yield tends 
to falloff steadily with increasing angle, 
except for atomic numbers close to the projectile 
Z where side peaking is observed, Actually, 
the transition from side peaking to forward peaking 
occurs smoothly with Z, The overall pattern 
of the angular distributions for 197Au + 732 MeV 
86Kr is similar to that observed with 620-MeV 86Kr, 
and can be attributed to a diffusion controlled 
time delay in popul at i ng more extreme asymmetri es.1 
By selecting l'S close to the projectile one 
is biased in favor of short interaction times, 
If the interaction time is short compared to 
the rotational period, the complex decays before 
it rotates to small angles, resulting in side-
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peaked angular-distributions. For longer interac
tion times more extensive rotation occurs so 
that before the complex decays it may actually 
rotate to and perhaps past 00 , resulting in 
forward-peaked angular distributions. 

The fact that the angular distributions 
at 506 MeV are all side peaked, whereas those 
at 732 MeV exhibit both forward and side peaking 
make the reaction 197Au + 86Kr ideal (as well 
as challenging) for a comparison with model 
calculations. Recently, a more refined diffusion 
model has been developed, which includes energy 
dissipation via one-body viscosity.5 A comparison 
between model calculations and the experimental 
data is shown in Fig. 3 for all three bombarding 
energies. The agreement is particularly impressive 
in view of the fact that the interaction times, 
form factors and diffusion constants have not 
been treated as free parameters. A more difficult 
test of the model is the reproduction of the 
experimental angular distributions as a funct

7
ion 

of Z. The results of the calculations for 19 Au + 
506-MeV 86Kr are shown in Fig. 4. Except for 
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Fiq. 3. Comparison between theoretical and 
rx~erimental cross sections for the reaction 
9 Au + 86Kr at three bombarding energies. 
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the fact that the model overestimates the yield 
for the lowest Z' S, the agreement is very good. 
Both the magn i tudes and the sh a~es are re~roduce~ __ ~ ~ __ 
Similar -agreement has been achieved for the other 
bombarding energies, lending credence to the 
diffusion model incorporating a one-body dissipa-
tion mechanism. 
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THE ENERGY DEPENDENCE OF THE REACTION natAg + 86Kr 

R,P, Schmitt, G,J, Wozniak, G, Bizard,* and L.G, Moretto 

Although a large body of experimental data 
has been accumulated on the charge and angular 
distributions for deep-inelastic processes, 
comparatively little information is available 
on the energy dependence of these processes, 
particularly for heavy systems. To investigate 
the dependence of deep-inelastic processes on 
bombarding energy, we have conducted g series 
of experiments with 506- tnd 732-MeV 8 Kr ions 
on natAg. These results complement those 
previously obtained at 620 MeV and should provide 
a basis for a detailed comparison with theory. 

Thin, self-supporting natAg foils were 
bombarded with 86Kr ions accelerated by the 
SuperHILAC. The beam energies were determined 
via a magnetic analysis system and should be 
accurate to better than 1%. Charged fragments 
were detected in an array of four gas-ionization 
~E, solid state E telescopes mounted in pairs 
on opposite sides of the scattering chamber. 
With this detection system, it was possible 
to identify atomic numbers over the range 
10 ~ l ~ 50 at forward angles. 

The angular distributions as a function 
of l also depend strongly on the bombarding energy. 
The results for 506-MeV 86Kr are given in Fig. 
3. Aside from the intense side-peak observed 
near the grazing angle for l'S near Kr, the angular 
distributions tend to be peaked in the forward 
direction. Furthermore, the strength of the 
forward peaking depends on the amount of charge 
transferred, As charge is transferred to or 
from the projectile. the forward peaking becomes 
weaker and eventually yields to a l/sinB distri: 
bution. This l-dependence of the angular distrl
butions can be understood in terms of a diffusion 
model. By selecting larger mass transfers, one 
is effectively biasing the lifetime distribution 
in favor of longer interaction times, thus allowing 
the intermediate system to undergo more extensive 
rotation. The angular distributions for the 
732-MeV bombarding energy are considerably more 
forward peaked; however, the pattern of decreasing 
forward peaking with increasing mass transfer 
is retained, providing further evidence for the 
above interpretation. 

Using a simple model based on the master 
The energy spectra of the fragments exhibit equation it is possible to semi-quantitatively 

features similar to those observed at 620 MeV reproduce the experimental data by adjusting 
incident energy: for all l'S there is a deep- the interaction time. Currently, attempts are 
inelastic or relaxed component, which peaks at being made to refine this treatment by including 
energies somewhat below those expected for one~body dissipation, which would allow one to 
touching, spherical fragments; for l'S close calculate the interaction time from the collision 
to the projectile l an additional quasi-elastic dynamics. 
comp-()n-e-nt--i-s-pr-e-sen-t--fol'-an~g-l-es-n-e-ar-t h-e-gr-azln-g--- "~-=-=-"---------
angle. These two components are clearly separated 
near the grazing but tend to merge at more forward 
angles, implying that orbiting2 persists over a 
broad range of bombarding energies for this system. 

Representative lab charge distributions are 
shown in Figs. 1 and 2. Aside from the intense 
peak centered on the projectile l, which is due 
to quasi-elastic reactions, the charge distribu
tions are "fission-like" and tend to peak at 
symmetry (l ""41). A most striking feature of 
these data is the increase in the width of the 
l-distributions with bombarding energy. At 506 
MeV the data for 400 span three orders of magnitude 
while at 732-MeV 86Kr for 250 , for example, they 
cover little more than one decade. This dramatic 
variation in the width of the l-distributions 
can qualitatively be understood within the frame
work of the diffusion model. 3,4 At the higher 
bombarding energies, the excitation energy is 
larger, allowing the intermediate complex to 
spread rapidly along the mass asymmetry coordinate. 
At the lower bombarding energy, the excitation 
energy is lower and diffusion is slower. Because 
the potential energy has a minimum at symmetry, 
diffusion to extreme asymmetries is inhibited. 
Additional effects associated with a variation in 
the interaction time with bombarding energy may 
also be present and could complicate this picture. 
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Fig. 1. Lab charge distributions for the reaction 
506-MeV 86Kr + natAg. 

(XBL 7711-10744) 
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EVIDENCE FOR ENERGY THERMALIZATION IN DEEP-INELASTIC PROCESSES: 
63CU + 30Ne AT 7.9, 12.6, AND 17.2 MeV/NUCLEON" 

R.P. Schmitt, G. Bizard,t G.J. Wozniak, and L.G. Moretto 

On the basis of single particle inclusive 
measurements,l it is evident that a large fraction 
of the entrance kinetic energy is dissipated 
in deep-inelastic collisions (DIC). However, 
the mechanism responsible for the damping process 
is not obvious and a variety of mechanisms have 
been proposed. 2,3 A potentially powerful technique 

50 

/1 1 1 1 

252 MeV 20Ne + 63Cu 

ZI=16, 81=42°,82 =440 

70-80 

1 1 1 

80-90 

90-100 

for exploring the details of the energy damping ~ 
process involves the study of 1 ight particles § 0 J\ 
emitted in association with deep-inelastic 8 100-110 
fragments. 4-6 Furthermore, such studies may 50 110-120 120-130 130-160 

yield information on the relaxation of other ~ 
modes such as the degree of therma1ization and 
the sharing of excitation energy between the 
primary fragments. A serious drawback in such fl 
experiments' arises from the fact that the spatial ~ 
correlations for light particles tend to be broad, 00 200 10 200 10 20.L.O-L-....IIO"'""""''-2-'='0~ 
resulting in a low coincidence efficiency. 10 
Recognizing the better spatial correlation of Z2 
the heavy DIC products, we have measured the 
atomi c-numbers-of-the-two-pr-imary-dec-ay-produc-ts---Fig~I-. -Di stri buti on-i n-L2-for--eonstant-Z-l--for-------
in coincidence. The total missing charge (6Z) various cuts in the total laboratory kinetic 
is then easily determined as the difference between energy of the fragments. (XBL 777-1517) 
the sum of the initial atomic numbers of the 
system and the sum of the detected charges. 

A self-supporting 560-vg/cm2 thick 63Cu 
foil (99% enrichment) was bombarded with 20Ne ions 
accelerated by the Lawrence Berkeley Laboratory 
88-inch cyclotron. The energies, atomic numbers 
and lab angles of the two heavy fragments were 
measured with two 1arge-solid-ang1e (50 angular 
acceptance) particle telescopes, consisting of 
gas ionization ~E detectors and solid state E 
detectors. At 252-MeV data were taken over the 
range of the angular correlation with the first 
telescope fixed at 420. For the 158-and 343-MeV 
bombarding energies, measurements were taken only 
at symmetric angles, optimized for the symmetric 
decay channel. 

For a fixed value of the atomic number 
detected in the first telescope (ZI), a distribution 
of atomic numbers (Z2) is observed in the second 
telescope in coincidence. Examples of the Z2 
distributions for Zl = 16 are shown in Fig. 1 
for various cuts in the total laboratory kinetic 
energy of the fragments (ET = El + E2). The 
total energy has been chosen insofar as it may 
be more indicative of the excitation energy than 

the energy of a single fragment. Although the 
sigmas of the Z2 distributions are large ("'-'2.0), 
they are approximately independent of the total 
kinetic energy and as.ymmetry. The mean value 
of Z2 does, however, depend on ET: as ET is 
increased the mean value of Z2 increases. 

This feature is more visible when the mean 
missing charge (~Z = 39 - ZI - Z2) is plotted 
vs. ET for various ZI and 62 (see Pig. 2a,b). 
Several features are immediately obvious: 
1) the number of evaporated charges is large, 
~Z ranging from 4-8; 2) 6Z decreases with 
increasing ET; 3) the magnitude and shape of 
the ~Z curve is essentially independent of the 
asymmetry of the fragments (note the clustering 
for different ZI values); 4) the above trends 
do not change significantly over the in-plane 
correlation. 

The out-of-p1ane data (see Fig. 2c) show 
a pronounced angular dependence. The symmetric 
angle setting (81 = 420 , 82 = 440 ) is again shown 
for comparison. For 82 = 440, ¢2 = 100 the mean 
evaporated charge ~Z at ET = 100 MeV is slightly 
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Fig. 2. (al Mean missing charge (&:) as a function 
of the total laboratory kinetic energy (ET) for 
several exit channels. Note the false zero in 
the energj scale. 

(b) Mean 6Z vs ET averaged over the 
exit channel asymmetry for several values of 
82. The error bars represent the rms deviation 
corresponding to different asymmetries. 

(cl Same as (b) except for various out-
of-plane angles ¢2 (82 ~ 440). (XBL 787-2601) 

higher by about 1.0 Z-units. For ¢2 ~ 200 6Z 
has increased by almost 2.5 Z-units. It seems 
reasonable that by looking out of the reaction 
plane one preferentially selects events for which 
more extensive particle emission has occurred, 
perhaps via a emission which tends to impart 
large recoil momentum. 

In Fig, 3a the average &: is plotted vs. 
ET for the three bombarding energies. Again 
the angles have been chosen at the peak of the 
correlation for symmetric decay. As expected 
6Z increases with increasing bombarding energy. 
In Fig. 3b 6Z has been plotted as a function 
of the total excitation energy deposited in the 
fragments. The excitation energy scale has been 
calculated assuming that the fragment velocities 
are not altered as a result of particle emission. 
For purposes of emphasis, only the points that 
are associated with relatively large cross sections 
have been plotted (the plotted data correspond 
to roughly 80% of the yield for the asymmetries 
considered). A smooth, almost linear increase 
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Fig. 3. (a) Mean missing charge vs, ET for three 
different bombarding energies. 

(b) Mean missing charge plotted as a 
function of the excitation energy. The line 
through the data points serve only to guide the 
eye. (XBL 783-436) 

in 6Z with excitation energy is readily apparent 
implying that the excess kinetic energy is 
effectively thermalized over a very broad range 
of excitation energies. The slope of the line 
corresponds to about 25 MeV/charge. Since the 
total mass loss is about twice the evaporated 
charge (within experimental errors), one obtains 
an average energy loss per particle of ~12.5 MeV, 
which ;s consistent with estimates assuming 
evaporation. Of course, we have only asymmetries 
with Zl > 10. The situation may be more complicated 
for ZIS below the projectile Z. 

In conclusion, the technique of simultaneous 
Z identification of the major fragments is a 
powerful tool for studying deep-inelastic 
processes since one directly obtains the 
multiplicity of evaporated charges, It is 
important to note that despite the very high 
excitation energies most of the available phase 
space for the intrinsic degrees of freedom appears 
to be explored. 
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EVIDENCE FOR ANGULAR MOMENTUM FRACTIONATION IN 86Kr~INDUCED REACTIONS 
ON 107, l09Ag, ls'Ho AND 197 Au" 

M,M, Aleonard,t G,J, Wozniak, p, Glassel,* MA Deleplanque,§ R,M, Diamond, loG, Moretto, 
RP, Schmitt, and F,S, Stephens 

Heavy-ion reaction studies have shown the 
existence of a rotating "intermediate complex," 
consisting of a target-like and a projectile
like fragment, which undergoes equilibration 
in its various degrees of freedom.1 These equili
bration processes, like the relaxation of the 
relative motion, the neutron-to-proton ratio 
and the mass asymmetry, have been extensively 
investigated. 1 The angular momentum transfer 
from orbital to intrinsic rotation, leadin~ to 
the equilibration of rotational degrees of , freedom, 
has been investigated to a lesser degree. 2,3 

Measurements of y-ray multipl icities My 
have proven to be a good technique for determining 
the intrinsic angular momentum in compound 
nuceli. 4,5 This technique can be applied to 
deep-inelastic (DI) and quasi-elastic (QE) 
collisions in order to determine the angular 
momentum transfer as a funct-jon of mass asymmetry 
as determined from the light-fragment atomic 
number Z3. From this dependence it is possible 
to obtain information on the extent to which 
rigid rotation has been attained. 

We have studied Kr-induced reactions for 
targets spanning a large mass range, employing 
a triple coincidence method, in which the y-rays 
were observed in coincidence with the light 
fragment and with the heavy fragment, or with 
one of the fission products in the case of 
sequential fission. Self-supporting targets 
(600 ~g/cm2) of natAg, 165Ho and 197Au were 
bombarded with a 6I8-MeV 86Kr beam. The atomic 
number (Z3) of the lighter fragment as well as 
its kinetic energy (E3) was measured with a 
gas tE, solid-state E telescope, which was 
placed in the reaction plane at angles (~) 
varying from 200 to 700 . In order to detect 
the heavy fragment from the DI reaction in 
coincidence, a large solid-angle, X-V position
sensitive detector (PSD) was placed in the 
react ion plane on the oppos He s -j de of the beam 
axi s. 

The y-rays were observed in a set of six 
3" by 3" NaI detectors located above the target 
at 450 with respect to the reaction plane. The 
number (p-fold) of the NaI detectors in coincidence 
with a light fragment (Z3) in the LE-E telescope 
was recorded event-by-event. The y-ray multi
plicities were deduced from the number of counts 
obtained in the different p-fold coincidences, 
the solid an~le and efficiency of the NaI 
detectors.4 Corrections for random events were 
made, while the contribution from neutrons was 
neglected (estimated to be less than -5%). 

The y-ray multiplicities associated with 
the higher energy events (quasi-elastic) are shown 
as a function of Z3 in Fig. 1. A characteristic 
V-shaped dependence is observed, indicating that 
the angular momentum transfer is approximately 
linear with mass transfer. In this feature the 
present results are similar to those obtained 
for a lighter system. 2 

The results for the multiplicities associated 
with the DI reactions are shown in Fig. 2 as 
a function of Z3 for several lab angles (63). 
One should notice the slight but systematic 
increase in multiplicity as one moves from the 
lighter system (Kr + Ag) to the heavier ones 
(Kr + Ho and Au). Also, for the lighter system 
My is essentially constant with Z3. while for 
tne heavier systems an increase in My is observed 
as Z3 increases. Furthermore, at the backward 
angles one observes smaller values of M than 
at' the more forward angles (see the Au l Kr data). 
It is immediately obvious that the rise in My 
with decreasing Z3 predicted by rigid rotatlon 
and observed in the Ag + Ne system2 is not observed 
here at any angle. 

A possible explanation for this effect is 
that the complementary heavy fragment could 
dispose of its angular momentum by fissioning 
with high probability as Z3 becomes smaller. 
In the case of Ag + Kr, no fission was observed 
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Fig, 1. My for the reactions 86Kr + 165Ho and 
191Au; statistical error bars as shown for 
representative cases. The dashed lines are 
obtained by assuming that the fraction of the 
orbital angular momentum associated with the 
transferred mass is recovered as fragment spin. 

(XBL 779-2346) 

in coincidence with any fragment. For Ho + Kr 
some fission was observed in coincidence with 
the smaller Z3'S, but alwaYs in negligible 
amount. For Au + Kr a very large amount of 
fission (about 100% for Z3 ~ 30) was observed. 
However, for this system the y-ray multiplicities 
appear to be the same whether or not the heavy 
fragment undergoes fission. 

In summary, the failure of My to rise as 
Z3 decreases is not due to sequential fission, 
does not seem to be due to alpha-particle emission 
~he out-of-plane angular widths of the heavy 
partner remain essentially constant (-6 0 FWHM) 
as a function of Z3 and are completely consistent 
with nucleon evaporation] and, since rigid 
rotation is indicated by the well thermalized 
kinetic energies, does not appear to be due to 
the failure to achieve rigid rotation, We are 
then left with the tentative conclusion that 
My is not rising because the low Z3 fragments 
are preferentially populated by low ~-waves, 
The analysis of the Z distributions and angular 
distributions as a function of Z performed 
independently by some of us has led to the same 
conclusion,1,6 

The explanation for such an effect ;s simple. 
The potential energy versus mass asymmetry depends 
strongly on angular momentum. In the present 
case, at the entrance-channel asymmetry, the 
potential energy slopes gently towards symmetry 
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Fig, 2. My vs Z3 for the low ener[y comDonents 
(relaxed) of the reactions 86Kr + 197Au, 165Ho 
and 101,109Ag. The solid lines correspond to 

50 

the rigid-rotation limit for two touching spheres. 
The dashed lines correspond to the rolling limit, 

(XBL 779-2345) 

for small angular momentum and it becomes progres
sively steeper with increasing angular momentum. 
Therefore only the lowest £-waves contribute 
to the population of fragments substantially 
lighter than the projectile. These preliminary 
conclusions about the fractionation of the angular
momentum distributions are of interest because 
of their implication for the ~-dependence of 
particle, energy, and angular momentum transfers. 
Further studies along the present lines will 
be needed to clarify these essential aspects 
of heavy ion reactions. 
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EVIDENCE FOR ANGULAR MOMENTUM DEPOLARIZATION AND FOR ENHANCED 
SEQUENTIAL FISSION IN THE REACTION 197AI,I (saKI', Z3f)* 

G.J. Wozniak, R.P. Schmitt, P. Glassel,t R.C. Jared, G. Bizard,t and L.G. Moretto 

An interesting phenomenon accompanying the 
deep-inelastic process, namely the fission of 
the heavy partner has recently been observed 1 
in the reaction 197Au + 979-MeV 136Xe. An approach 
that may lead to a better understanding of this 
phenomenon involves studying the sequential 
fission process as a function of the mass and 
energy of the deep-inelastic fragments as well 
as simultaneously measuring the fission fragment 
angular correlation. 

Our experimental apparatus consisted of 
a ~E(gas), E(solid state) telescope to identify 
the atomic number Z3 and energy E3 of the light 
partner, and a large solid angle, X-V position 
sensitive counter2 to simultaneously detect 
either the heavy partner (Z4) or one of its 
fission fragments. The latter detector, which 
has a position resolution of 10 and subtends 
240 both radially and vertically, provides 
information on both the energy E4 and the in
and out-of-plane angular distributions of the 
correlated fragments. 

In Fig. 1 the fission probabilities for 
the heavy recoils are shown as,function of the 
light fragment kinetic energy for representative 
atomic numbers. It is important to note that 
these fission probabilities reach astoundingly 
large values at the highest excitation energies, 
namely >80% even for recoils with an atomic 
number of 79. For sake of comparison the 
fission barrier for Q,= 0 is -22 MeV in this mass 
region and the total fission probability at 
comparable excitation energies for a light-ion 
reaction,3 130-MeV 4He + 197Au, barely reaches 
10%. The dramatically different fission probabil
ities indicate that the broader partial wave 
distribution in heavy ion reactions may allow 
sequential fission to select out the very highest 
angular momentum transfers. Thus the Q,-distribu
tion of the sequential fission channel may not 

618 MeV 86 Kr + 197Au 
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Fig. 1. Measured fission probabilities of the 
heavy fragment (Z4 " 115-Z3) as a function of 
the lab energy E3 of the light fragment Z3. 
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at all reflect the overall ~-distribution for 
the deep-inelastic process as a whole. This 
is borne out independently by the y multiplic
Hies,4 which are the same whether or not the 
heavy recoil undergoes fission. 

The out-of-plane angular distributions of 
the fragments from sequential fission are nearly 
Gaussian and peaked on the reaction plane, The 
FWHM of these distributions in the laboratory 
and in the c.m. of the recoiling heavy fragment 
are shown as a function of Z3 in Fig. 2. For 
fission fragments originating from elements heavier 
than the target (Z3 < 36) the c,m. width is 
470-500 , in agreement with the previously 
measured value,S which is an average over the 
entire Z-distribution, One should note that 
the out-of-plane angular distribution for a 
binary reaction not followed by fission (see 
Fig, 2) appears to be consistent with the de
excitation of both fragments mainly by neutron 
emission,6 

To explain the comparable out-of-plane 
fission angular distribution observed in a similar 
reaction (610-MeV 86Kr + 2098;), the authors 
of Ref. 5 presented calculations that assumed 
that the angular momentum is essentially aligned 
perpendicular to the reaction plane and that 
the fission width arises from the fission process 
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Fig, 2. Corrected FWHM of the measured out-of
plane angular correlation (¢4) as a function 
of Z3. (XBL 783-2453) 
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itself. In addition, preliminary calculations 
were also presented that assumed a Gaussian 
distribution of angular momentum perpendicular 
to the recoil direction (a ~ 270 ). The latter 
system is highly aligned and would create an 
out-of-plane angular distribution that is 
strongly dependent on the in-plane angle, 
Although both of these calculations reproduced 
the data presented in Ref. 5, both seemed to 
attribute the out-of-plane angular distribution 
to the fluctuation of the fission axis with 
respect to the plane perpendicular to the angular 
momentum. This conclusion could be doubtful 
in view of a lack of a ff/fT weight of the JI, 
distribution and in view of recent measurements 7 
of the y-ray angular distributions. If the 
y-rays emitted by an aligned system (M=J) are 
stretched E2 decays they should show a strong 
anisotropy, though attenuated by the presence 
of El decays, The expressions for the angular 
distributions arising from completely aligned 
systems are 

E2 El 

W(e) '" (5/4)(1 - cos4e), w{e) " 3/4(1 + cos2e) , 

where e is the angle of emission with respect 
to the angular momentum direction. 

However, the evidence7 is that the y-ray 
angular distribution is isotropic to within 5%-
35%. This fact can to some extent be explained 
away by invoking E1 decay. However, a very 
unlikely 50-50 contribution from El and E2 is 
barely sufficient to explain the largest measured 
anisotropy of 1.35. This dilemma forces one 
to either abandon the assumption of stretched 
E2 decays, which is disastrous because it 
compromises all our understanding of the yrast 
decay, or to seek another explanation, 

In 252Cf (JIT • 0+) spontan~ous fission, 
the resulting fragments each have 7 to 8h of 
angular momentum, which is aligned perpendicular 
to the fission axis. This angular momentum is 
most likely generated by the bending oscillations 
of the fissioning nucleus. Recently, Berlanger 
et al. 7 proposed that the same effect could arise 
in the primary deep-inelastic process. Along 
the same line, but more generally, we suggest 
that collective modes like bending (doubly 
degenerate) and twisting (non-degenerate) may 
be thermally excited, thus generating random 
components in the angular momentum. -------

If we assume such a depolarization mechanism, 
simple statistical considerations lead to the 
following partition function (for simplicity 
a two equal touching sphere model is assumed): 

Z (471·}2 f 12 exp(-I2ifT) dT , 

and 

Jl,nZ a + 3/2 ~n(J1T) 



where f is the moment of inert i a of one fr agment, 
T is the temperature and a is a constant. The 
resulting rms angular momentum per fragment is: 

For the present reaction of 6I8-MeV 85Kr + 197Ar 
and using ro " 1.22 fm and T " 2-3 MeV, ([2)1/2 
is estimated to be about 13 to 16 h per fragment, 
randomly oriented, rather than perpendicular 
to the recoil direction. (These results are 
not very sensitive to small deviations from 
symmetric splitting.) 

By randomly coupling this angular momentum 
to that transferred from orbital motion (~30h ) 
as is inferred from y-ray multiplicity data,4 
one obtains an rms angular momentum misalignment 
¢' of the order of 240 to 280, more than adequate 
to explain by itself the sequential fission out
of-plane distribution. This misalignment comes 
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from the deep-inelastic process itself. If this 
is the case, the explanation of the fission frag
ment out-of-plane distribution lies in a depolariza
tion inherent to the deep-inelastic process and 
not in the fission mechanism, This explanation 
does not contradict the existence of fluctuations 
in the fission direction as described in Ref. 5, 
However, one should note that the (17)1/2 generated 
by these bending and twisting modes may be larger 
than Ko and thus should be the dominant effect 
in producing the out-of-plane fission widths, 
The presence of such a depolarization substantially 

helps to explain the y-ray anisotropy with a 
much smaller amount of E1 transitions, 
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DEUTERON, TRITON, AND ALPHA EMISSION FOR THE REACTION G3CL!! + 252-MeV 2°Ne 

G,U, Rattazzi, RP, Schmitt, G,J, Wozniak, G,J. Mathews, L Sobotka, p, Bigeleisen, R. Regimbart, and L,G, Moretto 

A characteristic feature of light charged 
particles emission in heavy-ion induced reactions 
is the very anisotropic emission of these parlicles, 
It was first pointed out by Britt and Quinton 
that jn the bombardment of Ni, Au, and Bi with 
12C, 14N and 160, high energy alpha-particles 
were emitted predominantly in the forward direc
tion, possibly due to separate contributions 
from direct and evaporation processes. The direct 
alpha-particle emission suggested that the principal 
direct process involved is the break-up of the 
incident projectile in an interaction with the 
target nucleus. Similar results were also reported 
by Galin et al,2,3 for the reaction 103Rh + I4N, 

We have investigated the reaction 20Ne + 
63Cu at 252 MeV in coincidence with deuterons, 
tritons, and alDha particles, Thin, self sup~ort
ing targets of 12C, b3Cu (99% enrichment), na Ag 
and 197Au were bombarded with 252-MeV 20Ne ions 
accelerated by the LBL 88-inch cyclotron. Light 
charged particles were detected in either of 

two particle telescopes each consisting of 400-~m 
surface barrier 6E detectors, and l.5-in. NaT E 
detectors, A third telescope consisted of an 
extremely uniform 11,3 ~m 6E detector and a 400 ~m 
E detector, and was capable of resolving Ne-like 
fragments with atomic numbers in the range 
4.;;; Z';;; 13, The Z-telescope was placed directly 
in front of one of the light particle telescopes 
so that it was possible to detect coincident light 
particles directly along the Ne-like fragment 
direction. During the experiment, the arm 
supporting the heavy ion telescope was placed 
at a fixed angle while the other light particle 
telescope was successively placed at different 
angles, Although data were taken at a number 
of heavy ion detector angles and a variety of 
targets, we shall confine our discussion to the 
results obtained with the 63Cu target with 8HI 
140 (slightly behind the grazing angle). 

In Figs, 1a and 2a energy spectra are shown 
for deuterons in coincidence with deep-inelastic 
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Fig. 1. (a) Energy spectra for deuterons in 
coincidence with the deep-inelastic component 
of the Ne-like fragments. The Gl. p. was placed 
on the opposite side of the Ne-like ions detector. 

(b) The same as part (a) but in coincidence 
with the quasi-elastic component of the Ne-like 
fragment. (XBL 787-9616) 

fragments. In Figs. Ib and 2b the same set of 
angles are shown, but in coincidence with the 
quasi-elastic component. For both positive and 
negative angles, the yield of deuterons is clearly 
higher for the deep-inelastic component .. Th~s 
may simply reflect the fact that the excltatlon 
energy is higher for these fragments, resulting 
in more extensive light particle emission. 
In addition, the yield at negative angles 
(Ne-like fragment is emitted at positive angles) 
is systematically higher. This higher yield seems 
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reasonable if one assumes that the particles 
emitted at negative angles are primarily 
associated with target emission since it should 
have the highest share of the excitation energy. 

Gross and Wilczynski 4 suggested a piston 
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model in which fast particles are produced by 
the radial component of the diSSipative forces, 
Therefore, the fast charged particles are predicted 
to be emitted from the side of the target nucleus 
opposite the point of impact, If quaSi-elastic 



and deep~inelastic collisions are then associated 
with positive and negative deflection angles 
of the heavy ions, this theory leads to angular 
correlations that peak at negative angles Gl. p. 
for quasi-elastic collisions and at positive 
angles Gl. p. for deeply inelastic collisions. 
For the reactions studied in the present work, 
just the opposite pattern is observed. It is 
more likely that many of the light particles 
observed in the 63Cu + 20Ne reaction are just 
due to evaporation from highly excited fragments. 
Indeed, the assumption of evaporation seems to 
be consistent with many other features of the 
data. For example, the very high energies 
observed at +140 are not inconsistent with what 
one would expect if Ne-like fragments decayed 
through an evaporation process. On the other 
hand, there is evidence for ~re-equilibrium 
processes at lower energies,5 so it is not 
unreasonable to believe such a component may 
exist for the current system. A more detailed 
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evaluation of the data is needed to resolve this 
issue. 
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QsVALUE DEPENDENCE OF ANGULAR MOMENTUM TRANSFER IN DEEPL V INELASTIC 
COLLISIONS OF 86Kr WITH 209131 

P. Dyer: R.J. Puigh: R. Vandenbosch: T.D. Thomas,t M.S. Zisman, and L. Nunnelley:j: 

The reaction 6l0-MeV 86Kr + 209Bi is dominated 
by the deeply inelastic scattering process: 
the initial kinetic energy is strongly damped, 
the angular distribution is narrow and is peaked 
the grazing angle,l and the nuclear charge 
distribution of the light reaction products ;s 
narrow and is peaked near the charge Z~36 of 
the projectile. Most studies of this and similar 
systems have focused on the kinetic energy, and 
on angular and Z-distributions of the reaction 
products. More recently gamma ray multiplicities 
and angular correlations between various reaction 
products have been reported. To further 
characterize the reaction mechanism for deeply 
inelastic scattering, we present here the results 
of a measurement of the angular momentum transferred 
from the initial orbital angular momentum to 
the intrinsic spin of the heavy reaction product. 

The angular momentum of a nucleus may be 
measured by observing the angular correlation 
of decay products with respect to a space-fixed 
axis. In this experiment we detect one of the 
fragments from the sequential fission of the 
heavy reaction product in coincidence with the 
projectile-like reaction product (see Fig. 1). 
The advantage of this technique is that the 
calibration of the observed anisotropies in terms 
of the angular momentum of the fissioning nucleus 
(via the K distribution) has been determined 
previously by measurements of fission angular 
correlations following compound nucleus formation, 
where the angular momentum input is known. We 
measure angular correlations with respect to 
the recoil axis in and out of the reaction plane. 
In addition to determining the magnitude of the 

IN- PLANE CORRELATION 

OUT-OF-PLANE CORRELATION 

Fig. L Geometry of the experiment. The 86Kr 
and 209Bi labels designate projectile-like and 
target-like reaction products. 

(XBL 778-9872) 



angular momentum transferred, it is possible 
to determine the orientation of the recoil angular 
momentum, and thus to study further aspects of 
the reaction mechanism, such as non-equatorial 
collisions and bending modes of the reaction 
intermediateo 
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In a previous paper,2 we presented the angular 
correlation obtained from fission fragments in 
coincidence with projectile-like reaction products 
of all Z' s and energieso It was seen that the 
maximum angular momentum transferred to the heavy 
reaction product is large (50 to 70h), consistent 
with the limit given by sticking friction, and 
that this angular momentum was highly aligned 
perpendicular to the reaction plane. The peaking 
of the in-plane correlation along the recoil direc
tion showed that the angular momentum components 
along the reaction plane lay primarily in the 
plane perpendicular to the recoil direction. 
In this paper we present the angular correlations 
for a range of energies of the projectile-like 
reaction producto With the energy dependence 
of the angular correlations and a simple model for 
the dependence of energy loss on impact parameter 
(using the dependence of the deeply inelastic 
cross section on energy loss and angle), we deduce 
the dependence of the transferred angular momentum 
on the initial orbital angular momentumo 

In order to demonstrate the range of Q values 
for which this experiment is effective in 
determining transferred angular momentum, we 
show in Figo 2 the ratio of the number of fission 
coincidences to that of singles projectile-like 
events (for all Z'S) as a function of 00 It 
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o 

Fig. 2. Ratio of coincident events to singles 
events as a function of Q for the geometry in 
which the single detector is at -500 (lab) in 
the reaction planeo The solid curve is to guide 
the eyeo 

(XBL 787-1327) 

is seen that the fission probability is low for 
energy losses less than 75 MeVo As the number 
of events for this Q-value range is small, and 
as angular momentum fractionation effects might 
be important here,we consider only events for 
which energy losses are greater than 75 MeV. 

The in-plane and out-of-plane angular 
correlations for selected 0 regions (see Figo 3) 
have been obtained by performing sorts with 
different windows (about 40 MeV wide) on the 
energy spectra of the light projectile-like 
fragmentso (All Z's of the projectile-like 
fragment are includedo) We first note that the 
symmetry angles of the in-plane angular distribU
tions qualitatively track with the recoil 
directiono The in-plane anisotropies have been 
plotted relative to the O-dependent recoil 
direction, which changes by 35 0 over the range 
of Q-values. Secondly, both in-plane and 
especially the out-of-plane anisotropies decrease 
with increasing energy losso The direction of 
this effect is to be expected simply from the 
fact that the width of the K-distribution will 
increase with increasing excitation energyo 
A dependence of the angular momentum transfer 
on Q may either enhance or attenuate the trend 
expected from this effect. 

86 Kr -+ 209Si (610MeV) 

ANGULAR CORRELATION 
OUT OF PLANE IN PLANE 

~!~-v_ 
92 MeV 

} f 
a'" -130MeV 

i I 
a" ~ 170MeV 

II ! 
a" -220MeV 

40 0 
8c.rn. (degrees) 

-40 0 40 120 
"c.rn. (degrees) 

Fig. 3. In-plane and out-of-plane angular 
correlations for the O-divided data. The curves 
are fits to the data (see text). 
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We have performed a quantitative analysis 
of these data to extract the dependence of the 
angular momentum transferred to the target-like 
fragment on Q value. For each set of data, the 
value of K02 for the mean energy of the heavy 
fragment was taken from Fig. 4, which is based 
upon the data of Refs. 3 to 6. Since for a 
restricted range of energy loss, the range of 

14 

J values contributing is expected to be fairly 
narrow, and since we can determine only the first 
moment of the J distribution from such data, 
we have assumed a single J value, denoted JSi, 
in this analysis. By simultaneously fitting the 
in-plane and out-of-plane angular correlations 
we determine the best-fit JB;. The standard 
deviation in this quantity is determined from 
the dependence of x2 on the fitting parameter. 
The results are given in Table 1. The JBi values 
decrease with increasing energy loss. If there 
is an inverse relation between the energy loss 
and the initial orbital angular momentum in the 
entrance channel, the results indicate a correla
tion between the transferred angular momentum 
JSi and the initial orbital angular momentum. 

To relate the observed dependence of 
transferred angular momentum on Q to a dependence 
on the initial orbital angular momentum ~i, we 
have deduced a dependence of £,; on energy loss, 
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Table 1. The angular momentum JBi determined 
from fits to the Q-divided in-plane and out-of
plane angular correlations using a Gaussian 
distribution for the angle of the angular momentum 
vector with respect to the normal to the reaction 
plane. 

-Q(MeV) 

92 

130 

170 

220 

i(h) 

230 

200 

160 

105 

50+8 

41+3 

38+4 

28+4 

assuming an inverse monotonic relation between 
~i and Q. Such a dependence is expected for 
the higher partial waves in all theoretical models. 

A plot of the JBi values versus initial 
orbital angular momentum is given in Fig. 5. 
The error bars reflect only the statistical 
uncertainties in determining JB; from the angular 
distributions. Also shown are some simple 
estimates of JBi for the cases of rolling 
and sticking spheres and for sticking spheroids 
where the elongation (ratio of semi-axes ~1.4) 
has been chosen to give a Coulomb interaction 
energy consistent with the most probable total 
kinetic energy in the deeply inelastic scattering. 1 
The results are qualitatively consistent with 
the expectation for sticking spheroids. 

The qualitative trend of JBi to increase 
with ~i is as expected. One might in fact expect 
JSi to be close to the sticking limit for low 
~i and to be closer to the rolling limit for 
the more peripheral reactions where the overlap 
of target and projectile ;s small. Unfortunately 

Fig. 5. Plot of angular momentum transferred 
to the target-like product as a function of the 
initial orbital angular momentum ~i. The straight 
lines give the expectations from some simple 
asymptotic models. 

(XBL 787-1330) 



the fission barrier of 209Bi is large enough 
that the fission probability is rather small 
at the low excitation energies associated with 
the more peripheral collisions. We observe too 
few events to reliably extract the angular 
correlations when the fission probability is 
low, and what events are observed may be biased 
due to the possibility of angular momentum 
fractionation. 
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SEQUENTIAL FISSION IN DEEPLY INELASTIC COLLISIONS BETWEEN HEAVY IONS: 
COINCIDENCE STUDIES OF HEAVY FRAGMENTS IN REACTIONS OF 130-MeV 861(11' WITH Au" 

M, Rajagopalan,t L, Kowalski,t D, Logan,§ M, Kaplan,§ J,M, Alexander,t M,S, Zisman and J,M, Millerll 

In reactions of energetic Kr ions with heavy 
target nuclei, there is a high probability for 
very inelastic collisions in which the primary 
reaction products differ very little in mass 
from the incident projectile and target, 
respectively, but there is a large kinetic energy 
loss into internal degrees of freedom. For the 
system 86Kr + 197Au at an initial 86Kr energy 
of 730 MeV, the energy damping, or -Q, exhibits 
a broad distribution from zero (for elastic 
reactions) to more than 350 MeV.l A part of 
this energy must be taken up as excitation energy 
of the two separating fragments, and hence it 
is generally recognized that heavy nuclei like 
Au could receive enough energy and angular 
momentum to undergo fission. Thus one must 
expect a certain amount of sequential fission 
to occur after a heavy nucleus is excited in 
a hard reactive collision. It is also possible 
that some other multibody divisions might occur 
prior to fragment separation and equilibration 
(instantaneous fission).2 Both of these processes 
are distinctly different from fusion-fission 
in which two (fission) fragments are formed by 
scission of a compound nucleus. 

In a recent paper3 we have reported some 
aspects of alpha and proton emission in the 
reaction 724 .. MeV 86Kr + 197Au. Here we present, 
for the same reaction system, our results from 
"heavy-heavy" coincidence experiments which were 
initiated to determine the relative frequency 
of two-body vs. multibody events, and to measure 
the probability of sequential fission as a function 
of Q. 

A schematic diagram of the experimental 
configuration is shown in Fig. 1. The beam of 

730 MeV Kr 8eam 

Ssw / Gas(.6E) 
Trigger ::1:1 9~ 
Detector erR I . ~ ...•• ~Si (E) 

Telescope + 5Q I • 
" - 1. Sweeper 

Gas,(.6E) .... ?- I Detector 
SI (E) .. Telescope 

I , 
~ Faraday Cup and Monitors 

Experimental Set-up for Heavy-Heavy Coincidence Study 

Fig. 1. Experimental arrangement for measuring 
coincidences between two heavy fragments. The 
trigger telescope was at fixed angles of 300 , 
35.70 , or 41.40. while the sweep telescope was 
moved over the range 300 -700 • (XBL 787-1331) 

730-MeV 86Kr ions was provided by the SuperHILAC 
accelerator of the Lawrence Berkeley Laboratory. 
Two gas telescopes, each consisting of a 6E gas 
ionization chamber and an E surface barrier 
detector. were used to detect the heavy ¥ragments 
and provide Z identification and energy measure
ment. The "trigger" detector telescope was placed 
at a series of fixed angles Str (300, 35.70, and 
41.40 ) and the "sweep" detector telescope was 
moved through the angular range Ssw ~ 300-700 
to measure the angular correlations of heavy 
fragments both in the reaction plane and out 



of the plane. Coincidence and non-coincidence 
events were collected at the same time. The 
individual signals from each detector, as well 
as the output from a time-to-amplitude converter 
(TAC), were recorded event-by-event on magnetic 
tape. In the present series of experiments, 
a very thin Au target (0.20 mg/cm2) was used 
to minimize energy degradation of the heavy 
Au-like fragments. Both the target and the gas 
ionization chamber were thin enough to record 
the Au elastic peak (~40 MeV) in the sweep 
telescope when the trigger telescope was placed 
at 200 during calibration runs with 86Kr elastic 
scattering. 

The mass identifications of the heavy-fragment 
coincidence events were performed in two ways. 
The first method depends on Z identification 
of the i ndi v i dua 1 fragments based on the; r L'lE 
and E measurements in the gas telescopes. The 
derived masses, labeled Az, are close to the 
valley of 6-stability and were obtained by an 
iterative method. The second method of identifica
tion was based on strict binary kinematic 
relationships, which lead to the result: 

(1) 

where the subscripts tr and sw refer to the 
trigger and sweep telescopes, respectively, and 
A and E are the mass numbers and kinetic energies 
of the primary fragments. By assuming that 
Atr + Asw ~ 283 (the total mass), the values 
of Atr and Asw could be calculated event-by-event 
for all the observed coincidence events. The 
masses deduced from this kinematic analysis, 
after correction for the evaporation of light 
particles, are labeled Ak. 

With these procedures all events from a 
given set of angles 8sw and 8tr could be organized 
into a mass-mass matrix (Az vs Ak) for the trigger 
telescope as illustrated schematically in Fig. 2a. 
In each experimental run (one set of telescope 
angles), the events that are located close to 
the 450 line in the mass-mass matrix are binary. 
while those that lie away from this line are 
nonbinary. Despite occasional ambiguities and 
relatively poor statistics (maximum of 350 
coincidences per run), we found that four kinds 
of events (see Fig. 2a) could be clearly identified 
in this way. First are those (I) where Kr-like 
fragments were detected in the trigger telescope. 
Second are those (II) that may be due to fusion
fission or symmetric quasi-fission events. Third 
are those (III) in which Au-like fragments reach 
the trigger detector. And fourth are those (IV) 
for which the values of Az and Ak differed 
significantly. We ascribe the events from the 
last group to multibody reactions. which we take 
to be largely sequential fission. The discrepancy 
between Az and Ak is a consequence of applying 
binary kinematics to nonbinary reactions, and 
the existence of two distinct groups of type 
IV events is consistent with expectations for 
a sequential fission process. Angular correlations 
of coincidence events were obtained for the 
different groups at each fixed angle of the 
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Fig. 2. (a) Schematic representation of the mass
mass matrix (for the trigger telescope) used 
to clarify events. For clarity regions I and 
IV are shown as separate. Actually a subtraction 
was made for type IV events in the region for 
type I. 

(b) In-plane angular correlation for 
types I and IV events for Btr Z 35.70 • 

(XBL 787-1332) 

trigger telescope. Typical examples of such 
correlations for groups I and IV (at a trigger 
angle of 35.70 ) are presented in Fig. 2b. The 
very different behavior for group I and group IV 
events is evident. The angular correlation 
functions for the nonbinary events (IV) are quite 
flat both in and out of the reaction plane 
(sweeping limits from 300 to 700 in the plane 
and up to 100 out of plane). This is in sharp 
contrast to the relatively well-defined maximum 
at the kinematic angle for the group I binary 
events. 

We have attempted to extract from our data 
an excitation function for the sequential fission 
events; that is, the dependence of sequential 
fission probability on the inelastic energy 
transfer (-0 or E*) in the collision. This 
excitation function can then be compared to 
observed fission fractions in compound-nucleus 
reactions to gain insight into the spin-division 
in the reaction. 4 Our procedure for doing this 



, J 

can be illustrated by reference to Fig. 3. 
This figure shows our experimental data for the 
three trigger telescope angles 8tr ~ 300 , 35.70 , 
and 41.40 • The upper parts of Fig. 3 give the 
energy loss spectra for (singles) events seen 
in the trigger detector telescope, with the 
abcissa labeled as -Q. The lower parts of 
Fig. 3 give the angular correlation curves for 
the heavy (coincident) fragments at each trigger 
telescope ang·le. (The abscissa scales in the 
lower parts of the figure correspond with the 
scales in the upper parts of the figure, so that 
values of 8sw match the average Q's calculated 
for that angle.) The solid curves, through the 
solid points, are the expected angular correlations 
predicted from binary kinematics and the singles 
data. The dashed curves, through the open points, 
are the measured angular correlations for real 
binary events observed in the coincidence 
experiments (group I events in Fig. 2a). For 
the 300 data, the two curves have been normalized 
at their maxima to give the coincidence efficiency 
via the elastic scattering that dominates at 
this trigger angle. This same normalization was 
used for the calculated curves at 35.70 and 41.40. 

The differences between the calculated and 
observed angular correlation curves provide a 

:rl3 

measure of the nonbinary events, and indicate 
that the fission probability (more generally 
the multibody breakup probability) increases 
with the excitation energy of the heavy partner. 
(The larger discrepancy in coincident events 
at 8tr = 41.40 compared to 8tr ~ 35.70 ;s a 
reflection of the differences in relative 
intensities of quasi-elastic and deeply inelastic 
components at these angles.) 

If we assume that the multibody-breakup 
reactions occur in two distinct sequential steps, 
then we can relate these measurements to compound
nucleus studies. A comparison of these data 
with the excitation function for the fission 
fraction of 194Hg compound nuclei~ directly 
measured4 in the reaction 12C + Ib2W + 194Hg*, 
suggests that the heavy reactiQQ products in 
deeply inelastc collisions of BOKr + 197Au are 
about as fl'ssionable as the compound nuclei from 
the 12C + 82W system at corresponding excitation 
energies. From the similarity of fissionability 
(and Z value) for these products, we infer that 
the Au-like products of deeply inelastic collisions 
emerge from the primary collision with intrinsic 
spins comparable to the corresponding 194Hg 
compound nuclei. 4 
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HEAVY IONS 

L Projectile and Target Fragmentation 

STUDY OF REACTIONS AT 213 MeV/NUCLEON 

Y.P. Viyogi,* T.J.M. Symons, F. Bieser, H. Crawford, P. Doll,t D.E, Greiner, C.K. Gelbke,* H.H. Heckman, 
D.L. Hendrie, P.J. Lindstrom, J. Mahoney, C. McParland, D.K. Scott, K. Van Gibber, G.D. Westfall, and H, Wieman 

At low incident energies (<( 10 MeV/nucleon) 
the study of the 40Ar + 232Th system has led 
to spectacular advances in our knowledge of deeply
inelastic scattering and the existence of exotic 
neutron rich nuclei. l At these energies the 
reaction mechanism is dominated by the diffusion 
of nuclear matter between the nuclei,2 resulting 
in the emission of fragments from the equi'librated 
dinuclear system. At higher energies (~GeV/ 
nucleon), the reaction is dominated by target 
and projectile fragmentation,3 the fragments 
in this case being emitted by the sudden abrasion 
or shearing af a piece of nuclear matter from 
the projectile. 4 Studies5 with 160 beams at various 
energies reveal that the nuclear temperature 
derived from momentum spectra and isotope-production 
cross sections have similar values. This parameter 
can also be derived6 using the ground state abrasion 
model without invok"ing the concept of temperature. 
This degeneracy of different models, which are 
conceptually very different, is an intriguing 
problem. It might be expected that the use of 
heavier projectiles, such as 40Ar, could give 
more insight into the reaction mechanisms. With 
these aims in mind, we have begun studies of . 
40Ar induced reactions over a wide energy rarige 
from MeV/nucleon to GeV/nucleon. 

Here we report on first results at 213 MeV/ 
nucleon. The experiment used the 40Ar beam of 
~10tl particles/sec from the Bevalac to bombard 
thorium and carbon targets of thickness -150 
mg/cm2 and 400 mg/cm2, respectively. The reaction 
products were detected in a telescope of nine 
5-mm solid state counters, capable of stopping 
fragments ranging from argon to oxygen. 
Identification of isotopes was achieved with 
the help of the techniques described in Ref. 7. 
Several identifications and x2-consistency tests 
were used to eliminate bad events arising from 
reactions in counters and statistical fluctuations 
in energy loss. The technique permits separation 
of all isotopes of elements up to argon. We 
have measured energy spectra and production cross 
section of isotopes for elements with Z~8 to 
Z~16. 

The widths of the energy spectra of the 
emitted fragments may be used to extract the 
"temperature" of the emitting system, if it is 
assumed that the system was in thermal equilibrium,8 

_Such a procedure has been adopte~5,9 in analyzing 
the momentum spectra of fragments emitted in 
160-induced reactions at 20 MeV/nucleon and 
2.1 GeV/nucleon. The value of the temperature 
comes close to 8 MeV, the so-called "boiling 
point of nuclear matter".6 Alternatively if 
the reaction is viewed as a fast process, the 
width of the momentum distribution samples the 
Fermi momentum of the projectile, The width 
is parametrized by 00 " PFYb, where PF is the 
Fermi momentum, 2 Then the two prescriptions are 
related8,9 by ° "mT A-l/A where m is the 
nucleon mass, AOis the projectile mass number 
and T is the temperature. The value of 00 for 
T ~ 8 MeV is 86 MeV/c. Figure l(a) shows the 
results of agglying the method to the energy 
spectrum of 3~S and 160 in the argon induced 
reaction, using 00 ~ 83.7 MeV/c and 71.0 MeV/c, 
and Fig. l(b) shows the values of 00 for various 
fragments. They lie around a mean value of 90 
MeV/c, similar to that for the 160 induced reactions. 
(The final values may be approximately 10% lower 
since the contribution to the energy width due 
to the thick targets has not yet been taken into 
account.) 

An alternative approach to obtain the 
"temperature" has been the use of Q-value 
systematics for production cross sections of 
a series of isotopes,5 At low energies the 
systematics using the around state Q-value Qqg 
works extremely well. 1 The production cross 
sections are proportional to exp(Qgg/T), where 
T is the temperature of the dinuclear system 
in thermal equilibrium. At very high energies 
(2.1 GeV/nucleon) it has been shown Il that similar 
systematics can be used to obtain the "temperature" 
of the emitting system. The production cross 
sections in this case are proportional to exp(QF/T) 
where QF is the fragmentation Q-value for the 
most dominant channel. Instead of using the 
single most dominant channel, one can also sum5 
over many channels. Then the systematics should 
lead to a constant, C(N,Z) '" o(exp)/l: exp(QFIT) 
independent of N,Z. It has been shown in Ref. 5 
than C(N,Z) is fairly constant over a wide range 
of fragment masses in 160 induced reaction~ at 
20 MeV/nucleon and 2.1 GeV/nucleon. Also, the 
va 1 ues of "temperature" obtai ned ina II these 
analyses of 160 induced reactions agree with 
those obtained from the momentum spectra. 
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In Fig. 2 we have plotted the ratio C(N,Z) 
as a function of fragment mass for nuclei close 
to the projectile mass. All the energetically 
open fragmentation channels were taken into 
account and the parameter T was varied to give 
the best fit to experimental cross sections. 
The value of T obtained in this analysis is 
(12 + 2) MeV which is substantially higher than 
the yalue of approximately 8 MeV obtained for 
the 160 induced reactions, It is also higher 
than the value of T inferred from the energy 
spectra in Fig. 1. The results imply that the 
fast process is likely to be the correct 
description, and the degeneracy of the fast and 
slow processes for 160 induced reactions is indeed 
removed by using the argon beam. 

If we adopt the fast process as the correct 
description, then the data should be described 
by the abrasion-ablation model, The widths of 
the isotope distributions are of considerable 
interest in this model, on account of attempts 
to explain them by introducing correlations into 
the nuclear ground state. 12 ,13 The widths of 
the primary abrasion distribution are narrower 
with correlations included, Figure 3 shows the 
distribution of magnesium isotopes along with 
the predictions of abrasion-ablation model 14 
ignoring correlations. The predictions of the 
model appear to agree well with the experimental 
width. The figure also shows data from the 
40Ar + 48Ca reaction at 6 MeV/nucleon15 and for 
the p + 238U reaction at 800 MeV,16 It is seen 
that all the distributions look almost similar 
and hence very careful measurements are required 
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function of fragment mass number, The derived 
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to extract information about the primary distribu
tion of the fragments. It is clear, however, 
that the position of the peak of the distribution 
shifts toward the (N/Z) value of the projectile 
at higher energies and this behavior could provide 
a powerful method for producing nuclei far from 
stability using neutron rich beams such as 48Ca. 
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STUDY OF PROJECTILE FRAGMENTATION OF 12C, 160 BEAMS AT 90 MeVINUCLEON 

K. Van Bibber, D.L. Hendrie, B.G. Harvey, D.K. Scott, H.H. Wieman, L.S. Schroeder, J.V, Geaga, 
SA Chessin, and J.Y, Grossiord 

In an attempt to understand the energy depend
ence of peripheral heavy-ion reactions, we hgve 
undertaken a study of the fragmentation of l~C, 
160 projectiles at 90 MeV/nucleon using several 
targets (Be, Al, Cu, Ag, Au, and Th). Beams 
of intensities 106-108 particles/spill from the 
Bevalac were delivered to our target area in 
Line 30-1; fragments of Z ~ 3 were detected in 
a multi-element silicon-germanium telescope, 
which provided good isotope identification and 
energy measurement. Absolute cross sections 
were determined by measuring the beam flux in 
an ion chamber downstream calibrated prior to 
each run. The beam size and position were 
monitored continuously downstream from the target 
with a Morgado wire chamber; periodic upstream 
monitoring was performed likewise. The targets 
were typically 100-500 mg/cm2 in areal density. 
A helium bag was positioned between the target 
and the detector and beam dump in order to reduce 
the "target-out" contribution to the spectra 
due from interactions of the beam with the air. 

A typical spectrum is shown in Fig. 1. 
The mean energy corresponds essentially to the 
velocity of the beam, and the spectra are approxi
mately Gaussian in shape with a noticeable low 
energy tail. Angular distributions were measured 
between 20 and 80 and show a more rapid fall-
off for the heavier isotopes than for the lighter 
isotopes (see Fig. 2). Model calculations have 
been compared to the data, assuming an isotropic, 
Gaussian momentum distribution for the fragment 
in the projectile frame. 1 Furthermore, the 
integrated yields for each isotope were extracted 
by extrapolating the angular distributions to 
zero degrees. (For the isotopes with the most 
steeply falling angular distributions, approxi
mately half of the cross section appears between 
our smallest angle measured and 00 .) 

so 
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Fig. 1. Spectrum of 9Be, observed in the bombard
ment of the Be target by 160 at 90 MeV/A. 

(XBL. 787-l339) 

In comparison with experiments at 20 MeV/ 
nucleon, 200 MeV/nucleon and 2.1 GeV/nucleon,2-4 
we find the following interesting features in 
our data: 

1) Possibly a large increase in the fraction 
of the total reaction cross section occupied 
by heavy fragments (Z ~ 3) in the vicinity of 
100 MeV/nucleon, not evident at either 20 or 
200 MeV/nucleon; 
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2) Sharp disagreement with the systematics of 
momentum widths with fragment mais observed at 
the other energies (see Fig. 3).' 

The widths in the projectile frame are independent 
of fragment mass, having an average value of 
~240 MeV/c, and are independent of target. 
Furthermore, although the widths shown in Fig. 
3 were derived from the energy spectra at 8l ab 
2.5 0 (corresponding approximately to the width 
of the momentum distribution in the longitudinal 

16 {IBAU 2 0 0+ X X~ cBe .5 90 MeV IA 
I I I 

300 

200 -

bl!. 

100 171 

Best fit to 0 frogmentotion 

cioto at 2.1 GeV/A 

6 12 14 

F 

Fig. 3. Widths of fragment momentum spectra 
in the projectile frame, as a function of fragment 
mass. The eli point is anomalously low due to 
part of the spectrum punching through the detector 
stack. 

(XBl 787-1341) 

component), the perpendicular components extracted 
from the angular distributions are the same within 
errors. These results imply an isotropic breakup 
of the projectile. No theoretical suggestion 
to date can account for either phenomenon, and 
an excitation function will be performed shortly 
to confirm these results, as well as to map out 
a more detailed energy dependence. 

It is also noteworthy that significant croSS 
sections exist for the proton pickup reaction 
(160,17F) with all targets (~4 mb for Au). The 
angular distributions decrease exponentially 
with angle with the exception of that for the 
gold target, wh·jch shows a grazing "shoulder" 
in the vicinity of 81 ab ~ 40 • The Q-value for 
this reaction is very nearly that for pickup 
of a free proton (~ -100 MeV). For the carbon 
bombardments, the (12C,13C) reaction is observed, 
but no significant cross section is found for 
any nitrogen isotopes. 
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FRAGMENTATION OF 4He, 12C, 14N, AND 160 NUCLEI IN NUCLEAR EMULSION 
AT 2.1 GeV/NUCLEON" 

H.H. Heckman, DE Greiner, P.J. Lindstrom, and H. Shwet 

In this comparative study on the interactions 
of relativistic nuclei in nuclear research emulsion 
we have measured the mean-free-path lengths of 
4He, 12C, 14N, and 160 nuclei at 2,1 GeV/nucleon, 
and have exam·ined the topological features of 
the projectile fragmentation of 12C, 14N, and 
160 nuclei, with specific attention to the angular 
distributions of the Z = 1 and 2 fragments and 
the prong and charge-multiplicity distributions. 

The emulsion stacks used in this experiment 
were fabricated from Ilford G.5 pellicles, 600 vm 
thick, and exposed to the beams parallel to the 
emulsion's planes. The scanning technique for 
each beam was to select an incident ion 1 to 
2 mm from the entrance edge and scan along the 
track until the ion interacted or left the pell ic·'e. 
The beginning and terminal points of each track 
segment were recorded by three-coordinate digitized 
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Table 1. Interaction mean-free-path lengths (cm) in Ilford emulsion calculated 
by using parameters K and bo that best fit experimental data. 

Experiment 

Karol (Ref. 1) K O.52±O.06 

microscopes with l-~m readout accuracy. Recorded 
for each event were the number and, for relativ
istic secondaries, the charges of the secondary 
fragments. The interactions were qualitatively 
classified as to type, depending upon their visual 
character i 5 tics: 

Type 1 Projectile fragmentation only. No visible 
target fragmentation. Also denoted as nh = 0 
events, where nh 1s the number of nonrelativistic 
particles emitted from the interaction. 

~ Projectile fragmentation with target 
breakup, nh > 1. 

~ Catastrophic destruction of projectile 
and target nuclei. No forward-cone fragments 
from the projectile are evident. 

Type-i Target fragmentation only. No detectable 
change in charge of projectiles, i.e., the inverse 
of Type 1. 

We have selected events of Type 1 for special 
examination in that they represent the "cleanest" 
examples of projectile fragmentation. These 
events were intensively examined for all secondary 
fragments. Because the velocities of nuclear 
fragments of the beam projectile are near the 
velocity of the beam, S = 0.95, the grain densities 
of the secondary tracks are related to Z2 of 
the fragment. Charge estimates for ionizing 
tracks Z~ 3 were thus greatly simplified, requir
ing only rudimentary grain-density measurements. 

The path length followed fo§ each beam was 
sufficient to obtain at least 10 interactions. 
Table 1 gives the interaction mean-free-path 
lengths that result after correcting for undetected 
neutron or proton stripping. To fit these lengths 
we employed the analytic expression for the reac
tion cross section given by the "soft spheres 
model" of Karol. 1 This model utilizes the experi
mentally measured density distribution parameters 
(i.e., the half central density radius and the 
90%-10% surface skin thickness parameter) and 
energy-dependent nucleon-nucleon cross sections. 
Taking the average nucleon-nucleon cross section 
ij to be given by KiJ (2.1), where 3(2.1) is the 
experimental nucleon-nucleon cross section 
and K is an adjustable parameter, a best fit \'las 
obtained when K = 0.52 ± 0.06. The corresponding 
path lengths are given in Table 1. From the 
value of K, we conclude that the mean-free-path 

Beam 

160 

12.8±0.7 13.8±0.5 13.7±0.6 13.0±0.5 

22.5 14.1 13.2 12.4 

measurements in emulsion do not constitute a 
measure of the total reaction cross section (one 
which corresponds to K ~ 1), but determine a 
cross section that involves greater inelasticity 
and increased energy transfer more properly 
identified with nucleus transmutation reactions. 

About 12% of the interactions of 12C, 14N, 
and 160 beam particles with emulsion nuclei lead 
to "pure" projecti le fragmentation, characterized 
by no detectable target fragmentation, i.e., 
nh = O. We have selected these interactions 
for specific study of the projected angular dis
tribution for charge Z = 1 and 2 secondary frag
ments and of the topological features of the 
fragmentation of 12C, 14N, and 160 nuclei, presented 
in terms of the prong-number and charge-multiplicity 
distribution. 

The projected angular distributions for both 
Z = 1 and Z = 2 fragments emitted from nh = 0 
type events in emulsion are in agreement with 
the single-particle inclusive spectra. 2 Thus 
when we compare the momentum distributions of 
fragments measured in single-particle inclusive 
experiments with the momentum distributions of 
fragments produced in interactions selected on 
the basis of knowledge of the state of the target, 
we find no difference between them. 

To demonstrate some of the topological features 
of the fragmentation process for the nh = 0 type 
interactions, we plot in Fig. 1 the charged-prong 
number (n), and in Fig. 2 the charge-multiplicity 
(Z*) distributions of the secondary fragments 
as a function of Zmax, the charge of the principal 
fragment, i.e.~ highest Z produced in the frag
mentation of l~C, 14N, and 160 projectiles. 
The quantity 

is the sum of the (absolute) charges of the n 
secondary particles. Before discussing some 
of the details presented in Figs. 1 and 2, we 
wish to point out that in no case, out of 1000 
observed interactions for each of the 12C, 14N, 
and 160 beam projectiles, did \'Ie observe a frag
mentation event that yielded two or more secondaries 
with Z > 2, irrespective of the amount of target 



excitation, Thus two-product fragmentation events 
such as 14N + 7Be + 7Li were not observed. The 
cross section for their production is therefore 
$10-3 of the total reaction cross section. 

Notable features of the data presented in 
Figs. 1 and 2 are the following: 

o 6 8 10 
n 

121 ' , J 

1) For Zmax = 1 events (where all fragments are 
singly charged, hence, include only the hydrogen 
isotopes and mesons of both charges) the number 
of prongs (Fig. 1) is in all cases equal to, 
or greater than, the atomic number of the 
projecti leo 

IJ;;:~ 
6.Z±O.3 

4 I') 8 10 
n n 

Prong Number 

Fig. 1, Hist~grams 94 the prong-~umber distributions for the fragmen~ 
tation of a) C; b) N; and c) 1 0 nuclei in nuclear emulsion, nh ~ 0 
type interactions. Data are ordered as to the maximum charge, Z , 
emitted in the fragmentation for 1 <Z <3 only, The mean prongmftOmber 
<n> is indicated for each distributioW~x (XBL 776-9316) 



2) The fragmentation of 14N nuclei shows differences 
when compared with the 12C and 160 data: These 
are the high probability for complete fragmentation 
of 14N into Z '" 1 particles (11 ± 4% vs 7 ± 2% 
and 2 ± 2% for 12C and 160, respectively) and 
the high multiplicity of these events, 9.2 ± 
0.6. The <Z*) for l~N is 8.5 ± 0.1 for the 
1 .;; Zmax .;; 3 events, gi vi ng a charge excess of 
1.5 ± O.l--about twice that observed for lLC 
and 160. 
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Fig. 2.' Histograms of the charge multiplicity distributions for the 
fragmentation of a) 12C; b) 14N; and c) 160. The quantity 

n 

Z* =:E iZi I 
;=1 

where IZ i I is the absolute charge of the nth prong. The histograms 
are based on the same events used for Fig. 1, and are also ordered 
as to Zma)(' The mean-charge multip'licity is indicated for each 
distributl0n. (XBL 776-9317) 
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OF :2 GeVlNUCLEON Fe NUCLEI IN UL.ILOC::""",. EMULSION, 
I, LIGHT PROJECTILE 

E,M, Friedlander, H,J, Crawford: R,W, Gimpel. D,E, Greiner, H,H, Heckman, and P.J. Lindstrom 

Observations on 374 collisions of 1,88 GeV/ 
nucleon Fe nuclei in Ilford G-5 nuclear track 
emulsion, in which at least one projectile fragment 
of Z ~ 3 was emitted with; n a 60 cone, have revea 1 ed 
several unexpected features of projectile breakup, 

1. We observe the onset of copious multiple 
fragmentation. Table 1 shows the probabilities 
for observing ~F projectile fragments with Z ~ 3 
for our Fe events compared to results from a 
similar argon exposure. The double fragments 
increase threefold and triple fragments occur 
for the first time in sizable numbers with the 
Fe beam. Figure 1 shows a microprojection drawing 
of such a "triple-fragment" event. The fragments 
are most likely N, C, and Li and are accompanied 
by 5 a-particles in the fragmentation region. 

Table 1. Probabilities for emission of ~nF 
fragments with Z ~ 3. 

1 2 3 

Fe (73 ± 3)% 
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The remarkable feature of this event is that 
although the primary charge (26) is practically 
completely bound in the fast nuclear fragm~nts, 
7 relativistic Z ~ 1 tracks (most likely plons) 
are emitted in a wide cone. The small number 
of target-related tracks (3 black and 1 grey) 
indicates either a light (eND) target nucleus 
or a very peripheral collision with a heavy (Ag,Br) 
emulsion constituent. 

2. The relatively high a-particle multiplic
ities allow for the first time a study of the 
a multiplicity distribution, 

Figure 2 shows a plot of the quantity 

y= Qn[k!P(k)] (1 ) 

where P(k) is the probability for emitting k 
a-particles vs k, On such a plot a Poisson distri
bution will appear as a straight line 

y '" -m + k Qn m (2) 

where m is the mean of the Poisson distribution. 
The straight line on Fig. 2(a) shows the Poisson 
distribution for the experimental value 
m = 2.07±0.07, which gives an excellent fit. 
This observation has direct implications for 

Fig. 1. Microprojection drawing of a typical three-fragment event. The fragments are most likely C, N, 
and Li. (XBL 787-9760) 
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All CI.-partic1es a particles with PT > 0.5 
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Fig. 2. (a) Linearized Poisson plot for the multiplicity distribution of all alphas. 
(b) Same as 2(a) for alphas with PT > 0.5 GeV. (c) Bi-variate distribution of differ-
ences in azimuth and pseudorapidity for a-pairs. (XBL 787-9761) 
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Fig. 3. (a) Probability plot of the Px projection distribution of a-transverse mo
menta: Full line Nh = 0; dotted line Nh # 1. (b) Dispersion of the px-distribution 
for a, Li, Be and B plotted against fragment mass. The curves are: bottom ~ fit to 
160 data, full line ~ theory; dotted line = fit to Fe data (this experiment). 

the mechanism of projectile fragmentation since 
it implies uncorrelated emission and little 
clustering for the bulk of the alphas. However, 
as can be seen in Fig. 2(b), for a-particles 
with a relatively large transverse momentum 
(>0.5 GeV/c) significant departures from a Poisson 
distribution are observed. It can be shown that 
the deviation is in a direction opposite to that 
expected from a binomial distribution (which 
is significantly excluded by the data of Fig. 
2(a), too). 

3. Our data show a significant enhancement 
of a-particle pairs with very small relative 

(XBL 787-9762) 

momenta. Figure 2(c) shows the bivariate fre
quency distribution of differences ILI\jJ I (in azimuth) 
and ILln I (in pseudorapidity) of all combinations 
of two-alpha particles from our events. The 
narrow spike at ILI\jJ I ,,100 , 1M I < 0,25 has a 
probability <10-~ to occur as a statistical 
fluctuation. Comparison of the transverse momentum 
distribution of these a-pairs with that of stable 
Be-fragments observed in the same sample of events 
shows that at most ~1/3 of these pairs can be 
accounted for in terms of the decay of the ground 
state of Be!:l. Since Be8 decay is known to be 
dominated by its first excited state (which would 
lead to much broader angular distributions), 
some of the a-a correlation must be of a different 
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40 The transverse momentum distributions 
which should reflect best the "thermal" motion 
in the projectile system, are in flagrant discre
pancy with theoretical predictionso The distri
butions show a marked target dependence, both 
in shape and parameter valueso Figure 3(a) shows 
a probability plot of transverse momentum Px-
projections which should be Gaussian for a Boltzmann 
gaso This is indeed the case for events with 
Nh ~ 0, 10eo, without any slow target fragments 
(full line)o However, events with Nh;;;' 9[col1isions 
with heavy (Ag,Br) targets] show a marked departure 
from a Gaussiano If one tries to assign "temperatures" 
to these curves we obtain ~12 MeV for Nh = 0 
and ~25 M V for Nh ;;;, 90 If the latter is decomposed 
into two Gaussians they correspond to temperatures 
of ~15 MeV and ~30 MeVo 

Figure 3(b) shows the romos. deviation a 
of the Px distributions for different projectile 
fragments. The full curve is the theoretical 
prediction of Lepore and Ridello l Crosses represent 
the fit to a parabolic fragment mass dependence 
obtained with 016 projectiles by Greiner et al.2 
The dotted line is the best fit of a parabolic 
expression 

(3) 

where Band F are the beam and fragment masses, 
respectively, to our data. The fit is obviously 

good; however, the constant a~ is ~1 order 

of magnitude higher than the value observed with 
oxygen projectiles and ~ factor ~2 off from the 
theoretical predictiono l If one tries to assign 

J a "thermal" meaning according to Goldhaber,3 o 

we obtain again a temperature in the range 25-
30 MeV. 

50 The charges of all projectile fragments 
up to boron have been determined by measurement 
of gap-length distributions (heavier fragments, 
measured photometrically, will be dealt with 
in a subsequent publ ication). We have been able 
to make a complete analysis of 57 events involving 
only fragments of Z ~ 5, Figure 4 shows the 
target dependence of various fragmentation para
meters, in terms of the number Nh of target frag
ments (Nh " 0, Nh '" 1 . 0 . 8, Nh ;;;, 9). 

It is obvious that events with Nh " 0 are 
a class qualitatively apart from the rest of 
the events. More of the primary charge is bound 
in He and (Li, Be, 8) fragments. The mean number 
ns of relativistic prongs is low and the charge 
excess (26 - Z Zi;;;,2 - ns), which is most likely 
interpreted as charged pions, is nil. The trans
verse momentum distributions of both He and Li 
fragments are narrower than in the bulk of the 
eventso 
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Fig. 4. Nh-dependence of: (a) mean multiplicity 
of alphas-tupper line), Li-(lower line); (b) mean 
multiplicity of relativistic Z " 1 secondaries 
from top to bottom: all Z " 1, protons outside 
60 cone, protons inside 60 cone, charged pions; 
(cl dispersion of px-distribution: alphas (upper 
line), Li (lower line). (XBL 787-9763) 

Between Nh" L008 and Nh;;;' 9 (essentially 
light and heavy targets) there is surprisingly 
little change in most parameters in spite of 
weak but consistent trends, The only exception 
is the strong increase in the pion multiplicity. 
If this fact is associated with the weak change 
in the number of projectile protons, it is very 
hard to explain in any "independent nucleon" 
scattering model and is highly suggestive of 
collective effects. 
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FRAGMENTATION OF RELATIVISTIC 56Fe" 

G.D. Westfall, Lance W. Wilson, P.J. Lindstrom, H.J. Crawford, D.E. Greiner, and H.H. Heckman 

With the recent acceleration of iron to 
relativistic energies at the Bevalac, the direct 
measurement of the astrophysically interesting 
fragmentation of iron is now possible. Employing 
a simple transmission detector system, elemental 
production cross sections for elements from Z 
= 13 to Z ~ 25 were measured for a variety of 
targets ranging from H to U using a 1.88 GeV/nucleon 
56Fe beam. In addition, the charge-changing 
(0'6Z;,,1) and mass-changing (OLlA;;;.l) cross sections 
were extracted. The mass-changing cross sections 
can be applied directly to calculations of cosmic 
ray propagation. The elemental production cross 
sections, though not directly applicable, can 
be used to improve the phenomenology used in 
cosmic ray calculations. 

The apparatus consisted of a beam definition, 
a thick target, and an effective charge identi
fication module. Each module was composed of 
lithium-drifted silicon detectors. The detectors 
were 3 mm thick and had 1500 mm2 active area 
(44 mm diameter). The beam definition module 
contained two detectors and the effective charge 
module contained four detectors. The targets 
used were typically half a mean free path in 
thickness. Cross sections for a hydrogen target 
were obtained by a subtraction of C from CH2 
targets. 

Charge definition in both the beam defining 
and fragment measuring modules was accomplished 
by a multiple LIE measurement. An average charge, 
Z, and a consistency check, x2, were formed 
for each event. However, since each interaction 
could produce many minimum ionizing charged 
particles, the effective charge module will measure 
an effective charge, 

Z*" t (Z~)1/2 
n"l 

where Zi is the charge of the ith particle out 
of a total of N particles. If one of the particles 
has a charge much greater than the others, its 
charge will dominate the sum of squares producing 
a leading charge effect. Different leading charges 
were easily separated and the production of a 
given element from 56Fe was equated with the 
observation of the corresponding leading charge. 

The elemental production cross sections, 
o(Z), for elements with Z = 13 to 25 produced 
from a relativistic 56Fe beam are given in Table 
1 and Fig. 1 for the 10 different targets. Correc
tions were made for target-out background, zero 
detector thickness extrapolation, and multiple 
interactions in the thick targets. The cross 
sections represent an average over the energy 
loss in the thick targets, which was typically 
0.15 GeV/nucleon. 

I03~~~~~~~~--~F-~-F~ 

z 
Fig. 1. Elemental production cross sections, 
o(Z), for 56Fe at 1.88 GeV/nucleon. The x's 
for the H target represent the results of the 
semi-empirical model of Silberberg and Tsao. 
The x's for the o(Z " 25) data for all targets 
refer to a calculation of the Coulomb-enhanced 
removal of one proton. (XBL 787-9610) 
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Table L Elemental production cross sections for 1.88GeV/nucleon 56Fe beams in mb. 

Target 
Z H Li Be C S 

13 25 HO 50±5 50±7 83±11 78±18 
14 31 ±"9 57 ±5 75±8 57±10 106±14 
15 22 ±IO 57±6 57 ±8 59±1O 50±8 
16 37 ±24 56±6 63±8 54±10 74±12 
17 36 ±17 38±4 54±7 53±7 66±14 
18 31 ±9 55±6 54±7 55±9 74±13 
19 36 ±9 56±5 65±7 52±7 55±21 
20 47tll 64±6 68±7 78±11 97±14 
21 62 ill 67±6 77±8 54±9 91±13 
22 82±13 751:6 83±9 87±11 64±10 
23 60 ±II 88±7 88±9 100±11 86±12 
24 80 :t13 98±7 111±9 124±13 128±16 
25 127±24 141 ±18 156±21 181±27 250±22 

The distribution of elemental production 
cross sections for each target is generally nearly 
flat. No odd-even Z effects are visible. Exceptions 
to the general trend of flatness occur in the 
form of enhancement near Z ~ 13 and near Z = 
25 for the heavier targets. The turn-up near 
Z = 25 represents the Coulumb-enhanced removal 
of one proton from the projectile. The turn-
up around Z = 13 can be attributed to the breakdown 
of the leading charge effect. This breakdown 
could be due to the enhanced breakup of the pro
jectile into many smaller charged particles by 
the heavier targets. 

The measured elemental production cross 
sections for the fragmentation of 1.88 GeV/nucleon 
56Fe on a H target can be compared to the semi
empirical model of Silberberg and Tsao. 1 The 
semi-empirical model slightly overestimates the 
elemental production cross sections but is still 
statistically consistent with the present experiment. 

Another comparison is made in Fig. 1 between 
the a(Z = 25) for all targets and a semi-empirical 
model. This model describes the enhanced one
proton removal from the projectile by absorption 
of a virtual photon via the giant dipole resonance. 
This process seems to account for the enhanced 
a(Z = 25) for the heaviest targets. 

The charge-changing cross section, obZ > 1 
is defined to be the cross section for the removal 
of at least one charge from the projectile. 
The measured charge-changing cross sections for 
a relativistic 56Fe beam on 10 different targets 
are given in Table 2. The charge-changing cross 
sections contain the same energy averaging and 
experimental corrections as the elemental cross 
sections. 

Cu Ag Ta Pb U 

179 ±27 112 ±19 81±14 191± 37 30799 
72±11 158±20 115±20 119± 22 169±28 
88±15 64±13 133±20 78± 16 176±34 
56±11 96±13 109±17 116± 19 116±22 
86±13 79±14 101 ±18 90± 19 133±22 
95±15 84±14 100±18 73± 15 113±19 
88±14 79±11 111±20 90± 19 105±15 
98±14 118±14 107±17 144± 22 143±19 

100±15 104±13 129±18 111± 17 153 ±21 
101±14 124±16 152±19 148±22 95±16 
121 ±15 117±15 150±19 142±25 181±27 
149±16 218±21 206±22 242±15 208±22 
219±20 280±23 457±34 509±40 646±43 

--~ 

Another quantity related to 0bZ > 1 is the 
mass-changing cross section, 06~1, which is 
defined as the charge section for removing at 
least one nucleon. This cross section can be 
found from 0bZ>l by adding in the contribution 
from neutron loss that could not be measured 
in this experiment. These values are presented 
in Table 2. The stated errors include errors 
in the added neutron loss contribution as well 
as those from the charge-changing cross sections. 

Table 2. Charge-changing cross sections, 06~1, 
and mass-changing cross sections, 0b~l' for 
1.88 GeV!nucleon 56Fe. 

°6~1 o6~1 

Target (b) (b) 

H 0.68±0.04 0.75±0.05 
Li 1.34±0.03 1.43±0.04 
Be 1.57±0.03 1.67±0.05 
C 1.56±0.05 1.66±0.06 
S 2.07±0.08 2.22±0.09 

Cu 2.71±0.07 2. 94±0 .10 
Ag 3. 34±0. 08 3.71±0.14 
Ta 4.34±0.08 4.97±0.20 
Pb 4.33±0.15 5.10±0.27 
U 5.02±0.11 5.92±0.29 

Footnotes and References 

*Condensed from LBL-7162, submitted to Phys. 
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WHAT GOVERNS THE PRODUCTION OF HEAVY TARGET RESIDUES IN RELATIVISTIC 
HEAVY-ION 

D.J. Morrissey, W. Loveland:r and G.T. Seaborg 

It is common when discussing RHI reactions 
to describe experiments in terms of the projectile 
velocity (i.e., 2.1 GeV/amu, etc.) or to compare 
the results of relativistic heavy-ion reactions 
with results from reactions induced by protons 
of equivalent velocity. Preliminary measurements 
by Kaufman et al.,l however, suggested that the 
recoil properties of some of the product nuclei 
from the reaction of 25 GeV 12C with Au resembled 
more the recoil properties of the same products 
produced in reactions with 28 GeV protons rather 
than 3 GeV protons. Piqued by this suggestion, 
wa bombarded Ta with 8.0 GeV (i.e., 400 MeV/amu) 
2 Ne ions in hopes that the known dramatic differ
ences b2tween the reaction of Ta with ~400 MeV 
protons and GeV energy protons j would manifest 
themselves in the target residue mass and charge 
distributions (see Fig. 1). 

A Ta foil (of thickness 164.6 Mg/cm2 
surrounded by 5.4 mg/cm2 mylar catcher foils) 
~8s irradiated for 247 min in a beam of 8.0 GeV 

Ne ions of intensity ~1.64x1010 particles/min 
at the Lawrence Berkeley Laboratory Bevalac. 
Gamma-ray spectrometric measurements of the radio
activity induced in the target and catcher foils 
began 14 hr after bombardment and continued for 
about 5 weeks. Approximately 60 radionuclides 
were identified in this study on the basis of 
their y-ray energy, half-life, and radiation 
abundances. 

Independent and cumulative radionuclide 
yields were calculated from the radioactivity 
measurements on the irradiated foils. Using 
the procedures described elsewhere,4 independent 
yield formation cross sections were calculated 
for all radionuclides, Gaussi 9n charge dispersions 
[of the form P(Z,A) '" (21To2)-1/2 exp(-(Z_Zp)2/202)] 
were fitted to the data, and the charge dispersions 
were integrated to give the isobaric yields. 
Figure 1 shows the product mass distribution 
for the reaction of 8.0 GeV 20Ne with Ta and the 
corresponding distributions for the reaction 
of 340 MeV and 5.7 GeV protons with Ta. Comparison 
of the data in Fig, 1 shows the dramatic agreement 
between the mass distributions of 8.0 GeV ZONe 
and 5.7 GeV protons and striking disagreement 
between 8.0 GeV 20Ne reaction mass distribution 
and the distribution resulting from the inter
action of equivalent velocity protons with the 
same target. A similar result is obtained when 
one compares the Zp functions from these reactions. 
The total integrated cross section for species 
with A > 40 is 2,5 barns. Using the Bradt-Peters 
geometrical form for the reaction cross section,5 

8.0 GeV 20Ne + Ta 

-'c 
'" ~ 10

1 

n 
E 

bl<! 
'0 '0 

Abrasion-Ablation : )1 
Model Prediction /J'''''~ \ """/:J! -.---_.&' "~ 
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Fig. 1. product mass distribution from the reaction 
of 8.0 GeV 20Ne with Ta. Dotted curve is the 
data of Nervik and Seaborg,2 solid curve is the 
data of Grover,3 while the dashed line is the 
prediction of the abrasion-ablation model. 

(XBL 786-1171) 

obtained by Heckman et al. 6 for A1 '" 20, ro = 
1.37 fm and b '" 0.51, one obtains a reaction 
cross section of 3.64 barns. Thus, our results 
set an upper limit On the extent of central 
projectile-target collisions in which no survivors 
(with mass number A > 40) occur at <30% of the 
total reaction cross section, 

Also shown by the dashed curve in Fig. 1 is 
the prediction of the abrasion-ablation model for 
the product mass distribution for this reaction. 7,8 
In this picture of RHI collisions both the target 
and projectile nuclei are assumed to be hard 
spheres and the projectile nucleus is assumed 
to follow a straight line trajectory. Primary 
residues or target spectators are those fragments 
that remain after the overlap region between 
the two sharp spheres is removed from the target 
nucleus by the interaction (abrasion). These 
primary residues are assumed to have an excitation 
energy due to the increased surface area of the 
distorted fragments,7 and are de-excited through 
a statistical evaporative cascade with fission 



ZONe + 181Ta 
(8.0 GeV) 

,) 

20Ne + 18ITo_Lu* 
b. Ell' = Es 
'W E* = Es + 60 

( c) 20Ne + IEIITo -Tm* 
b. E* = Es 
'V E*" Es + 40 

(d) 

Fig. 2. (a) Charge dispersion curve for the near target residues from the reaction of 
20Ne with 181Ta. (b) Comparison of the measured data for Hf isotopes. solid points, 
with the abrasion-ablation calculations (see text). (cl and (d) are same as (b) but for 
Lu and Tm fragments, respectively. (XBL 786-1172) 

competition8 (ablation). Figure 1 shows that 
the shape of the target residue distribution is 
correctly predicted by this model (indicating that 
the shape of this distribution is largely governed 
by geometrical factors), but the magnitude of the 
cross section is over-estimated by a factor of two. 
This difference may represent a breakdown of the 
strict participant-spectator assumption of the 
abrasion model of RHI reactions at 400 MeV/nucleon. 

Using the primary residue charge dispersion 
prescription of Morrissey et al. 8 with the abrasion
ablation model of the interaction, information 
can be obtained on the excitation energy deposited 
in the spectator target fragment by the interaction. 
In Fig. 2(a) we show the charge dispersion curve 
for those fragments with mass number A between 
165 and 175. (We note that the two most neutron
excessive products, 175Hf and 172Lu shown in 
Fig. 2(a), do not seem to be a part of the Gaussian 
distribution that characterizes the remainder 
of the products. These neutron excessive products 
may be due to contributions from secondary reac
tions in the target,) These fragments with 
165< A <175 are isotopes of Hf, Lu and Tm, and 
these data have been replotted as mass dispersions 

in Figs, 2{b), 2(c) and 2(d), Also shown in these 
latter figures are the calculated values of the 
primary product production cross sections using 
the prescription of Morrissey et al. 8 (solid 
squares) as well as the predicted secondary product 
distribution assuming the primary product excitation 
energy is simply that of excess surface energy, 
Es, of the residue (solid triangles). The size 
of Es varies with the number of nucleons removed 
and has average values of -5 MeV, ~15 MeV and 
-35 MeV for Hf, Lu, and Tm fragments, respectively. 
The calculated secondary product yields assuming 
this excitation energy do not resemble the experi
mental data; however, if one assumes the total 
excitation energy of these primary fragments 
is ~75 MeV independent of product mass, then, 
as shown in Figs. 2(b), 2(c), and 2(d), the 
calculations reproduce both the centroid and the 
widths of the product distributions, As before, 
though, the cross sections are overestimated by 
a factor of ~2-3. 

What governs the production of heavy target 
residues in relativistic heavy-ion reactions? 
The total energy of the incoming projectile rather 
than its velocity appears to determine the yields 



of the target residue nuclei. It should be noted, 
however, that the excitation energies of the 
near target residues are relatively low when 
compared to the excitation energies predicted 
as the result of the interaction of either equi
valent velocity or equivalent total energy protons. 
The general success of the simple abrasion-ablation 
model, along with the failure of the Monte-Carlo 
intranuclear cascade model (which assumes each 
projectile and target nucleon interact as single 
particles) in describing the residue mass dis
tributions, argues that the relativistic heavy 
ion interacts as a single entity with the target 
nucleus. 8 As our data show, it appears that 
some of the target residue nuclei are produced 
in interactions involving significant overlap 
of the central densities of projectile and target 
[b ~ O.55(Rp + Rt) J. These "hard" collisions 
would appear to offer exciting opportunities to 
study new aspects of nuclear reaction dynamics. 

Footnotes and References 

*Condensed from LBL-7718, accepted for publication 
in Z. Phys. A. 

tpermanent address: Dept. of Chemistry, Oregon 
State University, Corvallis, OR 97331. 

130 

L S. I(aufman, Eo D. Steinberg, and B. D. Wilkins, 
Phys. Rev. Lett. ~1, 1359 (1978). 

2. W. E. Nervik and G. T. Seaborg, Phys. Rev. 
fJ), 1092 (1955). 

3. J. R. Grover, Phys. Rev. 126, 1540 (1957). 

4. I. Binder, LBL-6526 (1977); W. Loveland, 
D. J. Morrissey, R. J. Otto, and G. T. Seaborg, 
LBL-6527 (1977). 

5. H. C. Bradt and B. Peters, Phys. Rev. Zl, 
54 (1950). 

6. H. H. Heckman, D. E. Greiner, P. J. Lindstrom, 
and H. Shwe, Phys. Rev. C lZ, 1735 (1978). 

7. J. D. Bowman, W. J. Swiatecki, and C. F. 
Tsang, LBL-2908 (1973). 

8. D. J. Morrissey, W. R. Marsh, R. J. Otto, 
W. Loveland, and G. T. Seaborg, Phys. Rev. C 
18, 1267 (1978). (accepted for publication); 
LBL-6529 (1977); and see also D. J. Morrissey 
et al., "calculation of Target Residue Mass and 
Charge Distributions in Relativistic Heavy-Ion 
Reactions," in this Annual Report. 

NON-SCALING BEHAVIOR OF PION PRODUCTION AT 1800 IN 
p-NUCLEUS COLLiSIONS BELOW 5 GeV* 

S. Chessin, J. Geaga, J.Y. Grossiord,t J. Harris, D. Hendrie, L. Schroeder, R. Truehaft, and K. Van Bibber 

In a comprehensive study of particle 
production at 1800 by relativistic nuclear beams 
at the Berkeley Bevalac, we have measured the 
single particle inclusive spectra of n±, p, d, 
tis produced by beams of p, a, C, Ar striking 
various nuclear targets. High energy particle 
production at backward angles is particularly 
interesting since most processes are either 
strictly forbidden or at least severely constrained 
by kinematics [e,g., pp ->-n(1800 ) + x, 

P;ax ~ 250-300 MeV!c in the lab system], thus 

enhancing the possibility that cooperative phenom
ena playa major role in such particle production, 

We discuss only one of the features observed 
in these studies; namely, the lack of scaling 
of pions produced at 1800 by proton beams. The 
following reaction was studied: 

p + A ->- (n±)1800 + X (A '" C,Al,Cu,Sn,Pb), 
with proton beams of 0.8, 1.05, 2.1, 3.5, and 
4.9 GeV. It has been observed that forward pion 
production1 scales for proton beams of bombarding 
energies as low as ~1 GeV. By scaling, we mean 
that the invariant cross section, 

depends only on the scaling parameter 
x' " (P!Pmax)cm and is independent of energy. 
Using a hard scattering model, Schmidt and 
Blankenbecler2 were able to obtain an impressive 
fit to the forward pion production data (projectile 
fragmentation region). Using this same model 
they then predict that pion production in the 
backward direction (target fragmentation region) 
would behave as: (1 - x' )6A-5, where A " atomic 
number of the target employed, Figure 1 shows 
our preliminary data for backwardTI-'s produced 
by 1.05, 2.1, and 4.9 GeV protons. A clear energy 
dependence is observed in these data, so that 
the concept of scaling does not hold for pion 
production at backward angles. We do note, 
however, that the backward pion cross section 
does follow a behavior of the form (1 - x')n. 
The solid line through the data point in Fig, 1 
represents such a fit with n " 23 for the 
1,05 GeV data, n " 30 for the 2.1 GeV data, and 
n " 65 for the 4.9 GeV results. The model of 
Ref. 2 for a Cu target predicts n ~ 373 
(independent of bombarding energy), We should 
point out that their model was meant to apply 
near the kinematic limit in these reactions 
(i,e., x' ~ 1) and that these data only go up 
to x' ~ 0.45 at best. 

In conclusion, although pion production 
in the forward direction is observed to scale, 
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backward pion production does not show such a 
feature, The hard scattering model of Schmidt 
and Blankenbecler2 with its quark-like counting 
rules, which was successful when applied to the 
forward data, fails when applied to backward (1800 ) 
pion production, Indeed, the interesting question 
arises as to why it worked so well on the forward 
production data? It is possible that the apparent 
scaling of the data is simply fortuitous, Perhaps 
one can distinguish more easily the flowers from 
the weeds with particle production at backward 
angles? 
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Fig. 1, Lorentz invariant cross section vs x' 
for n- production at 1800 by 1.05, 2.1, and 4,9 GeV 
protons on Cu target, (XBL 786-9450) 
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2. Central Collisions 

SINGLE PARTICLE INCLUSIVE MEASUREMENTS OF RELATIVISTIC 
HEAVY~ION COLliSIONS 

H.H. Gutbrod, J. Gosset: J.-C. Jourdain,t C.H. King, G. King, Ch. Lukner,* W.G. Meyer, Nguyen Van Sen, § 
A.M. Poskanzer, A. Sandoval, R. Stock, G.D. Westfall, and K.L. Wolf 

Despite the complexity of relativistic heavy
ion reactions with their characteristically high 
multiplicity of reaction products, precise single 
particle inclusive measurements yield information 
on the average multiplicity and on the details 

Table 1. The target, projectile, and energy 
combinations for which data were taken. 

Energy Targets 
of energy and momentum dissipation in the reaction 
observed. Furthermore, if the particles detected 
are clusters, there is information on the correla
tion of nucleons and their formation process. 
Because all theories of relativistic heavy-ion 
reactions presently give predictions of cross 
sections within a factor of 2-4, accurate data 

(GeV/nucleon) Al Ca Ag 

are needed for comparison. For more detailed 
studies, the single particle inclusive data of 
reactions with small impact parameter are highly 
desired; this selection can be obtained by measur
ing associated charged particle multiplicities. 

With these two goals in mind, a large set 
of data was taken using projectiles from proton 
to 40Ar on targets from 27Al to 238U at bombard
ing energies from 250 MeV/nucleon to 2.1 GeV! 
nucleon. The systems studied are presented in 
Table 1. Reaction products were detected in a 
multicounter telescope1 inside of a newly built 
scattering chamber (Fig. 1). The particles n+, 
p, d, t have been identified as to mass, charge, 
energy, and reaction angle. Simultaneously, for 
each event detected, the associated multiplicity 

Detector 
telescope 

Scintillator 

Ring C 

1.05 

0.4 X 

1.05 

0.25 

0.40 X 

1.05 

2.1 

0.4 X 

1.05 X 

Fig. 1. The scattering chamber is shown containing the Si-Ge telescope 
and surrounded by the 80 plastic scintillators. (XBL 782-7229C) 
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Fig. 2. The response of the beam 'ionization 
chamber per incident particle as a function of 
the theoretical dE/dx. The slope of the best 
fit line is 81% of that calculated from the 
physical characteristics of the ionization chamber. 

(XBL 787-1350) 

and muHipl icity pattern in cp and 8 was measured 
in 80 scintillators coupled to photomultipliers 
(see Fig. 1). 

A special effort was made to improve the 
absolute normalization of the data to resolve 
some questions raised in connection with the 
old data. 2 For that purpose, the beam line was 
modified to insure a clearer beam, which resulted 
in a dramatic improvement of the background condi
tions at forward angles. The beam ionization 
chamber downstream of the target (see Fig, 1) 
has been ca'l i brated by a beam sci nti 11 ator system3 
consisting of a) a 1/4" x 5" x 5" scintillator 
and b) a 1/4" x 5" x 5" sampling scintillator 
(plastic containing scintillation fibers) with 
an effective area of 2,7% of the full scintillator, 
Thus, it was possible to calibrate the ionization 
chamber with various particle beams and define 
its calibration curve (Fig. 2). During the data
taking runs, the linearity of the beam ionization 
chamber was checked with a 6E-E solid state counter 
telescope, and no change in the response of the 
ion chamber and its electronic system was observed, 
even for high intensity 40Ar beams. The solid 
angle of the telescope was defined by measuring the 
distance of the first. detector from the target and 
by measuring its active area optically and by a
particle measurements from a calibrated 241Amsource. 

The proton double differential cross sections 
are shown in Fig. 3 for 20Ne on U at 400 MeV/ 
nucleon. Tne absolute cross sections are given 
with 20% uncertainty. The spectra have been 
corrected for reaction 10sses4 and for losses 
due to scattering out of the detector (calculated 

-
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Fig. 3. Proton energy spectra in the laboratory 
at several angles with respect to the beam. 
The solid curves are the firestreak calculation. 6 

(XBL 787-1326) 

with the code ANGLE).5 The largest correction 
for protons at 200 MeV amounted to 25%. For 
the deuteron and triton spectra, the reaction 
losses were calculated for low energies (Ed < 
30 MeV, < 50 MeV) according to 

with 

Above that energy, a constant value for oR was 
taken. 

Comparisons with the firestreak mode1 6 
show that the forward angle data are not described 
by the model, whereas at backward angles there is 
qualitative agreement. Good agreement is found 
when the data are compared with hydrodynamical 
calculations.? A more thorough test will be made 
when data selected on high multiplicity are com
pared with calculations of only small impact 
parameter collisions. 
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PION PRODUCTION IN RELATIVISTIC HEAVY-ION COLLISiONS 

K.L. Wolf, J. Gosset: H.H. Gutbrod, J.-C. Jourdain, t C.H. King, G. King, Ch. Lukned W.G. Meyer, Nguyen Van Sen, 
A.M. Poskanzer, A. Sandoval, R. Stock, and G.D. Westfall 

With the equipment described,l low energy 
positive pion spectra with their associated charged 
particle multiplicities have also been measured. 
Stopped ~+ mesons were separated from ~- with 
a pion-positron delayed coincidence requirement 
for the decay sequence 

+ 25 nsec + + '[1' ")1 v 

and 

+ 2.2 sec )1 • +v+v 

taking place in the germanium crystals. Decay 
curves characteristic of the muon's 2.2)1 sec 
muon lifetime were observed in time spectra col
lected during data acquisition. The '[1'+ energy 
spectra were corrected for chance coincidences, 
multiple scattering losses, reaction losses, 
escape of positrons from detector surfaces, target 
thickness and energy of the )1+ decay. Losses 
due to decay in flight are small and, according 
to calculations, are largely compensated by in
scattering of muons. 

Examples of '[1'+ spectra obtained in this 
study are shown in Fig. 1(a) and (b) for 20Ne 
on 238U at projectile energies of 250 MeV/nucleon 
and 2.1 GeV/nucleon, respectively. It can be 

seen that laboratory angular distributions are 
nearly isotropic at 250 MeV/nucleon and are 
somewhat forward peaked at 2.1 GeV/nucleon, over 
the pion energy range measured here. The solid 
lines are the results of the nuclear firestreak 
calculation.2 Good agreement is obtained for 
the magnitude of the cross sections, which 
vary a factor of ~50 between the two bombarding 
energies. At 2.1 GeV/nucleon, the rather flat 
spectra are reproduced by the calculation over 
the limited pion energy range measured. However, 
at 250 MeV/nucleon the spectra are more sharply 
peaked than predicted, possibly indicating the 
need for a more microscopic calculation, like 
the independent Qarticle (nucleon-nucleon) 
model of Bertsch3 or the similar calculation 
of Jakobsson et al.,4 which includes the 
readsorption of pions. The effects of nucleon
nucleon collisions in pion production should 
be more easily observed for a light target in 
which the effect of pion absorption and multiple 
scattering is minimized. In fact, pion inclusive 
spectra for the 20Ne + 27Al reaction at 400 MeV/ 
nucleon are very similar in the regions of target 
and projectile rapidities to the pion data of 
Cochrane et al. 5 for the 730 MeV proton-induced 
reactions on hydrogen and carbon. The rapidity 
plot in Fig. 2 for the 20Ne + 27Al reaction shows 
cross section contours at low PI around the 
target and projectile rapidities, corresponding 
to these spectator sources. Figure 3 shows the 
result of gating the spectra on high associated 
multiplicity involving more central collisions, 
which enhances the intermediate rapidity region. 
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CHARGED-PARTICLE MULTIPLICITIES OF RELATIVISTIC HEAVY-ION COLLISIONS 

C.H. King, J. Gosset: H.H. Gutbrod, J. -C. Jourdain,t G. King, Ch. Lukner,t W.G. Meyer, Nguyen Van Sen, 
A.M. Poskanzer, A. Sandoval, R. Stock, G.D. Westfall, and K.L. Wolf 

Perhaps the most basic piece of information 
to be obtained from the study of relativistic 
heavy-ion collisions is the average multiplicity 
of fragments produced. We have been determining 
(M) as part of the analysis of data taken with 
the appar'atus described. 1,2 This consists of 
a solid state telescope, which triggers a tag
counter array of 80 plastic scintillators in 
4 azimuthal rings. The telescope was designed 
to measure double-differential, single-particle 
inclusive cross sections, but it can also be 
used as a counter for the passage of all charged 
particles above a lower energy threshold. 
Analyzing the data in this latter mode, the average 
multiplicity of charged particles can be determined 
in a straightforward way, since (M ). alar, where a 
is the integral single-particle inclusive cross 

section and ar is the total reaction cross sectlono 
Average multipli~ities determined in this manner, 
with a lower energy threshold of approximately 
30 MeV/nucleon and integrated between laboratory 
angles 100 and 1800 , are shown in Fig. 1 for 
the case of Ne + U at three energies. 

Assuming clean-cuts between sharp spheres,3,4 
as in the nuclear fireball model,5,6 the average 
number of protons participating in a heavy-ion 
reaction is 

Z2/3 A + Z 
targ. proj. proj. 

( 113 + 1/3 ) 
Aproj . Atargo 

2/3 
Atarg • 
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Fig, 1, Average charged particle multiplicities 
(M >for the Ne + U system as a function of the 
Ne projectile energy, Those determined from 
the single particle inclusive cross sections 
are indicated by triangles and compared with 
those determined from firestreak calculations 
as described in the text, The line labeled 
IIfirestreak" indicates the value of Np, the number 
of proton participants for this projectile and 
target combination, The squares indicate the 
average multiplicities determined from the tag
counter array associated with a trigger particle 
at Blab = 900 , (XBL 787-1321) 

As can be seen in Fig. 1, the measured multipli
cities lie below Np at 0,25 and 0,4 GeV/nucleon 
but rise at 2,1 GeV/nucleon to a value of about 
twice Np' Our angular limits of integration 
and low energy threshold restrict the number of 
particles we observe, and this, as well as the 
formation of composites among the participants, 
can cause the observed multiplicity to fall below 
Np. On the other hand, pion production and con
tributions from spectator protons will increase 
the charged particle mUltiplicity, Recently7 
calculations using the nuclear firestreak mode1 8 
have been performed which, by assuming the equi
librium of nuclear reactions in the interaction 
region,9 determine composite particle and pion 
cross sections as well as the proton cross section. 
In addition, some contribution from spectators is 
obtained by using diffuse surfaces on the projec~ 
tile and target, The multiplicities determined 
from such calculations corresponding to our exper
imental energy threshold and angular range are 
shown in Fi g. 1 and repl'oduce the trend of the 
measurements quite well, 

Another measurement of'multiplicity can 
be obtained from the plastic-scintillator array, 
which is sensitive to all charged particles with 
E ?: 25 MeV/nucleon. However, it should be noted 
that this multiplicity may be different from 
that determined using the single-particle 
inclusive cross section, since it is the 
multiplicity associated with the telescope 
trigger, The average multiplicity was determined 
by adapting the standard techniques ~aveloped 
for y-ray multiplicity measurements, 
correcting for missing solid angle, coin-
cidence summing, and accidental and deadtime 
probabilities, assuming uniform azimuthal 
distributions and no correlations in particle 
emission. 

Average multiplicities (M) associated with 
all particles in the telescope at 8Lab = 900 

are presented for various target-projectile 
combinations at four projectile energies in 
Fig, 2. The multiplicities are plotted vs the 
quantity Np defined above. For the most part, 
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Fig. 2. The average multiplicity obtained from the tag-counter array plotted 
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the observed associated multiplicites fall along 
a straight line at all four projectile energies. 
However, the multiplicities determined from the 
tag-counter array are approximately a factor 
of two larger than those determined from the 
single-particle inclusive cross section as shown 
in Fig. 1 for the case of Ne + U. This presumably 
indicates that a trigger particle at BLab = 900 

strongly biases the observed event in favor 
of larger multiplicites and hence, presumably, 
more central collisions. 
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SIGNATURES OF CENTRAL AND PERIPHERAL 

H.H. Gutbrod, W.G. Meyer, eh. Lukner,* and A. Sandoval 

The results of a recent experiment utilizing 
relativistic heavy ions from the Bevalac imply 
that low energy (1 to 5 MeV/nucleon) light particles 
(4 .;;; Z .;;; 12) arising from interactions of Ne 
projectiles with heavy targets (Ag, Au, U) are 
produced predominantly in central relativistic 
heavy-ion collisions and that fission fragments 
from targets such as U are only produced in peripheral 
interactions. 

The experiment utilized a L£-E telescope 
consisting of a large volume methane gas ionization 
chamber 6E detector and silicon surface barrier 
E detectors. In addition, an array of five silicon 
detectors was employed to measure the energy 
and correlation angle of coincident light and 
heavy fragments. In order to obtain a measure 
of the multiplicity of charged particles (above 
an energy of 25 MeV/nucleon) associated with 
observing a particle in the telescope, an array 
of 80 plastic scintillators coupled to photo
multiplier tubes was used. The scintillators 
were arranged in three azimuthal rings as shown 
in Fig. L 

It has widely been accepted in the field 
of relativistic heavy-ion physics that central 
and peripheral collisions can be distinguished 
by the charged particle multiplicity resulting 
from such collisions. Central collisions are 
violent and produce a large multiplicity of fast 

Scintillator 

charged particles, which are emitted over all 
of 4n, and peripheral collisions are gentle and 
produce a very small multiplicity of fast charged 
particles, which are strongly forward focused. 

Figure 2 shows three distinctively different 
associated charged particle multiplicity dis~ri~u
tions. The distribution associated with a flsslon 
fragment at 900 in the laboratory shows a prominence 
of zero multiplicity events, whereas that 
associated with detecting a n+, p, d, or t at 
the same laboratory angle shows a reasonable 
number of zero as well as high multiplicity events. 
In contrast to this, the distribution associated 
with observing an oxygen fragment at 900 displays 
a marked absence of zero multiplicity events 
with the highest mean multiplicity. Based on . 
these observations, one can conclude that observlng 
a low energy target fragment (4 .;;; Z .;;; 12) at 
900 in the laboratory is on the average a signature 
of a central relativistic heavy-ion collision 
with heavy targets such as Au and U. 

Preliminary analysis of the energy spectra 
and angular distributions of the detected fragments 
shows that oxygen fragments are being emitted 
from a system that is moving at a velocity (En) 
approximately ten times faster than that of 
the fissioning nucleus. This observation supports 
the earlier assumption that more momentum is 
transferred from the projectile to the target 

Ringe 

Fig. 1. The experimental arrangement. 
(XBL 782-72290) 
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nucleus in central than in peripheral interactions. 
A quantitative determination of the velocities 
of the moving systems emitting the observed fragments 
will yield information concerning the mechanism 
of momentum transfer between the projectile and 
target. 

The observed kinetic energy spectra of the 
fission products can be explained in terms of 
Coulomb-repulsion between the two fission fragments. 
However, the measured energy spectra for non
fission events cannot be explained in such a 
simple manner. For light targets such as Ag, 
the sum of the Z of the detected 1 ight fragment 
(Z ~ 13) and the number of charged particles 
detected in the multiplicity array almost equals 
the sum of the Z of the projectile and the target. 
Therefore, for light particles from a Ag target, 
there is no evidence for a complementary heavy 
fragment, thus ruling out the simple explanation 
of a very asymmetric fission-like process. 

In-plane correlated emission is observed 
between slow heavy fragments (Z = 26) and fast 
charged particles detected in the multiplicity 
array. This correlation may be evidence for 
a collective interaction of target and projectile 
nucleons or it may be a result of multiple nucleon
nucleon scattering. It is hoped that further 
analysis of the data will answer this question. 

Footnote 

*Present address: Gesellschaft fur Schwerionen
forschung Institut, Darmstadt, W, Germany. 

Fig. 2, Multiplicity distributions associated 
with various fragments. 

(XBL 787-1261) 

STREAMER CHAMBER STUDIES OF CENTRAL COLLISIONS 

A. Sandoval: R. Stock,t J.V. Geaga, J.Y. Grossiord, and L. S. Schroeder 

The large amount of single particle inclusive 
cross sections from relativistic heavy-ion interac
tions that have been measured in the last year 
has shown the need for more exclusive measurements 
to differentiate between models that have been 
put forward to describe them, and to get a signa
ture from the early compressed stage in a central 
interaction. 

The streamer chamber, with its 4n solid 
angle and 100% charged particle efficiency, is 
perfectly suited for doing such multiparticle 
correlations. 

We have done a streamer chamber run for 
equal projectile and target mass by using Ar 
on KCl at 1.8 GeV/nucleon, About 4,000 pictures 

of interactions in the inelastic trigger mode 
were taken to define the bias of the main experi
ment, which consisted of about 15,000 pictures 
of central coll isions (see Fig. 1). This central 
collision trigger was done by requiring a signal 
corresponding to at most two protons in the down
stream scintillator. The events have been 
scanned for negative tracks; electrons and IT-

and positive tracks; fast (minimum ionizing) 
and slow tracks, Multiplicity distributions 
for the central trigger are shown in Fig, 2. 
The mean n- multiplicity was found to be 5.9, 
while the mean total charged particle multiplicity 
is 42. 

For each interaction, the total charged 
particle multiplicity can be written as: 



, J 

Mtot = Zp + Zt + 2 Mrr Z l)M ,-Zn 0 ;- cluster' .. , 

the last two terms being the charge bound in 
clusters and the non-observed particles due to 
their low energy. From this we find that for 
the central trigger in the average we have 6 
charges not accounted for, if we assume that 
all the observed tracks are single charged 
fragments. 

.' 141 , , 

The events are being measured and will be 
analyzed for rr- pair correlations. 

Footnotes 
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CORRELATION OF FRAGMENT VELOCITY AND SOURCE VELOCITY 
IN NUCLEUSmNUCLEUS AND PROTON~NUCLEUS COLLISIONS" 

P.B. Price and J. Stevenson 

Thermal models l -4 have been used to account 
for the fragment spectra seen in relativistic 
nucleus-nucleus and proton-nucleus reactions. 
In the "target fragmentation" regime, where frag
ments have S ~ 0.3, their angular and energy 
distributions bear some resemblance to Maxwellians 
viewed in a "recoiling source" frame, but several 
parameters are required to fit the spectra for 
a single fragment type,4 and the relative yields 
of different fragment types have not been explained. 
Neverthe 1 ess, the term "evaporat ion" cont'j nues 
to be used in discussions of target fragmentation. 
We point out some important common features of 
energy spectra of light and heavy fragments from 
nucleus-nucleus and proton-nucleus reactions, 
and we indicate the difficulties these features 
pose for thermal models. 

We have converted data from Refs. 4-8 into 
graphs consisting of contours of constant invariant 
cross section in momentum space. Figure 1 shows 
several examples. The labels on the contours 
give the log of 0inv in llb/sr(MeV)2/c. 

The most remarkable feature of the graphs 
is the extremely isotropic emission of all frag
ments, in the appropriate moving frame, for the 
reactions at multi-GeV/nucleon energies. The 
best fits to the contours of constant 0inv for 
the reactions 5.5 GeV p + U -;. X + anything and 
2.1 GeV/nucleon Ne + U -;. X + anything are circles 
with centers on the positive PI! axis. The centers 
of the circles move to increasing values of ~I 
as the radii of the circles increase. For the 
400 MeV/nucleon Ne + U fragment data the contours 
are approximately circular at angles larger than 
~600, but there is an additional contribution 
to 0inv at angles near the forward direction, 
as can be seen in Fig. l(c). When we fit the 
data at large angles to circles, we find that 
their centers move along the positive Pu axis 
to values that increase with their radil. 

Figure 2 shows the correlations between 
Ss and Sr that we find from graphical analyses 
of four sets of single-particle inclusive reactions. 
For each reaction Ss is strongly correlated with 
Sr and there is no systematic shift of the 

correlation line with fragment mass. We interpret 
the correlations in Fig. 2 as follows. Collisions 
at various impact parameters produce excited, 
recoiling sources with a wide distribution of 
recoil velocities and masses. For each fragment 
the invariant cross section has its own dependence 
on Ss and Sr, not shown in Fig. 2. In the target 
fragmentation regime, a collision leading to 
a source with a given Ss results in isotropic 
emission of fragments with the same Sr. Figure 
2 is a result of averaging over a large number 
of collisions at various impact parameters, 
The mechanism of fragment emission, in the regime 
Ss:S 0.2, 0.1~ Sr~ 0.4, involves a characteristic 
radial velocity instead of a characteristic kinetic 
energy and is thus not primarily thermal in nature. 
(In thermal emission, particles should have the 
same distribution of kinetic energies, not of 
kinetic energy per nucleon or of momentum per 
nucleon.) 

We have used the same graphical method to 
analyze the mass dependence of the correlation, 
Ss vs Sr, calculated from several models of nucleus
nucleus collisions. Neither the various forms 
of the fireball model 1 nor the firestreak mode1 2,3 
can account both for the strong correlation of 
Ss with Sr, independent of fragment mass, and 
for the isotropic contours, 

We conclude that target fragmentation appears 
to be a nonthermal process characterized by 
isotropic emission of fragments at radial velocities 
independent of fragment mass. One mechanism 
by which fragments of different mass might be 
ejected isotropically with the same radial velocity 
distribution would be through the hydrodynamic 
radial eXQansion of a compressed recoiling 
target. 8,g It would be interesting to use a 
number of detectors at different angles to look 
for such nonthermal emission. 

Footnotes and References 
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Fiq. 1. Central coollision of a °1.8 GeV/nucleon 
Ar in a KCl target. Negative tracks are bent up. 

(CBB 785~5l72) 
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Fig. 2. Multiplicity distributions for the central 
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OF MASSIVE UNSTABLE PARTICLES IN 
INCLUSIVE TRANSVERSE MOMENTUM 

E. M. Friedlander 

For the last two decades, the distribution 
of the transverse momentum component PT of secondar
ies from high energy hadronic collisions (abbre
viated hereafter as p -spectra) has provided 
valuable information Ibout the mechanism of multiple U) 
particle production, especially after the discovery r-
of a specifi c "1 arge-PT behav; or" at the CERN Z 
ISR. :J 

In the innumerable investigations of this 
subject, p -spectra have always been treated 
as essentil1ly smooth curves and all model pre
dictions tested against experiment1,2 have been 
equally smooth. Actually, one wonders why PJ-
spectra should have been thought of as smootn CO 
in the first place. Indeed we know that a large 
fraction of the pions or kaons observed in the 
final state arise from the decay of short-lived 
intermediate states, many of which have two-body 
decay channels with non-negligible partial widths. 

The aim of this work is to draw attention 

J 
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~ 
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to the fact that in measurements at 900 CMS, 
especially of the kind carried out at the CERN 
ISR,3,4 decay products from short-lived massive 
objects (abbreviated hereafter as SMO) will produce 
structures in the p -spectra which can be used 

o 1.2 

PT (GeV/c) 

2 

to detect the parenI particle. Indeed some evi
dence of such effects is already at hand. 

If the SMO is created at rest it is obvious 
that its decay will produce tertiaries (say, 
pions) with a 8-type p -spectrum, say, 
o(p - Pc) dp. At fi~st sight it might seem 
that the angular and momentum distribution of 
the parent SMO will wash out this sharp line, 
This, however, is not so. Indeed, all particle 
production spectra are steeply falling. Further
more, decay kinematics allow observation of 
tertiaries at 900 CMS only for a very restricted 
range of (low) rapidities of the SMO, As a result, 
it can be shown that the spectrum of tertiaries 
at 900 is always peaked at a momentum close to 
Pc' If the SMO mass M* is relatively low (as 
is, e,g" the case of p or ¢ mesons) the peak 
in the 900 pion or kaon spectrum will be located 
in a region where it is drowned in the continuum, 
However, for really massive particles like, the 
G-meson or the charmed D-meson, the decay momentum 
Pc is so high that, even with an unfavorable 
phase-space and/or branching ratio to two-body 
decay, the D-decay can become competitive to 
the point when it is able to distort the slope 
of the (steeply falling) continuum. 

Figure 1(a) shows the 900 p -spectrum of 
pions from D ~ K + TI decay obtai~ed by Monte 
Carlo. D-mesons were produced in a 15 ~ 53 GeV 
p-p collision with a flat rapidity distribution 
and a "reasonable" transverse momentum distribution, 
It is obvious that a sharp peak in the pion 
spectrum is present close to Pc. A change to 

(a) 

(b) 
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I 
o 

9ft1 

,8 1.2 2 

(GeV/c) 

Fig. 1, (a) Pion spectrum at 900 CMS expected 
from D ~ K + TI decays (arbitrary units). 

(b) Logarithm slope of a pion spectrum 
resulting from superposition of 0.002% D ~ K + TI 
[Fig •. 1(a)J and of a pion continuum falling 
like exp(-6pp)' 

[(a) XBL 787-9646 (b) XBL 787-9647J 
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Fig. 2. Deviations hom an exponential fit of 
the logarithmic slopes of pion spectra measured 
at the CERN ISR; circles =n± , weighted mean 
from runs at -IS = 23, 31, 45, 53, and 63 GeV; 
triangles = nO, weighted mean of runs 23, 31, 45, 
and 53 GeV; numbers on top of each experimental 
point show how often positive (+) and negative 
(-) deviations occurred in the different runs. 

(XBL 787-9648) 

isotropic D-production in the pp CMS only enhances 
the sharpness of the peak, 

Figure l(b) shows the distortion produced 
by this decay spectrum when it is superimposed 
on an exponential pion background 5000 times 
richer in particles, 

Obviously, the heavier the hypothetical 
SMO, the better a chance it stands to pierce 
the background. 

As to existing experimental evidence, Fig, 2 
shows a summary of pion spectra observed at the 
ISR for IS going from 21 to 63 GeV. The 
logarithmic slope 

B::: d ,Q,n (E -d30 ) 
CIPT dp3 

y=O 

(1) 

is plotted against PT' The measurements cover the 
range 0.2-5 GeV, over which the continuum intensity 
(indicated by decimal logarithms of the differential 
cross section above the arrows) drops by 7 orders 
of magnitude. The points are weighted averages 3 
from a) 5 IS-values below 2 GeV (charged pions); 
b) 4 IS-values (neutral pions) above 2 GeV,4 A 
significant "wiggle" is seen in the charged pion 
spectrum at the value predicted for the decay of 
the D-meson (-0.85 GeV/c), The numbers on top 
of Fig. 2 show the frequency of positive and 
negative deviations from an exponential fit in 

the independent runs with different values of 
~ The obvious non-random behavior of these 
numbers at the "wiggle" is independent proof 
for statistical significance of the latter. 

The absence of a similar "wiggle" in the 
proton spectra (x2/n = 14/10) measured with the 
same experimental setup proves that B is not 
distorted by errors in the momentum calibration. 

The nO-spectrum shows evidence for at least 
two "wiggles" which, if taken at face value and 
assigned to two-body decays of new, hypothetical 
SMOs would place these in the mass range of M* ~ 
7-9 GeV. 

This raises the urgent need for a new genera
tion of high accuracy PT-experiments. 

Footnotes and References 

*Condensed from a paper to be submitted to Phys. 
Rev. Lett. 

1. Recent review of large p phenomena where 
the data are compared only wTth constituent model 
predictions can be found in S. D. Ellis and R. 
Stroynowski, Rev. Mod. Phys. 49, 753 (1977). 

2. E. M. Friedlander and R. M. Weiner, LBL-7724. 

3. B. Alper et a1., Nucl. Phys. B 100, 237 (1975). 

4. F. Busser et al., Phys. Lett. B 46, 471 (1973). 
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INFERENCE FROM INCLUSIVE SPECTRA IN 
MULTI HADRON PRODUCTION: A CAVEAT'" 

EM, Friedlander 

In 1969 Feynman i suggested that some of 
the difficulties involved in the analysis of 
final states induced by very high energy beams 
and involving multiple emission of particles 
might be circumvented by focusing attention on 
one secondary only and ignoring the multitude 
of final states associated with it. The hope 
that such "inclusive" processes, symbolized by 

a + b -+ c + "anything" 

where "anything" might 'indeed imply anything 

(1 ) 

from 1 to, say, 100 secondaries, might yield 
pertinent information on fundamental physical 
facts has since motivated innumerable experiments 
of this kind. 

The aim of the present paper is to draw 
attention to the fact that, in principle, at 
least, this hope has been vain, to the extent 
Tha:t:statistica'j inference based on counts of 
"cD-particles is impossible without the very 
knowledge about the "anyth'ing" term in Eq. (1) 
which one tries to ignore in an inclusive measure
ment. Whether the incertitude induced by this 
ignorance in the conclusions drawn from an in
clusive measurement matters or not from a practical 
viewpoint depends essentially on both the physics 
of "anything" and the experimental arrangement, 
and must be decided on a case-to-case basis. 

At the root of the trouble lies the fact 
that basic counting statistics, investigated 
and established a few decades ago in the study 
of radioactive (e.g., ex, or i3) decays involving 
the emission of ~ingle particles have been mechan
ically transplanted into the analysis of processes 
leading to multiple particle emission where their 
use is no l~nger automatically justified. 

In any "spectral" measurement we pick out 
some numerical characteristic e of the particle 
(e.g., its angle of emission, momentum, etc.) 
and try to estimate the elementary probability 
p for e to fall within a given range of values. 

If a single particle is emitted in each 
event and the number m of events occurring in 
any given time interval is distributed according 
to the Poisson law 

W(m/M) m exp(-M) Mm/m! (1 ) 

the probability h(k) of detecting exactly k events 
in the same interval is 

h(k) ~ exp(-Mp)(Mp)k/k! (2) 

i.e., in this case the number k of counts recorded 
in a given spectral interval described by p is 
also Poisson distributed about a mean 

K :: ( k > " Mp (3) 

Hence the re<Jative standard deviation 2k of k is 

If, however, n particulates are emitted 
in each event and 

r :: nm 

is the (random) number of particles produced 

(4) 

(5) 

in any given time interval, h(k) is again formally 
given by an equation similar to (2), 

co 

h (k) "' 

but now WI is no longer a Poisson distribution 
even if W is, and 81 mayor may not be binomial 
\see below). 

(6) 

It is obvious that, strictly speaking, statis
tical inference about p, say, obtaining a confidence 
interval with a given probability level, requires 
explicit knowledge of h(k). Even in the simplest 
cases h(k) cannot be obtained in closed form 
(except, of course, for n = 11). 

Figure 1 shows the result of numerical 
evaluation of h(k) for p "0.1. The curves are 
for successive (constant) multiplicities n of 
1 (the Poisson case), 2, 4, 8, and 16. M was 
adjusted so as to keep the mean of k constant 
at K "30. With increasing n the curves get 
considerably broader than the Poisson distribution 
with the same mean. 

Further complications (often essential) 
arise from the facts that 

(a) n is itself a random variable 
distributed more or less widely about some mean 
value N; its probability law P(n) called the 
multiplicity distribution (or the set of normalized 
topological cross sections) cannot be derived 
from "first" statistical principles but belongs 
to the physics of the particle-producing process. 

(b) The emitted particles are not independent 
(if only because of conservation laws) and B1 
is never a truly binomial distribution. 

(c) p may not be a constant but may, and 
often does, depend on the value of n. 

Consider again a time interval t in which 
a (random) number m of events have been produced 
in the target. Denote by x<i (i "' 1,2, ... ,m) 
the number of counts recorded by a given detector 
from the ith evenr Then (with X:: (x», 
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h(k) for fixed n-values at p '" 0.1. 
(XBL 786-9386) 

k ::; LXi 
i=l 

K '" MX 

and it can be shown that 

s~ '" (IlK) x (1 + s;) 

(7) 

(8) 

Comparing Eqs. (4) and (8) we see that in order 
to reach the same accuracy s k as in the case 
of a Poisson distribution (n '" 1) with the same 
mean (K) we have to increase the measuring time 
by a factor 

::; K2", 'X (1 +~2) L - ck -- G x 
(9 ) 

X and L are the criteria by which we can judge 
the ~elative merits or shortcomings of different 
experimental situations. In particular, we shall 
call biased any situation leading to X not being 
simply proportional to p. 

Table 1 answers the questions: 1) is the 
estimate biased?; 2) are the errors larger than 
the Poisson errors? 

A look at Table 1 shows that, in principle 
at least, the situation is hopeless. No experi
mental device is both unbiased and "Poisson." 
Indeed, we seem to be faced wi~a typical case 
of Murphy's law since a single counter (case b) 
which presents no difficulty in collecting almost 
unlimited statistics is "Poisson" anyway, i~hi1e 
a bubble chamber (case a) where both picture 
taking and scanning are a slow and painstaking 

process have errors much in excess of the Poisson 
one and need considerably improved statistics 
in order to reach a given accuracy. 

An interesting case is that of measurement 
of an angular asymmetry. If the two complementary 
space regions have contained kl and k2 particles, 
respectively, the usual symmetry coefficient 
(j, is 

(10) 

If (j,2« 1, i oe., when one checks an apparently 
symmetrical distribution for the presence of 
a slight asymmetry 

;; (NC2 + 1)/2 (ll ) 

For example, for pp collisions at 200 GeV, 
N = 7065, C2 '" 1.258, and La = 5.31; in other 
words, more than five times more events are 
necessary in order to show that a significant 
asymmetry is present than would have been necessary, 
e.g., in the case of y-e decay! 

As to the bias of estimates from single 
counter measurements, let us assume that an energy 
spectrum is measured, which is expected to behave 
exponentially with a mean value corresponding to 
some "temperature" T. Then the apparent temper
ature T' derived by taking the observed counts 
at face value is related to the true temperature 
(e.g., in the case of nuclear collisions of 
relativistic heavy ions) by 



Table 1. Are "unpleasant" effects present in X/T? 

Multiplicity Distribution 

Method of detection n " 1 n t 1. apidn " 0 8pian t 0 
----.~--~-~~--. -~~~~-~~-~~-

Vi sual noino 

Single counter noino 

Hodoscope counter 
(\» 1) noino 

T' ;; T(1 + 53p) (12) 

For p as low as 1% it is seen that T'is 'in error 
by ~50%. It is obvious that such biases may 
play an important part in comparing inclusive 
spectra with theoretical expectations. 

Which of the (admittedly extreme) situations 
discussed above represents the lesser evil depends 
on the kind of conclusions one would like to 
draw from the experiment and becomes to a large 

noiyes noiyes yesiyes 

yesino yesino yesino 

yesiyes yesiyes yesiyes 

extent a matter of taste. In the author's opinion 
the safest bet is still visual recording which 
is unbiased and where selected fixed topologies 
make the apian t 0 mess easy to avoid. 

Footnote and Reference 

*Condensed from a paper submitted to Hadronics, 
LBL-7733. 

1. R. P. Feynman, Phys. Rev. Lett. 1415 
(1969). 

EVIDENCE ON THE TIME SCALE FOR PION EMISSION IN RELATIVISTIC 
HEAVYmlON COLLISIONS 

J.O. Rasmussen and J. Sullivan 

An important question for many processes 
associated with relativistic heavy-ion collisions 
is the time scale for emission of energetic par
ticles from the collision zone. Will the spectator 
pieces move free of the hot matter before signifi
cant particle emission, or will the spectators 
be bathed in particles from the explosion? In 
the latter case the spectators will receive higher 
excitation energy and will modify the primary 
distributions of particles from the "fireball." 

We believe the rr+ inclusive spectra for 
800 MeVinucleon neon bombardments l support a 
fast time scale of rr+ emission because there 
appears a (3,3) resonance shadowing effect in 
the plots of invariant cross sections in the 
rapidity VS Pl plane. The (3,3) resonance in 
the pion-nucleon system shows up not only in 
the pion-nucleon scattering but also in various 
pion nucleus reactions. 

Sternheim and Silbar2 have reproduced 
Cochran's pion production data3 from 730 MeV 

protons on nuclei by a simple model calculation. 
The double-differential cross sections in the 
model come from the fundamental nucleon-nucleon 
distribution modified by absorptive passage of 
protons and pions in the nuclear medium. An 
empirical linearly energy-dependent mean free 
path for pions is assumed and constants fitted. 
(See the recent re-examination of the problem 
by R. Landau.)4 The pion interaction cross section 
in the nuclear medium is a rising function below 
the (3,3) resonance due to the predominantly 
p-wave nature of the interaction dominated by 
the L'I(1232). 

Low energy production differential cross 
sections with a 800 MeVinucleon 20Ne beam show 
an unusual structure. For Pb targets there seems 
to be a dip in the cross section around 900 in 
the lab system. For the nearly equal mass NaF 
target the contour plot of the Lorentz-invariant 
cross section for rr+ shows a forward-backward 
peak around 100 MeV (c.m.). This feature is 
quite similar to the p + P = rr+ + X data of 
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Figo 10 Contour plot of Lorentz-invariant cross 
sections for rr+ production by 800 MeV/nucleon 
20Ne on NaFo The horizontal scale is rapidity 
y in the laboratory frame, and the vertical is 
perpendi cul ar momentum Pl /mnc 0 Project il e and 
center-of-mass rapidities are indicated. The 
dashed lines represent the 230 MeV/c resonance 
absorption loci in target and projectile spectator 
mattero (XBL 788-5510) 

Cochran et al. 3 at 730 MeV bombarding energyo 
Thus, for this system most of the pions have not 
suffered collisions to lose the memory of their 
energy and angle at formationo What bears on the 
time-scale problem 'is the apparent suppression 
of pions with speeds near the (3,3) resonance 
in the projectile and target frameso 

Figures 1 and 2 are rapidity vs Pl contour 
plots of inclusive rr+ spectra for NaF and Pb 
targets, respectivelyo The dashed lines are 
the loci of the (3,3) resonance centered in the 
target and projectile frameso The correspondence 
of these loci with the valleys is evident, al
though the valley lies at ~230 MeV/c rather than 
the 280 MeV/c of the free-space resonanceo This 
shift is close to that noted in pion-nucleus 
total cross sections by Cooper0 5 

Thus, the evidence is that pion emission 
occurs on a fast time scale with substantial 
shadowing effects by spectator mattero Future 
theoretical work needs to take these spectator 
effects into account. 
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Same as Fig. 1 except for Pb target 
(X8L 788-5511) 
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PION NEAR THRESHOLD IN HEAVY-ION COLLISIONS'" 

G.M. Crawley,'r W. 8enenson,i" G. Bertsch,t E. Kashy,t JA Nolen,t J.O. Rasmussen, M. Koike,* H. Bowman, 
M. Sasao, J. Ioannou, M.C. Lemaire,§ J. Sullivan, and L.F. OliveiraJl 

The production of pions in heavy-ion colli
sions in the energy range 100-400 MeV poses 
interesting problems for theorists and experimen
talists alike. The interest in this energy range 
stems from the possibility of having a strong 
interpenetration of the two nuclei (with a density 
increase of a factor of 2) without masking possible 
collective effects associated with high nuclear 
densities. Another interesting aspect is that 
the threshold for significant pion production 
in free nucleon-nucleon collisions (~280 MeV/A) 
is encompassed by this energy region. According 
to current theoretical ideas on pion-nucleon 
interactions, nuclear matter is not far from 
a phase transition involving the pion field (pion 
condensation).1 Models for the behavior of the 
pion in nuclear matter show peculiarities such 
as a near-zero or negative effective mass for 
the pion. 2 Under such conditions, pions can 
be produced in the interactions of nucleons with 
the potential field,3 in addition to production 
in the collision of nucleons with each other. 
The rate of pion production is thus increased 
by the potential field mechanism. 

On the experimental side, the emulsion studies 
on the pion production cross section at energies 
near threshold is conflicting. In one case a 
very high pion multipl "icity per coll ision is 
reported;4 but more recent experiments5,6 deter
mined a much lower upper limit for pion production. 
The aim of the present experiment is to answer 
the basic question of whether enhanced or inhibited 
pion production is taking place below the threshold. 
An independent-particle Fermi motion mechanism! 
will provide the basis of comparison. According 
to this model, the near-threshold pion production 
is due to a combination of the Fermi momentum 
distributions of the two nuclei. Since this 
model does not take any collective effects into 

account, discrepancies by orders of magnitude 
could provide an indication of such effects. 

Our research group is engaged in a series 
of experiments using a different approach. Pions 
are detected using plastic scintillator tele-
scopes in a 1800 magnetic spectrometer set up 
specifically for these measurements. In Fig. 1 
the detection system set up is given. The three 
arrays of scinti 11 ators were located along with 
the corresponding lead collimators in such a way 
as to measure pions (emitted near 00 with respect 
to the beam direction) and energies between 30 and 
90 MeV. Measurements were made with 250 MeV/nu-
cleon and 400 MeV/nucleon argon beams from the 
Berkeley Bevalac facility. Targets used were KCl and 
Pb. Thus far the KCl data have been partially analyzed. 
The preliminary results are given in Table 1. 

The data indicated that ratios of the yields 
of pions at ~Oo for 400 and 250 MeV/nucleon is 
about 2:1 for the 54.6 MeV pions and about 4:1 

Table 1. Relative cross section of pion production 
for argon on KCl. 

Projectile 
energy 

250 MeV/nucleon 
400 MeV/nucleon 

Emitted 7T+ energy 

54.6 MeV 

0.18±0.07 
0.38±0.14 

87.0 MeV 

0.28±0.04 
LOO±0.14 
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Fig. 1. Experimental set up for the measurement of threshold pion production 
using a magnetic spectrometer. (XBL 788-5544) 

for the 87 MeV pions. These ratios appear to 
be consistent with theoretical predictions7 
as well as the lower limits established in the 
emulsion experiments. 5,6 Further measurements 
with our experimental set up are scheduled for 
the near future. 
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TABLE OF ISOTOPES PROJECT 

E. Browne, J,M,H, Chong, J,M, Dairiki, D,P, Kreitz, C,M, Lederer, T, Prussin, M,E. Schwartz, 
MA Sharp, and V,S, Shirley 

The publication of the seventh edition of 
the Table of Isotopes l in 1978 concluded a seven
year project involving a total effort of more 
than 50 man-years. Over 30,000 journal articles, 
reports, conference proceedings, private commun
ications, and theses were used as source material 
for the present edition. In terms of both refer
ence citations and data, the seventh edition is 
a factor of 4 times as large as the sixth; the 
complexity of the level schemes has increased 
even more--by almost an order of magnitude. 
The literature cutoff varies from about January 
1977, for the lightest mass chains, to December 
1977, for the heaviest. 

The Table of Isotopes contains an extensive 
introduction which explafri's the scope, nomencla
ture, and evaluation policies used in the table. 
The authors' criteria for data selection are 
based on a determination to present the best 
measurements--clearly indicating conflicting 
results and avoiding redundancy. 

The layout of the data in a single table 
(as opposed to the double-table format of the 
sixth edition) is described in Fig. 1, reproduced 
from the Introduction of the Table of Isotopes. 
Data categories included in the tabu~TlSfings 
are more fully delineated in the Contents (Fig. 2). 
Several significant changes have been introduced 
in the present edition. Reported uncertainties 
are included for all quantities in tabular data 
listings. Smaller italic numbers following any 
value represent the uncertainty in the last place(s). 
A new reference-code format "journal volume 
page(year)" perm'its direct look-up of an article 
without the need to look up the code. A brief 
(12-page) list of the reference codes replaces 
a full bibliography, which otherwise would have 
increased the seventh edition by about 300 pages. 

Figure 3 illustrates how a mass chain compi
lation is presented in the Table of Isotopes; 
a portion of the data for mass number A ~ 202 
is shown. Sophisticated computer facilities 
and extensive programming (described in previous 
annual reports)2,3 have made it possible to present 
the data in a variety of type sizes, styles, 
and intensities. The pages are thumb-tabbed 
by mass number for rapid data access. 

Appendices include material of general 
interest to users of the Table of Isotopes (see 

Fig. 1. Description of data layout in the Table 
of Isotopes, from the Introduction. (XBL 786-9447) 

II. General Features of the Table of Isotopes 

II.A. Layout: An Isotope Index, ordered by atomic 
number (Z) and subordered by mass number (A), 
precedes the main table. It contains all stable nuclei, 
radioisotopes, and isomers that appear in the Table of 
Isotopes. (R-rated isotopes -- those identified only in 
nuclear reactions - do not appear in the Isotope Index.) 
In addition to the isolcpe designation, the index includes 
the natural abundance, half-life, class (certainty of 
identification), and the number of the page on which the 
tabular data entry is found in the main table. 

The main table is ordered by mass number and 
subordered by atomic number. For each mass number 
there is an abbreviated mass-chain decay scheme, 
showing the adopted half-lives, spin-parity 
assignments, and decay energies (Q-values) for the 
isobars, and the decay relationships between them. 
Noted near this scheme are the initials of the compiler(s) 
and, following a semicolon, those of the reviewer. 

Following the mass-chain decay scheme, tabulated 
data and detailed nuclear level schemes are given for 
individual isotopes. Tabulated data entries are included 
for each ground state or isomer with half-·life ;(;1 s. A 
few shorter-lived isomeric species are also included -
e.g., fission isomers and a few "historic" isomers, such 
as 24mNa. The dala include natural abundance, mass 
excess, nuclear spin, thermal neutron cross sections, all 
categories of data on radioactive decay, and 
excited-state half-,lives. Dala categories are shown to 
the left in bold serif type. The data are printed in 
sons-serif (ploin) type. Each entry under a given data 
category concludes with the reference code or codes in 
braces H. Longer data entries (radiation dala in 
particular) begin on a new line, indented to the left of 
any continuation lines. 

Detailed level schemes are given for each isotope 
(A,Z) for which there is information beyond that shown 
on the mass-chain decay scheme. The schemes are 
separated into a "decay-level" scheme, showing levels 
and transitions observed in the decay of all parent 
isotopes and isomeric states, and a "reaction" scheme, 
summarizing the information derived from nuclear 
reaction studies. Absence of a decay-level scheme, a 
reaction scheme, or both, means that excited levels have 
not been observed or that the scheme is not wei! 
established. 

Decay-level schemes include all levels established in 
radioactive decay studies. Reaction schemes include 
most levels observed in nuclear reactions; when it is 
necessary to omit levels because of space limitations, 
the number of omitted levels, the energy cutoff above 
which they occur, and (usually) the reactions which 
populate them are noted in a comment. Not included are 
most neutron-capture resonances and other unbound 
states (e.g., giant resonances); these states are generally 
outside the scope of the present compilation, with a few 
exceptions in the light-element region. Some 
references to unbound levels other than neutron 
resonances are included under "other reactions" or 
"others" . 
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Fig. 2. Table of Contents from the seventh edition of the Table of 
Iso!opes. (XBL 786-9448) 

Contents, Fig. 2). Three of the appendices deserve 
further comment. Appendix II contains tables 
of convenient standards for calibration of y-ray 
conversion-electron, and a-particle measure
ments. The y-ray standard tables, prepared with 
the assistance of R. A. Meyer, are the first 
such tables to present y-ray energies based on 
the new "gold standard,"4 the 411.80441±15 keV 
transition in 198Au decay. 

Appendix IV has been added to include infor
mation on half-thicknesses for y-ray absorption 
and on the range and stopping power for absorption 
Dlf electrons and various nuclei (protons through 
36Xe) in different stopping media. 

Appendix VII is an updated version of the 
Table of Nuclear Moments 5 published in 1975. 
This table will continue to be updated (production 
is computerized), and future editions will appear 
at 2- or 3-year intervals. 

It is expected that the seventh edition of 
the Table of Isotopes will be the last in the 
series started in 1940. The project will continue 
to serve the basic and applied nuclear science 
community by participation in the new U. S. and 
international program for nuclear data compilation. 
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Fig. 3a, b. A portion of the data for mass number A ~ 202 taken from the Table of Isotopes. Included 
is the mass-chain decay scheme which begins each A-chain compilation, Tabulated data listings for 
severa 1 of the A " 202 isotopes, and "decay-l eve 1" schemes, "react; on" schemes, and the; r references 
for 202Hg and2~~2Tl. Note the stackplotting of all y-ray transitions which proceed to the same final 
level in the Hg reaction scheme. [(a) XBL 786-9445; (b) XBL 786-9446] 
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ENERGY lOSS OF RELATIVISTIC HEAVILY IONIZING PARTICLES" 

SP< Ahlen 

An accurate theory of the energy loss mechan
isms of relativistic heavily ionizing particles 
(such as heavy nuclei, antinuclei and magnetic 
monopoles) has important applications in a vJide 
variety of fields. These range from the detection 
and identification of heavy particles in the 
primary cosmic radiation to ground based accelerator 
work for which detailed knowledge of heavy ion 
stopping power and dose distribution is required. 

Recent experimental 1- 3 and theoretica1 4-6 
work involving fast (E > 1 MeV/amu) heavy ions 
(Z > 1) has indicated that deviations from the 
standard first order stopping power theory of 
Bethe7 are due to three effects: 

(1) the Bloch effect4,8 which results in reduced 
stopping power (_Z4 correction term) due to the 
finite lateral extent of the close collision 
electron beam; 

(2) the Lindhard effect4 which results in enhanced 

stopping power for positive ions (+z~ correction 

term) due to polarization of atomic electron 
distributions in close and distant collisions; 

(3) the Mott effectS which results in enhanced 

stopping power for positive ions (up to zI terms) 

due to the deviation of the exact Mott cross 
section from the First Born Approximation of 
this cross section. 

For fast projectiles (E > 50 MeV/amu), the 
Bloch and Mott corrections dominate. They are 
small for singly charged particles «1%), moderate 
for fast iron nuclei (~3% enhancement of stopping 
power), and large for uranium nuclei (~17%). 
The demonstration of the validity of the Bloch 
correction1 is quite interesting insofar as it 
relates to a direct measurement of a scattering 
process which is neither describable by classical 
physics nor by simple plane wave quantum mechanical 
scattering. This is made possible by atomic 
binding which presents the heavy-ion projectile 
in its rest frame with a localized electron beam 
unattainable with particle accelerators. Another 
interesting result implied by the results of 
Ref. 1 is that the close collisions cannot 

legitimately be considered from the point of 
view of free electron scattering by the projectile. 
This conclusion follows from the fact that the 
Lindhard correction, verified in Ref. 1, consists 
of both close and distant collision polarization 
corrections. 

The stopping power of magnetic monopoles 
can be calculated along lines similar to those 
for electric charges. 9 Corrections analogous 
to the Bloch and Mott corrections can be applied 
to the resulting expression. Polarization 
corrections are absent, however, due to the lack 
of a longitudinal interaction between monopoles 
and atomic electrons. This fact complicates 
the process of the slowing of monopoles in con
ductors since resistive losses, rather than di
electric screening, limit the distant collision 
energy loss. General symmetry considerations 
demonstrate that the monopole stopping power 
depends only on the magnHude of its charge, 
in contrast to the case for electric charges. 
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FURTHER MEASUREMENTS AND 
MAGNETiC~MONOPOlE 

OF THE 

P,B, Price, E,K, Shirk,i' W,Z, OSborne} and L,S, Pinsky* 

Within the stack, consisting of 35 Lexan 
detectors and of 3 nuclear emulsions, in which 
the unusual event was found,l we have measured 
tracks of ~200 cosmic ray nuclei with 26 ,,;;; Z ,,;;; 83, 
which provide an internal calibration of the 
response of the detectors. Our measurements 
in Lexan and in emulsion together show that the 
unusual particle produced a knockon electron 
energy distribution incompatible with any known 
nucleus. The track etch rate and its gradient 
in Lexan give the quantity IZ liB and, if the 
particle was a nucleus, a lower limit on its 
velocity. We found IZ II B ",,114 at each of 66 
positions in the Lexan stack extending over a 
range of -1.4 g/cm2. The best fit to the Lexan 
data alone would be for a hypothetical superheavy 
element with Z "" 108 to 114 and B such that 
Z/B "" 114. A known nucleus with 90 ,,;;; Z ,,;;; 96 
would also give an acceptable fit to the Lexan 
data if it fragmented once in the stack with 
a loss of about two units of charge, keeping 
Z/B ~ 114. A nucleus with Z < gO could maintain 
Z/B ~ 114 only by a properly spaced set of frag
mentations. A nucleus with B as low as 0.6 could 
fit the Lexan data only if it fragmented at le~st 
8 times in succession, with a probability -10-17 . 
In the 200 ~m G-5 emulsion, visual measurements 

of the track "cores" produced by relatively low
energy electrons (qO keV) are cons'istent with 
the Lexan result that the unusual particle had 
Izl/B ~ 114. However, measurements of the density 
of silver grains at radial distances greater 
than -10 ~m show that the particle produced far 
fewer high-energy (~50 keV) knockon electrons 
in each of the three emulsions than would a known 
nucleus with Z/B '" 114. If it were a known, 
long-lived nucleus with Z";;; 96, and therefore 
having 0.84 ~ B> 0.6 in order to fit the Lexan 
data, its signals in the three emuls·ions imply 
a very low Z/B of only ~85 instead of 114. The 
abnormally small production rate of long-range 
electrons observed in all three emulsions and 
illustrated in Fig. 1 is the essential evidence 
that we have found a unique particle. A monopole 
does not provide an acceptable fit to all of 
the data. A slow particle (B ~ 0.4) could fit 
all of the observations, provided its mass were so 
great (>103 amu) that it did not slow appreciably 
in the 1.4 g/cm2 stack. A fast (0.7 ~ B 5 0.9) 
antinucleus with Z/B "" -114, because of its low 
Mott cross section for production of high-energy 
knockon electrons, could fit the data, especially 
if it fragmented once with loss of one or two 
units of charge. An ultra-relativistic 

Fig. 1. Photomicrographs in G-5 emulsion (a) the track of the unusual 
particle, with Z/B ~ 114 and zenith angle 8 ~ 100 ; and (b) the track of 
a nucleus with Z = 75, B = 112, and 8 = 14°. For both tracks the 
regions in focus is about one-third of the way below the top surface 
of the emulsion. From energy deposition theory. both tracks should 
contain about the same number of silver gains if the unusual particle 
were a normal nucleus. Clearly the unusual particle produced far too 
few energitic knockon electrons. (X88 783-3218) 



(B ~ 0.99) superheavy element with Z ~ +110 to 
+114 can also account for the data and is not in 
conflict with any negative searches. Our knowledge 
of the Z- and B-dependence of the response of 
lexan appears sufficient to preclude values of 
IZiBI less than ~110. An explanation of the 
weak distant energy deposition in terms of fluctu
ations by a normal nucleus or locally insensitive 
emulsion regions appears to be unlikely. Freak 
Occurrences such as a 1020 eV jet or an upward 
moving nucleus do not fit the data. Having 
achieved only an incomplete characterization 
of a single example of what appears to be a new 
particle, we emphasize the obvious--that further 
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examples of such particles must be found before 
its identity can be established. 
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TIME DEPENDENCE OF INTERACTION TRANSITION AMPLITUDES TO 
TO ALL ORDERS OF PERTURBATION THEORY'" 

S.K. Kauffmann 

Given an initially prepared state Il/J(to» at 
time to, a complete orthonormal measurement basis 
set {/p>}, and a dynamical Hamiltonian H that 
governs the subsequent time evolution of the state 
vector Iw(t) >, a centra 1 tas k of quantum theory is 
to describe the time dependence of the measurement 
transition probabilities l 

(1) 

The measurement basis set {Ip>} will be 
assumed to have among its complete set of commuting 
(diagonal) observables, an energy, which is 
described by the measurement Hamiltonian K 

(2) 

It is most convenient to work in the measurement 
picture 

(3) 

which is usually called the interaction or Dirac 
picture. 

We note that the initial condition 

and the measurement transition probabilities 

P (t) "1< p/l/Jr(t) >12 
l/J(to) .... p 

are not affected in form by our change to the 
measurement picture. However, the Schroedinger 
equation for /l/Jr(t» is . 

a/ (t» 
ifl Vr(t) Il/Jr(t) > , 

where 

iK(t-t )lli - i K( t- t ) /i'1 
Vr(t) e 0 (H-K)e 0 

It is convenient to denote (H-K) as V, 

(4) 

(5) 

(6) 

(7) 

called the interaction Hamiltonian. We may write 

the Schroedinger equation (6) in integral form, 
incorporating its initial condition 

t 

/WI(t» '" Il/J(to) + (-~)J dt' Vr(t')/l/Jr(t'» . 
to (8) 

By iterating Eq. (8) we generate the time
dependent perturbation series 

00 

<p/l/Jr(t) " (plw(to)+L<p/1{!~n)(t) (9) 
n"'l 

where 

(Ep -Ep )(t2-to) + ... + 
1 2 

(Ep -Ep)(tn-to)]} 
n-1 n 

(l Db) 

(1 Dc) 

For the ~hys!cally rel~vant t > to' the multiple 
convolutlon lntegrals 1n (lOc) may be easily 



Laplace-transformed, and Eq. (10) then is 
rewritten in terms of the inverse Laplace transform 

... 'Evpp"'Vp <pi\)!(t»x 
PI Pn 1 n-1 Pn n 0 

c+;oo 

J 
(t-to)s 

ds -=e __ _ 
s 

c- i oo 

(11 ) 

where c > O. 

The only singularities of the integrand in 
Eq. (11) are poles along the imaginary axis. Since 
(t -to) ;;. 0, we may readily close the integration 
contour with a semicircle extending into the left 
half s-plane and evaluate the integral as the sum 
of residues at the poles 

n C-~(Epj -Ep)(t-to) J 
n (12b) 

(Ep.-Ep) 7li (Ep.-Ep.) 
J -j =1 J , 

i~j 

For many purposes the full time dependence 
given in Eq. (12) is not very useful, rather the 
limiting (asymptotic) time dependence of the nth 
order measurement amplitude, 

( 13) 

is desired. This is most easily calculated in the 
inverse Laplace form given in Eq. (11). Denoting 
T ~ (t-to)' we change integration variable to 
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Z "'TS, and may readily calculate the limit as 
T -+ +00, with a::: TC > 0 kept finite 

lim 
s -+0+ 

From Eq. (11) and Eq. (14), we have the 
simple result that 

(14a) 

(14b) 

(Pi\)!in)(+oo) '" (Pi(V((E _~+lE:))nl\)!(to)). 
p (15) 

Let us note that the limiting process leading 
to Eq. (15) is wrong if i\)!(tQ)> is itself precisely 
a member of {ip)}, the situtl0n which is obtained 
in the usual formal scattering theory. We consider 
here only initial states which are superpositions 
of measurement basis members. 

Given the form of the nth order asymptotic 
measurement amplitudes from Eq. (15), it is 



convenient to formally define the "incoming wave 
asymptotic bra" as follows: 

00 n 

(p-I " 2: (pl{V(E -:+iE)) (16a) 
n"O \ p 

(16b) 

It has the property 

( 17) 

and satisfies the equation 

( 18) 

Further, given an operator 0 diagonal in the 
measurement basis { I p)} , 

Olp) 0p jp) ( 19) 

we readily obtain a convenient expression for its 
asymptotic expectation value 

(1JJ(t) lol1JJ(t) ) 1< pl1JJ(t)1
2 0 (20a) 

p p 
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I(p-Ilji(to) )1
2 

Op' 

p (20b) 

Our results bear a considerable resemblance to 
formal scattering theory,2 especially the useful 
L i ppmann-Schwi nger form of Eq. (18). 

The primary difference is that an incoming 
wave asymptotic bra rather than an outgoing wave 
asymptotic ket is involved. Also, our large time 
results break down in case 11JJ(to) is actually a 
member of the measurement bas i s set {I p)}, whjch 
15 precise"y-the assumptlon of formal scattering 
theory. What we have done is complementary to 
formal scattering theory, and is tailored to initial 
states which are unavoidable superpositions of the 
measured final states (e.g., nuclei which break up 
as the result of a collision). Shorter time 
transient behavior may, whether or not 11JJ(tp » is 
is a member of {Ip>}, be studied using Eq. (12) 
and Eq. (9). 
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QUANTUM CHROMODYNAMICS AT HIGH TEMPERATURE" 

J,1. Kapusta 

In the last few years there has been a surge 
of interest in relativistic many-body systems. 
This has largely been due to progress in elementary 
particle physics, in which gauge theories of the 
strong, electromagnetic and weak interactions have 
come to prominence. From renormalization group 
arguments and experiment it is known that the 
electromagnetic and weak interactions have a 
coup'ling constant that is small except for energies 
approaching those of cosmological magnitude. 
Furthermore, the standard gauge theory of the 
strong interactions, quantum chromodynamics, has 
a coupling constant which is large at low energy 
but becomes small at energies of the order of 
several proton masses. (For a review, see Ref. 1.) 
As opposed to standard strong interaction field 
theories, where the fields are associated with 
ordinary hadrons and consequently large coupling 
constants, it is reasonable to expect that a pertur
bative expansion of thermodynamic quantities 
converges at high densities and temperatures. 
At present perturbation theory is the only 
"reliable" calculational tool in relativistic 

quantum field theories. In this paper we calculate 
the thermodynamic potential of quantum chromo
dynamics at finite temperature for an arbitrary 
number of fermions with arbitrary masses and chem
ical potentials. The calculation is explicit in 
orders two and three, and an outline is given of 
the fourth order. A calculation in fourth order 
for finite temperature and finite masses will 
involve considerably more work than at zero 
temperature and zero mass. 2 

Let us consider the predictions of quantum 
chromodynamics. The coupling constant ac is the 
renormalization group running coupling constant 
depending on the temperature T and chemical poten
tials~. The quark masses mu' md' and ms also 
depend~on T and~. Assuming zero net baryon number, 
charge and strangeness, we obtain the curves shown 
in Fig. 1. There are a number of interesting points 
about this graph. Due to asymptotic freedom the 
expansion seems to be converging very well at high 
temperature. In fact, keeping just the first three 
terms seems to be enough above about T ~ 500 MeV. 
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Fig. 1. The pressure plotted as a function of temperature at zero baryon 
number density. p(n) denotes the contri buti on in order gn. Note the 
convergence of the expansion at high temperature. (XBL 788-1592) 

When 1J =0, the subtraction point M"" 4T. Thus the 
expansion converges rapidly when ac ~ 0.1, corre
sponding to g2/4TI % 0.4. However, when T is 
reduced to 230 MeV, then P(3) '" -P(2) '" p(O) and 
so the first three terms cannot be expected to yield 
a good approximation to the true answer. This 
corresponds to a ~ 0.3, or g2/4TI ~ 1.2. One 
might expect that by keeping more terms in the 
expansion of P '" -Q and by solving the renormali
zation group equation to higher order in ac ' the 
temperature above which a perturbative expansion 
is valid could be pushed down. Certainly there ;s 
no obvious way of deciding upon the radius of con
vergence of the expansion within our calculational 
framework. At lower temperatures one must worry 
about the mechanism of confinement, which is a 
long range nonperturbative phenomenon. Also our 

choice of subtraction point will no longer be valid 
if the quarks and gluons are clustering into hadrons. 
The best we can do is to say that the strong 
coupling of quarks and glu6ns probably results in 
their confinement to hadrons at temperatures of 
order T"" 200±100 MeV. The question of a phase 
transition cannot be properly addressed. 

Footnote and References 

*Condensed from LBL-7745. 

1. H.D.Po1itzer, Phys. Rev. Cli, 129 (1974). 

2. B.A. Freedman and L.D.McLerran, Phys. Rev. D~, 
1130, 1147, 1169 (1977). 



169 

AMPLITUDE FOR TRANSITIONS BETWEEN MOLECULAR 

K" Pruess 

For some time there has been considerable 
interest in describing quasi-elastic reactions 
induced by heavy ions in terms of a "molecular" 
picture. utilizing two-center states to describe 
internal motion. 1-5 Work along these lines has 
been inspired, in part, by the intuitive appea"' of 
two-center single particle states, and in part by 
a failure of conventional reaction theories, based 
upon "atomic" channels, to account for experimental 
data. 3,5 

An obstacle to the molecular approach has been 
the fact that no satisfactory method was known for 
computing cross sections for transitions between 
two-center states. 5-7 We derive an exact formula 
as well as a practically useful D\~BA-type approx
imation. 

The amplitude for a rearrangement reaction 
from some initial channel i into a final channel 
f' can be written 

T .el' 
I 1 

(1) 

where ~{+) is an eigenstate of the full many-body 
Hamiltonian H, with ingoing waves only in the 
entrance channel. S @fl is an eigenstate of 
H; '" h8 +T8' with hS the internal motion Hamiltonian 
and T8 the kinetic energy operator appropriate for 
the exit channel. V' '" H - Hb is the interaction 
causing the transition. (E)Ruation (1) is not in 
general useful because ~i+ is not known. Two
potential theory enables us to rewrite Eq. (1) in 
terms of distorted waves which can be easily 
calculated. S To this end auxiliary Hamiltonians 
are introduced: 

H' 
1 

H' + Vi 
o 0 

(2) 

and 1 ikewi se for the entrance channe 1 (unpri med 
quantities). Vo and V~ are chosen as optica"' 
potentials, depending upon relative distance only, 
which describe elastic scattering. Equation (1) 
becomesS 

Here ¢. B are the internal motions in entrance and 
exit c~ahne1s, respectively, which are eigenstates 
of the free separated nuclei. 

The distorted waves in Eq. (3) are eigenstates 
of Ta +Vo (entrance channel) and T8 +V~ (exit 
channel), respectively. The interaction causing 
the rearrangement is V1 '" H -Hl' 

The formal development leading to Eq. (3) 
holds for any choice of the auxiliary Hamiltonians 
Hl , Hl, provided that Volcjli) and V~I ,) be state 

vectors with finite norm. We genera11ze Eq. (3) to 
the case where the internal motion is represented 
by two-center states, which parametrically depend 
upon the relative distance between the nuclei. We 
define a two-center Hamiltonian appropriate for the 
entrance channel as 

where t4b and vxb are kinetic and potential energy, 
respectlVely, ot x with respect to b, vxA is the 
potential between x and A, and VAbis the core
core potential. The two-center states and energies 
depend parametrically upon the relative motion 
vector r ~ r A: 2,4 

~a ~a 

t'a 
E 'n(rN ) ¢ 'n(r b) aJ" v, aJ" ~x 

(5) 

We restrict ourselves to spherically symmetric 
potentials vxb and vxA' in which case the projec
tion ~ of angular momentum j on the internal 
symmetry axis is a good quantum number. Following 
the treatment of Ref. 1, we define internal motion 
states 

(6) 

which asymptotica"lly have good m rather than good ~. 

In order to express the transition amplitude 
Eq. (1) in terms of molecular states as given by 
Eq. (6), we must introduce an aux"ilial"y Hamiltonian 
which does not couple different molecular channels. 

!:'a r 1::a 
H, Pajm 

(h~a + T ) Pajm a a 
ajm 

(7) 

where 

1::a 
Pajm 

ra 
I <Pajm) 

.!:'a 
(¢ajm l (8) 

projects onto a single molecular channel. The sum 
in Eq. (7) extends over a number of channels in 
partition (a,A). H] does not cause transitions 
between molecular channels so that 

o (9) 

has one-(cbannel solutions and defines distorted 
waves Xa+) which describe elastic scattering for 



molecular channels. The auxiliary Hamiltonian 
Eq. (7) differs from the free motion Hamiltonian by 

The state vector Vo l<\l'i) has finite norm, 
as the difference 

o (11 ) 

In fact, the difference in Eq. (11) vanishes expo
nentially for large ra. 4 Similar definitions and 
considerations apply for the exit channel. Because 
of the finltenorms of Vol<pi) and V~I<\lf') the formal 
development of the "two-potential method" can be 
carried over unchanged from Ref. 8. Instead of 
Eq. (3) we obtain 

with 

v' 1 H - H~ H 
r13 

+ T 13) PSj'm' 

Equation (12) gives an exact expression for the 
transition amplitude between molecular states. 
Approximations can be obtained by expanding 

(13 ) 

iE:/ (E + iE: - H) in powers of V, '" H - Hl' The lowest 
order approximation, which is analogous to the 
usual DWBA, amounts to just dropping the inverse 
operator, i.e .. 
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(14 ) 

To obtain the last line we have dropped terms 
r r 

involving the difference hSAb_hSi3. This repre-
sents a no-recoil approximation. Equation (14) 
gives the amplitude for one-step transitions between 
molecular channels, the transition operator being 
the kinetic energy of relative motion. This equa
tion appears to be well suited for computing 
heavy-ion induced one-nucleon transfer reactions 
at low relative motion energies. 
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TWOsSTEP TRANSITIONS THROUGH THE CONTINUUM 

L.A. Charlton,' G. Delic,t N.K. Glendenning, and K. Pruess 

Polarization of single particle states in 
nucleus-nucleus collisions, i.e., "molecular" 
distortion caused by the force field of an 
approaching nucleus, can be represented with the 
two-center shell model (see preceding report).l 
An alternative description in terms of the more 
customary asymptotic states (one-center shell model) 
is also possible. In the asymptotic picture, 
rearrangement reactions involving polarized single 
particle states can be viewed as indirect processes 
via a large number of excited intermediate states, 

each of which contributes weakly and coherently.2 
It appears plausible that the strongest coherence 
can be expected for those intermediate states which 
involve the least possible number of transitions. 
In fact, each transition will make the states more 
complex and will therefore increase the likelihood 
of random phase cancellations. We are investigat
ing the two-step part of the multi-step amplitude 
as the most likely candidate for significant 
effects. 



For a one-neutron transfer reaction from an 
initial partition a = (a,A) to a final partition 
B " (b,B) (a '" b +x, B " A +x), the two-step 
amp1Hude is 

with the Green's operator 

G(+) 
13' 

(2) 

(The notation is defined in the preceding report.) 

Equation (1) involves a sum over discrete and 
an integral over continuum intermediate states CPS' 
with energy sS" 13' represents the quantum numbers 
(n't'j'm') for bound states, and (s't'j'm') for 
continuum states, respectively. 

In principle, the summation and integration in 
Eq. (1) has to be extended over all angul ar momenta 
t I " 0, 1, 2, ... ; j'" t' ± \l; -j' ,,;;; m' ,,;;; j' ; 

0,,;;;£'<00 (plus bound states). Practically, only 
a finite number of t'-states can be taken into 
account. Also, the energy range has to be limited. 
Moreover, a discrete set of s'-values must be used. 

As a step towards computing the full amplitude 
Eq. (1), we have investigated the range of tis' 
which will give the most si~nificant contributions. 
For the reaction 40Ca(160,1 O) 4I Ca we have evalu
ated bound states CPa' ¢S' intermediate continuum 
states CPS" inelastic form factors (CPSIVxbl¢s,),and 
distorted waves Xa , XS' We arrive at the following 
conclusions, 

The two-step transfer is strongly localized 
<in space (see Fig. 1). The ranges of relative 
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transfer region 

,j 

and intrinsic coordinates r , rxb (entrance 
channel) or ~S' ~xA (exit ~anne·l) are restricted 

a) by strong absorption: the distorted waves 
X become negligible inside a strong absorp
tion radius, which is somewhat larger than 
the sum of nuclear radii; 

b) by the fast decaying tails of the transition 
potentials vxA(rxA) and vxb(rxb); and 

c) by the somewhat more slowly dec~ying tails 
of the bound states ¢a(r xb) and CPS(r xA)' 

Therefore, two-step transitions are restricted to 
a range Rgr ± ~R of relat~ve m?tion coordin?te~ 
Iral and Irsl near the grazlng dlstance Rgr , l~s·lde 
of which absorption sets in, and outside of WhlCh 
the participating bound states become negligibly 
small. In our example, Rgr"" 10 fm and ~R "" 1-2 
fm. For transfer from CPa + ¢S' to be possible the 
parti cl e x has to be wi thi n the range of vxA 
(left circle in Fig. 1), i.e., the tail of the 
initial state ¢a must penetrate into vxA' Because 
the tail decays exponentially, contributions to 
transfer will preferably come from that part of 
vxA which is closest to b (horizontally shaded 
region in Fig. 1), corresponding to rxA"" 4 -6 fm. 
For inelastic de-excitation CPS' +rjJS the particle x 
must be within the range of vxb' i.e., the tail of 
the final state ¢s must penetrate into vxb' 
Because of the decaying tail of CPS' inelastic 
de-excitation will preferably occur in the region 
which is shaded vertically in Fig. 1, typically 
corresponding to rxA "" 6 - 9 fm. 

The spatial localization places severe 
restrictions on energy 8' and angular momentum t' 
of continuum intermediate states. For significant 
two-step transitions, CPs' must have a large 
amplitude inside both shaded regions. For 
transfer it is the internal part of CPS' (inside 
the potential vxA) which contributes. Thus we 
require that rjJgl be large in the internal region. 
This is obviouSly the case near a resonance, which 

region of 
inelastic de -excitation 

I 

Fig. 1. Spatial localization of two-step transfer. A grazing situation 
is depicted, with the cores A and b a distance rAb " 10 fm apart. The 
"range" of the potentials for transfer (VxA) and inelastic de-excitation 
(Vxb), respectively, is indicated with circles on which the potentials 
have diminished to 50% and 10%, respectively, of their central depth. 
The transfer region is bounded to the left, and the inelastic region to 
the right, by the decay of the bound states ¢a and CPS' respectively. 
The boundary lines correspond to the radial parts of the bound states 
decreasing by one order of magnitude over the shaded regions.(XBL 787-1245) 
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~~g. 2. Energy window for two-step transfer 40Ca + 
o ~ 41Ca* + 150 ~ 41Ca + 150. For E' < E trans

fer is inhibited by the centrifugal barrier~ For 
E' > EM inelastic de-excitation ;s weak due to 
rapid oscillations and phase cancellations. The 
window vanishes for ~' ~ 13. The curves are approx
imate, with Em(~') estimated from phase shifts of 
continuum states ¢S" and EM(~') estimated from 
inelastic form factors. (XBL 787-1246) 

therefore enhances transfer. For large angular 
momenta (estimated at ~' ? 13 in our example) 
transfer and inelastic de-excitation become 
negligible due to angular and radial oscillations 
and cancellations. For each angular momentum ~' 
there is an energy Em(~'), increasing with ~', 
below which ¢S' does not penetrate into the 
transfer region, due to the centrifugal barrier. 
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There is also an energy EM(~')' increasing with ~' 
more slowly than Em(~'), above which inelastic 
de-excitation becomes negligible due to fast 
oscillations of ¢S' and resulting phase cancella
_tions. Thus, two-step transitions are restricted 
to a finite range of intermediate angul arrrlomenta 
and, for each angular momentum ~', to a finite 
energy "window" Em(~') ~ E' ~ EM(~') (see Fig. 2). 

From our calculations of inelastic form 
factors we predict the strongest two-step transi
tions for relatively small intermediate angular 
momenta (~' < 7) and for small intermediate energies 
(E' < 20 MeV). A-strong resonant contribution is 
expected from the ~' '" 2 continuum at s' "" (2 ± 1) 
MeV. We estimate that two-step transitions through 
continuum states of 40Ca +n will be much stronger 
than those via bound states of 41Ca. For example, 
the ~' =- 3 continuum will yield about two orders of 
magnitude more cross section than two-step transi
tions through the lf5/2 bound state of 41Ca. 
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DESCRIPTION OF BAND EXCITATION IN 
DEFORMED E\fEN~E\fEN NUCLEI,? 

R. Donangelo,t LF. Oliveira,t J.O. Rasmusen and M.W. Guidry§ 

Classical-limH S-matrix theory (CLSM) for 
rotational excitation of deformed nuclei by heavy
ion projectiles l- 5 may be extended to investigate 
other processes in heavy-ion scattering having 
classical analogs. In this paper we extend the 
CLSM to the case where both rotational and vibra
tional modes of the target nucleus are excited by 
the heavy-ion projectile. We concentrate specific
ally on the rotational signature of the vibrational 
bands in deformed even-even nuclei. 

Let us cons i der, as in Ref. 3, an even-·even 
target nucleus with an axially symmetric shape, and 
a projectile nucleus, incident with zero impact 
parameter on the target nucleus. We assume the 
projectile to be spherical and disregard any 
projectile excitation during the collision process. 

The classical Hamiltonian for this system may 
be written as 

(1) 

where v~~lll (r,X) represents multi pole-monopole 
Coulomb ln~eractions of higher order than quadru
pole. 

The angle X is defined by the symmetry axis 
of the target and the line joining the centers of 
target and projectile; r is the distance between 
these centers, PX and Pr are the quantities canon
ically conjugate to X and r, defining the rotational 
angular momentum of the target and the relative 
linear momentum between targer and projectile, 
respectively. The term V~>~ (r,X) is given 
expl icHly by 

VCOul(r xl 
£>2 ' 

where 

£>2 

~ (COSX) 
(2) 

(2a) 

and p(r,e) is the nuclear charge density. For an 
illustration of the coordinate system and defini
tion of the remaining parameters, see Ref. 5. The 

classical limit of the quantum-mechanical S-matrix 
is given in section 2.2 of Ref. 5 as 

If 

si:~ '" ~J2I+lf Pr(COSX) 
o 

. ~~ dX e i cp' dX
O lnx ~~ 

dXO (3) 

where cp' is gi ven by 

( 4) 

The quantities appearing in Eqs. (3) and (4) are 
those used in Ref. 5. This expression may be 
integrated numerically, or evaluated by saddle
point methods, to yield a highly accurate approx
imation to the quantum-mechanical S-matrix. 
However, we may simplify evaluation of this 
expression in the li~it that the higher-order 
multipole terms of V£~~l(r,x) are small compared 
to the quadrupole term in Eq. (1). In that case, 
the S-matrix elements [Eq. (3)J may be calculated 
by considering vf~~ (r,X) as a perturbation on the 
phase cp', neglecting its effect on the classical 
0Ebif itself. The contribution to the phase of 
V£~~ (r,X) in this limit is given by 

00 

tf V(r(t),x(t)) dt (5 ) 

_(X) 

where r(t), X(t) in Eq. (5) are evaluattd yith the 
unperturbed Hamiltonian, i.e., setting V£~~ ~ 0 
in Eq. (1). 

For a single term of V£>2(r,x) in Eq. (2), 
we have 

-00 

(6) 

Since £ >2 and X(t) varies slowly for excitation of 
a heavy target, most of the contribution to the 
integral in Eq. (6) is around the point of closest 
approach (CA) of the traj ectory. Therefore, we 



replace X(t) in Eq. (6) by its value at this point 
XCA ; 6~V is now given by 

90 
00 

A,h' ~ 1 Z Q(90) 2p ( X)f u,¥v n ~ Zfl pOe 90 cos CA 
;c r(t) 

_00 

. (6a) 

Replacing ~' in Eq. (3) by 

( 7) 

and expanding e in terms of Legendre polynomials, 
the S-matrix element can be written as: 

'IT 

~V2TTI f P1(cosX) 

o 
V sinXosinx d~ o 

In this form the contribution from each multi
pole deformation (JI, >2) appears explicitly as a 
form factor P90(COSXCA) multiplied by a strength 
coefficient C90 • 

We reiterate that in this approximation all 
quantities appearing in Eq. (8) are evaluat~d 
considering the Hamiltonian [Eq. (1)] with vJI,~~l(r,x) 
set equal to zero. 

174 

In the previous derivation of Eq. (8) we consid
ered the target to have a permanent deformation, 
but the same formalism can be used for the case of 
nuclear shape vibrations. 

To fix ideas let us assume we have a deformed 
target nucleus with just a quadrupole deformation, 
and we are interested in studying a particular 
harmonic multipole vibration of order 2j/,. From 
the previous section it is straightforward to add 
other permanent deformations or vibrations. 

The Hamiltonian for this system is now 

r X 1 1 Pz p2 ( ) 
2m + -2~ v + mr2 ~ hwj/, (n+ 1z) 

Co u 1 (, ) Vj/,>2 r,x,q,n 

(9) 

where 

Coul ( ) VJI,>2 r,X,q,n 

In Eqs. (12,13), q is the phase of the vibration, 
and n, the classical analog of the vibrational 
quantum number, is canonically conjugated to q. 

USing a similar formalism as before, we obtain 

J=O 
50 ,0+I,n 

'IT 

~ ~ dXO P1(cOSX) 

o 

(11 ) 

By expanding exp(;~vj/,) as before [Eqs. (9,10)J 
we find that 

sJ=O v'2f+T I 1T

dX P (COSX) O,O+I,n" 2 0 I 
o 

i¢~-O 
Fn e - (1 + Cj/,Pj/,(COSXCA )) 

where 
21T 

Fn - 1 f dq I ~q 
2 'IT Ciq 

o 0 

iqn 
e 

(12 ) 

( 13) 

We again see the perturbation appearing as a 
form factor multiplying the integrand of the 
unperturbed CL5M express ion [Eq. (3)]. The form 
factor has the same functional form as in the case 
of small permanent deformations, which is to be 
expected if these are considered as vibrations 
with a very large period compared to the collision 
time. 
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THE INCORPORATION OF SHELL EFFECTS INTO A DIFFUSION MODEL 

A.N. 8ehkami* and L.G. Moretto 

It ;s interesting to determine the importance 
of shell effects in deep-inelastic reactions. 
To evaluate the effect of shell features on the 
magnitude of the cross section and the angular 
distributions, we have incorporated all the rele
vant features of the shell model into a diffusive 
model of mass transfer for heavy ion reactions. 
Several authors l -3 have discussed in detail the 
analytical formulation of the Strutinski-like 
potential energy normalization and a qeneral 
tormallsm for the level density calculation on the 
basis of an arbitrary set of single particle levels 
including pairing. In the present work we shall 
only discuss the calculations made for the 86Kr + 
197Au reaction. To calculate the distribution of 
products from a deep-inelastic reaction, we a) 
compute the single-particle energies and spins, 
b) compute the potential energy of the interacting 
system by means of a Strutinsky procedure, and c) 
evaluate the level densities. 

The potential energy for the interacting 
system with the inclusion of shell corrections 
is given by 

(1) 

where ElO is the potential energy calculated with 
the liqUld drop model and Ew is the shell correction. 
The shell correction consists of three terms: 

(2) 

I'lhere ESM is the shell model energy, ESTR is the 
smoothed-out shell model energy obtained with a 
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modified Strutinski procedure, and Eeair.iS the 
average pairing energy. In our calc latlons we 
have used the 1 i qu i d drop parameters of J~yers and 
Swiatecki. 4 A comparison of the potentlal energy 
of the interacting system with and without shell 
corrections for the reaction 620 MeV 86Kr + 197Au 
is shown in Fig. 1. With the inclusion of shell 
corrections, pockets appear in the potential energy 
surface for fragments with Z near magic numbers. 

We have calculated the nuclear level densities 
utilizing the shell model with the incorporation of 
pairing effects as has been discussed elsewhere. 5,6 
Utilizing the potential energy (with shell correc
tions) shown in Fig. 1 and the calculated nuclear 
level densities for all possible asymmetries, we 
have calculated the product Z-distribution from 
the reaction 620 MeV 86Kr + 197Au. The preliminary 
results show that the peak position of the calcu
lated Z-distribution is shifted closer to the 
projectile Z, in better agreement with experiment 
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than earlier calculations, which neglected shell 
effects. 
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THEORETICAL CORRELATION BETWEEN ENERGY DISSIPATION, ANGULAR MOMENTUM 
TRANSFER, AND CHARGE DIFFUSION IN DEEP~INElASTIC REACTIONS 

J.S. Sventek and L.G. Moretto 

A central problem in the analysis of deep 
inelastic reactions is the determination of mass, 
charge, and angular distributions for individual 
angular momentum bins. 1- 3 In principle, distri
butions can be derived by plotting the cross 
section 32o!aZa[TKE] in the charge vs total 
kinetic energy (Z -TKE) plane and drawing lines 
on this map corresponding to constant entrance 
channel angular momenta (~). The resulting distri
butions as a function of ~-bin can then shed light 
on quantities such as the Fokker-Planck coefficients 
for describing the time-depe9dence of the charge
asymmetry degree of.freedom. Two different 
empirical prescriptions for drawing the lines of 
constant ~ have been suggested. The first prescrip
tion'l,3 calls for the lines to be drawn at constant 
TKE, parallel to the Z-axis. This prescription 
has been widely used, perhaps because of its 
simplicity. In the second infrequently used 
prescriptior.,2 the lines of constant ~ are drawn 
parallel to the Coulomb energy of two touching 
fragments. It is important to determi ne the 
correct constant angular momentum contour lines in 
order to assess the possible systematic errors 
introduced by the empirical prescriptions. For 
instance, analyses of the kind mentioned above, 
employing the first prescription, have been used 
to determine diffusion coefficients and to evaluate 

the energy loss per exchanged particle in some 
heavy ion reactions. l ,3 In particular, the results 
of the latter estimate seem to indicate an energy 
loss per exchanged particle much larger than that 
expected from a one-body dissipation mechanism. 4 

In the limit of infinite radial friction (the 
relevance of which is discussed in a later section 
of this letter), there are two limiting patterns 
these lines should display, corresponding to the 
two extreme regimes associated with the rotational 
degrees of freedom of the intermediate complex. 
In the first limiting case the reaction occurs 
with no transfer of angular momentum from orbital 
motion to intrinsic spin. In this case, the 
angular momentum of relative motion as a function 
of Z, .Q,rel (Z,~), is a constant independent of Z 
and equal to.Q,. The total kinetic energy can be 
calculated as 

TKE(Z,.Q,) VCoul(Z) ( 1 ) 

where vZ and dZ are the reduced mass and the 
distance between centers for the charge-asymmetry 



specified by Z. The curves in Fig. la show examples 
for this case,assuming the shape of the complex to 
be two touching spheres. 

In the second limiting case the complex is 
rotating as a rigid body at the time of scission, 
regardless of the impact parameter (,Q,-wave). In 
this case, the relative angular momentum is Z
dependent, and given by 

,Q,rel(Z,,Q,) (2 ) 

where I(Z) is the moment of inertia of a fragment 
with charge Z about its own axis and ZT is the 
total charge in the composite system. The curves 
in Fig. lb show examples of this behavior for the 
same ,Q,-waves as for the previous case. 

If angular momentum transfer (from orbital to 
intrinsic spin) is mediated by nucleon exchange 
between the reaction partners, the amount of ,Q,
transfer must be a function of the number of 
nucleon exchanges, which is directly related to 
the interaction time. Qualitatively, one would 
expect the correct curve for near grazing ,Q,-waves 
to look like the dotted curve in Fig. Ie. 

z 

\ 
\ 

(c) 

Fig. 1. (a) Lines of constant total angular momen
tum (,Q,) in the Z - TKE plane if no transfer to spin 
occurs. 

(b) Same quantities if complex rotates 
rigidly at scission. 

(c) Qualitative expectations for correct 
lines of constant ,Q,. (XBL 7711-10426) 
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Consistent with the experiment, it is assumed 
that the radial kinetic energy is dissipated 
immediately at the interaction radius. The analysis 
is restricted to a system of two spheres separated 
by an ,Q,-dependent distance, d(Z), dynamically 
determined as described further on in the text. 
We need to calculate how the orbital angular 
momentum (,Q,rel) is transferred into the spins of 
the nuclei (,Q,1,22) and the function dependence of 
,Q,l and ,Q,2 on the asymmetry of the complex (Z). 
This calculation may be performed in two steps. 

(1) The complex, initially at symmetry Zp, 
is assumed to live a time t and to decay with 
asymmetry Z. The average. rate of change of the 
charge of nucleus 1 is Z, '" (Z -Zp)/t. Since the 
charge-to-mass ratio has been shown experimentally 
to equilibrate on a much faster time scale than 
the charge-asymmetry mode, one may write 

(3) 

where A1 is the mass of nucleus 1 and ex <is the 
A/Z ratlo for the composite system. The average 
rate of nucleon transfer from one nucleus to the 
other is given by noo, where no is the bulk flux 
of nuclear matter, and ° is the effective window 
between the nuclei. 5 By forcing the system to 
arrive at asymmetry Z, at time t, we impose an 
asymmetry on the right (r]Z) and left (r2l) 
nucleon transfer rates, WhlCh can be written as 

(4) 

Knowing these transfer rates, we can write the 
following system of coupled differential equations 
for the spins and the orbital angular momenta: 

(5 ) 

where dl and d2 are the distances of tne nuclear 
centers from tfie window, and ~, ~l' ~2 are the 
rotational frequencies for the orbita1 motion, 
spin 1 and spin 2,respectively. By integrating 
the Eqs. (5) and (3), subject to the proper initial 
conditions, we arrive at values for Zl{Z,,Q,,t) and 
,Q,2(Z,,Q,,t). 



(2) The functions Q, (Z,Q,), (Z,Q,) are 
obtained by integrating o~t the time dependence. 
The average lifetime of the complex for a given 
Q,-wave is approximated as the t-ime necessary for 
the dynamical system with no mass transfer to 
return to the strong absorption radius under the 
influence of Coulomb plus Proximity potentials 
and subject to Proximity friction. 5 

The quantity d(Q,) (mentioned earlier) is the 
average value of the distance between centers 
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along the trajectory using the Proximity Flux 
function ~(r) 5 for the probability weight function. 

1156MeV 

00 650 (b) 

00 600 

00 550 

00 500 

00 

o 350~~~~~~~ 

o 15 30 45 60 75 30 40 50 60 70 

Z 

Fig. 2. (a1 Lines of constant Q, calculated for 
1156 MeV 1 6Xe + 197Au using the present model. 

(b) Contours of constant a2cr!aZa[TKE] for 
the same reaction with parallel cuts and calcu
lated cuts drawn in. 

(XBL 7711-10427) 

It is also necessary to weight the Q,i(Z,Q"t) by the 
probability for forming the system Z at time t. 
This function, ~(Z,t), can be obtained by solving 
a Master Equation or an associated Fokker-Planck 
equation. 

Figure 2a shows the ~redictions of the model 
for the system 1156 MeV 1 6Xe + 197Au. Each pair of 
adjacent lines brackets 5% of the reaction cross 
section. Figure 2b shows the upper portion of 
Fig. 2a, with contours of constant cross section 
(as calculated by the Fokker-Planck equation) 
drawn in. The horizontal lines divide the data 
into ten bins, 30 MeV wide (only every other line 

1156MeV 136Xe + 197Au 

6 

3 
~ 

C\l 

b 6. 
2 ~ 6. 

6. 
6. 

11 6.1 6.1 6. I 

0 2 3 4 5 6 7 8 9 

Bin number 

Fig. 3. Ratio of cr~ from calculated lines and 
empirical lines vs bin number. The bin number 
may be related to TKE loss by the following 
relation: TKE loss = 30·(bin number - ~)MeV. 

(XBL 7711-10428) 

is shown for ease of viewing). The lines of 
constant Q, calculated by the model are chosen to 
coincide with the parallel lines at the Z of the 
projectile. Figure 3 is a plot of the ratio of 

10 

the variance predicted by the present model and the 
variance derived from the parallel cuts. Note the 
large difference for the first few bins. It is 
exactly in this energy region that the previously 
mentioned discrepancy between experiment and theory 
was found. If the empirical variances are in error 
by as much as is indicated by the present work (see 
Fig. 3), then the discrepancy between experiment 
and theory disappears. 
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AND ANGULAR MOMENTUM TRANSFER iN THE SYMMETRIC 
;;Nb + :~Nb REACTION 

G,J, Mathews, p, Bigeleisen, G,J, Wozniak, RP. Schmitt, R. Regimbart, G. Rattazzi, L. Sobotka, A. Behkami, 
l,G, Moretto, J.S. Sventek, R,M. Diamond, H. Hubel, and F. Stephens 

1. Jil.!roducti on 

Reaction p~oducts from a symmetric system are 
of interest for two reasons. On the one hand a 
symmetric system affo~ds a more sensitive test of 
diffusion-model calculations, as will be explained 
in secti on I I. On the other hand a symmetri c system 
is perhaps the only system for which the possible 
role of giant resonances in the initial stages of 
energy diss'ipation can be isolated. This will be 
discussed in section III. 

II. Comparison with Diffusion-Model Calculations 

To see how a symmetric system provides a more 
sensitive test of the diffusion model, it is worth
while to examine the effective potential energy of 
the system as a function of asymmetry and angular 
momentum. This potential energy is shown in Fig. 1 
for two overlapping spheres. The point to note is 
that the derivative of the potential with l is zero 
at the injection point and does not change much 
over a large range of land 90. These qualitative 
remarks should remain true even if the system 
deviates significantly from a configuration of 
two overlapping spheres. The effect of this 
feature of the reaction can be seen by recourse 
to the Fokker-Planck approximation in the notation 
of Ref. 1 which gives for the time evolution of 
the population of channel l, 

where 

When the derivative of the potential is zero, only 
the spreading velocity V2 remains, which ;s indepen
dent of the potential. Hence, to first order in a 
symmetric system we are sampling only the form 
factor, Kf, which ;s the effective particle transfer 
rate. 2 
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Fig. 1. Effective potential energies for the 
524-MeV ~fNb + ayNb reaction. 

(XBL 787-1265) 

In Fig. 2 we show the experimental total angle
integrated charge distribution obtained with ioni
zation - counter solid-state telescopes. Also 
shown for comparison are results from the most 
recent diffusion-model calculations 3 obtained in 
the one-body framework with no free parameters. 
Although the overall agreement is quite good there 
does appear to be a systematic underestimation 
of the cross sections for the lighter ZIS. The 
agreement at higher liS is not necessarily signif
icant since those data may be subject to systematic 
errors due to difficulty in identifying Z-lines and 
the fact that angular distributions included few 
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Fig. 2'9 Charge distribution for the 524-MeV ar Nb + 4fNb reaction. 
(XBL 784-663) 

points. An effort has been made to reconcile the 
theory with the data by the inclusion of secondary 
particle evaporation. The result, however, is 
that for the average excitation energies (~20-30 
MeV) computed in the diffusion-model framework, 
the light lis are displaced by only about one 
charge unit, an insufficient amount to produce 
agreement. The tentative conclusion is therefore 
that we are observing a deficiency of the diffusion 
model form factors derived from the one-body argu
ments. Except for this normalization problem, 
the agreement in the angular distribution (not 
shown) is reasonable. 

III. Possible Role of Giant Resonances 

Recently, a good deal of excitement has been 
generated over the possibility of observing 
resonances in symmetric light-ion reactions at 
angles far forward of the grazing angle. Should 
the interpretations of the phenomena as giant 
resonances be correct, this observation could 
provide much insight into the energy dissipation 
mechanism in heavy-ion collisions. Although a 
clear identification of the resonance structure 
in the energy spectrum requires charge and mass 
isolation, we see some evidence for structure in 
the Z =41 spectrum shown in Fig. 3. The bump in 
the spectrum near 480 MeV lab energy would corre
spond to about 20 MeV excitation of the system, 
consistent with giant mode excitation. 

Perhaps the most distinctive feature of the 
giant resonances is their associated Tow angular 
momentum. Therefore we have also obtained y-ray 
multiplicities as a function of energy for this 
reaction. Unfortunately, however, the statistics 
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524-MeV 93Nb+ 93Nb 
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Fig. 3. Ener9l. spectrum for Z =41 fragments from 
the 524-MeV 4rNb + ~iNb reaction. 

(XBL 784-710) 

at present are too poor to indicate a correlation 
between the structure ill the energy spectrum und 
the associated multiplicity. We have also employed 
a large-solid-angle position-sensitive detect~r in 
this experiment to kinematically isolate the 3Nb 
binary reactions and to provide crude mass identi
fication. Convincing results, however, are pending 
the accumulation of better statistics. 
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THE liGHT ELEMENT GALACTIC EVOLUTION, AND 
THE UNIVERSAL BARYON DENSITY 

G.J. Mathews and V.E. Viola, Jr. 

The present mean universal mean baryon 
density, Pb' is of particular interest because in 
Friedmann cosmologies with no cosmological constant, 
it is this quantity together with the Hubble 
constant, Ho' which determines the spatial curva
ture of the un i verse, i. e., whether it is open or 
closed. The available indicators of Pb have been 
reviewed in detail by Gott et a1. 1 They concluded 
that the most stringent upper limit to Pb (and, in 
particular, the only datum that seems to preclude 
the possibility of a closed universe) comes from 
the present deuterium abundance. 

In this paper we propose an alternative method 
to evaluate the range of permissible values of Pb' 
~he method considers the abundance of both D and 
Li. By utilizing the abundance ratio of 7Li to D, 

we show here that the difficulty associated with 
the astration process can be essentially cancelled 
from the problem. Further, this method is slightly 
more sensitive to Pb than the method which uses 
the D abundance alone. 

The method we propose is quite straightforward. 
To begin with, the present mass fraction of D and 
7Li , (X6 and xjLi) in the interstellar medium can 
be written as the sum of galactic (XG) and big-bang 
(XBB) contributions, 

(1) 

(2) 

The quantities FL (L "'D,7Li) are the fraction 
of the primordial material of each species that 
has survived astration. These quantities depend 
on the details of galactic evolution and are not 
known. Nevertheless, we demonstrate here that 
these quantities are both nonzero and nearly 
identical, and therefore can be cancelled from 
the problem of finding the limits to Pb' 

If the ratio of the abundance of the primordial 
material, L, in a star of mass m at the end of its 
main sequence lifetime to the interstellar abundance 
of L at time t is small, then the quantities FL 
take the analytical form 

S(t) f [f E(t,m)dm + R(t) J dt. (4) 

E(t,m) is the fractional rate of increase of the 
interstellar medium by ejection of material from 
stars which have evolved from the main sequence. 
R(t) is the fractional rate of increase of the 
interstellar medium by infal1. No L-dependent 
terms appear on the right-hand side. Therefore, 

10·ab-...----k----!..----~ __ ~ ___ __' 
10-31 10-30 10-29 

p,' (gtem!!) 
b 

Fig. 1. The ratio of 7Li to D mass fractions as a 
function of the present baryon density for a present 
background temperature of 2.8°K. The curve labeled 
E, '" 1 . 0 corresponds to the standard bi g bang.2 The 
curves labeled E, = 0.5,2.0 correspond to a scaling 
of the free expansion trajactory consistent with 
the range of the observed He abundance. 

(XBL 784-662) 



F7L·(t) "FO(t). Further, this equality will 
coniinue to be true even if the relative destruc
tion rates of 7Li and 0 in stellar interiors differ 
by orders of magnitUde as long as they are both 
small compared to unity. Finally, it is worthwhile 
to note that the quantity S(t) is finite over the 
lifetime of the galaxy. Therefore the present 
value of FL is nonzero. This means that we can 
take the ratio of Eqs. (1) and (2) and make use of 
the equality of the surviving fractions of primor
dial material to write, 

(7) 

which is true in principle even if only a few 
atoms of primordial 7Li and 0 have survived galac
tic evolution! The quantities G7Li and GO corre
spond to the fraction of 7Li or 0 which is of 
non-big-bang origin. Although these quantities 
are not well known, the dependence of (X~~i/X~B) 
on the baryon density is rather steep. Therefore, 
conclusions can be reached about Pb even over a 
broad range of pos sib 1 e va 1 ues for G7

L 
i and GO' 

The sensitivity of the ratio x~~./X~B to Pb 
can be seen in Fig. 1 where we plot the'results 
obtained from the big-bang nucleosynthesis code 
of Wagoner. 2 In the region of interest (near 
10-31 ~ Pb ~ 10-30 ) the ratio varies as p~.6. 
This is to be compared with the Xo value alone 
which varies as Pb2 in the same region. 

In Table 1 the range of inferred values are 
given for Pb and Q (the ratio of the present 
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Table 1 . Calculated values of 

Best guess XBB /XBB 
hi 0 (gm/ cm 3) '" 50 

~ '" 1, } 2.1 xlO-4 7.1(1.0) xlO- 31 GO " 0.0, 0.15(2) 
G7 "0.15 

Li 

Go: 0.90,} 
Gh i- 0 

2.5xlO- 3 1.4 xl 0- 30 0.30 

G7Li" ~. 90, } 2.5xlO-5 4.0xlO- 31 0.09 
G '" D 

~ " 0.5 2.1 x 10-4- 5.5xlO-31 0.12 

~ '" 2.0 2.1 x 10-4 1.0 x 10-30 0.21 

density to that required to close the universe). 
These results are very close to the results 
obtained by Gott et a1. using Xo alone, which 
showed that Pb '" 4(3) xlO-31 g/cm3 for 1;=1, 
Gn =0, and FD =0.5, yet the present results are 
less model-dependent since the parameter FO has 
been eliminated. 
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A DYNAMICAL MONTE-CARLO DESCRIPTiON OF NUCLEON TRANSPORT IN 
HEAVY-ION COLLISIONS 

G.J. Mathews, J.S. Sventek, and L.G. Moretto 

The diffusion model, which describes the 
heavy-ion interaction in terms of non-equilibrium 
statistical nucleon transport, has enjoyed rather 
convincing success for a large number of target, 
projectile, and energy combinations. 1,2 Neverthe
less, one uncomfortable feature of this model has 
been the reliance on time-averaged estimates of the 
dynamical features of the system, e.g., the poten
tial energy, the diffusion window, etc. A further 
limitation of the diffusion model to date stems 
from its sheer size. A proper treatment requires 
a diagonalization of at least an nz xnz matrix 
(n z '" Ztgt + Zproj) for each ~-wave, where nz can 
become 1 a rge, ;:: 100, for even moderately hea vy 
systems. 

In this work we describe a model of transport 
in heavy-ion collisions which circumvents both of 
these difficulties associated with conventional 
diffusion-model descriptions. The scenario we 
propose, with the expectation that this is a more 
accurate description of the way in which Nature 
proceeds, is the following: the classical equations 
of motion for two spherical nuclei interacting under 
the Coulomb and proximity forces are solved and 
coupled with the time-dependent probability of 
nucleon transfer. A random number decides when a 
transfer occurs. Following a transfer the dynamical 
quantities are then adjusted for the dissipation 
and geometrical changes introduced by the transfer 
and the solution of the classical equations of 
motion continued. 



The code has the distinct advantage of being 
small enough to allow calculations for even the 
heaviest systems to be performed on a small 
computer. I\,lthough many events must be cal cu
lated, the computations are quite rapid so that 
the calculation is not cost-prohibitive. 

Since by now 'it is widely recognized that 
charge and mass transfer are highly correlated, 
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we simplify the discussion here to consider only 
charge-unit transfer. However, the generalization 
to independent neutron and proton degrees of freedom 
should be obvious. 

The rate equation for the time evolution of 
a ch3nnel, Z, is 

(1 ) 

where Pz is the probability that the system is in 
channel Z at time t. The A+(Z,t) are the transi
tion probabilities for the system to find itself 
in the Z ±1 configuration. Similarly, from the 
relative rates for form<ing the Z ±1 system, 

we obtain the probability that the system has 
translated in one direction or the other 

J\(t) 
PZ±l (t +dt) " PZ±l (t) + A+(t) ~ AJt) 

To compute the time evolution of the system 
then, we begin with the initial conditions; 

(2) 

(3) 

PZ(to) '" 1, PZ±l (to) "0. Equations (1) and (2) 
are then solved along with the equations of motion 
until a transfer occurs, at which point the vari
ables and form factors as well as the initial 
conditions are reset at the new asymmetry. 

If the system transfers a charge unit (or 
nucleon) from one nucleus to the other in the 
one-body picture, that charge unit carries its 
corresponding collective linear and anoular momen
tum. In the framework of this model we readjust 
the coordinates of the system in the following 
way: 

We assume a constant overlap during the 
interaction, so that the new radius R' is 

R' (4) 

where R is the radius before the interaction, and 
Cz is the central nuclear radius. 3 

The transfer carries with it the linear 
momentum associated with its collective motion: 

... m ... 
l' '" M P 

where P is the center-of-mass momentum prior to 
the transfer, M is the mass of the fragment in 

(5) 

which the particle initially resided, and m ~ A/Z 
is the effective mass of the transferred charge 
unit, so that 

~ 

P' (6) 

For the angular momentum transfer we assume 
rigid body inertias for the nuclei. The transferred 
angular momentum for a transfer from fragment 1 to 
2 is, 

£Z + 1 
1 

md Z dZ (8 -eZ ) + md Z 8Z 1 2 -2 2"2 

where dZ is the distance from the nuclear center 
to the window between the two fragments. 

(7) 

(8) 

Past calculations5 have estimated the averaoe 
interaction time of the two ions by the lifetime' 
of the entrance-channel trajectory of the two 
interpenetrating ions. The beauty and simplicity of 
the Monte Carlo treatment is that this quantity 
is automatically derived from the calculation for 
all asymmetries. 

In Fig. 1 we show some calculated lifetimes 
and variances. The most striking feature of the 
lifetimes is the tendency to saturate at lower 
£-waves. This same phenomenon would be observed 
in a trajectory with no diffusion or dissipation. 

Also worth mentioning is the variance in the 
lifetimes. The first thing to note is that there 
is, in general, no strictly linear relation between 
T and 0 2. The second point to note is that the 
variances are quite small, 0 2 ~ 0.05 T, indicating 
a very narrow spread of lifetimes. Values of 
as large as 1.5 T have been employed in past 
calculations. 1 It should be kept in mind, 
however, that not all thermal fluctuations are 
included in these calculations. 

Charge distributions for 620-MeV 86Kr + 197Au 
are shown in Fig. 2 and compared with the experi-

12 

10 

" c:: 
0 8 () 

<l> 
VI 

~ 

0 6 

4 

2 

0 

-

•• 

100 

620-MeV .OKr+' 97Au 

200 
i 

300 

Fig. 1. Calculated average 1 ifetimes and variances. 
(XBL 787-1253) 



1000. 

100. 

D 
! 
b

N 

10. 

20 

o 
expo 0 0 

o 
o 

o • 

o 

30 

o 

40 50 
z 

Fig. 2. Calculated and ea~erimental total charge 
distribution for 620-MeV ~~Kr + 11~Au. 

(XBL 787-1255) 

184 

mental data. The first point to make note of is 
that the overall trend in the data is well repro
duced. Nevertheless, there does seem to emerge a 
discrepancy for liS far removed from the projectile. 
This feature is even more apparent in lighter ion 
calculations. 

In the calculated gamma-ray multiplicities 
(not shown) there is a similar effect of insuffi
cient angular momentum transfer, symptomatic in 
the one-body picture of insufficient diffusion. 

The key to the deficiency of the model is in 
the angular distributions. Although the side peak 

in the angular distributions is reproduced, this 
side peak persists for lis well away from the 
projectile. This is evidence that the lifetimes 
for the system calculated for the trajectory of 
two spherical nuclei undergoing particle exchange 
are simply too short. 

Perhaps the way out of this problem is to 
introduce an aspect of the scenario which has not 
been considered explicitly in previous treatments, 
namely, that the intermediate complex is expected 
to undergo neck formation. This neck may be 
expected to increase the lifetime and diffusion 
window in the exit channel. Efforts are currently 
under way to incorporate this feature schematically 
into the calculations. 

Other proposed refinements of the code include 
consideration of proton and neutron degrees of 
freedom separately. In this way the charge equili
bration process can be studied. Also the interfac
ing of the code to a second Monte Carlo code, which 
computes particle evaporation and secondary fission, 
'j s under way. 
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ASYMMETRY-DEPENDENT ANGULAR MOMENTUM DISTRIBUTIONS RESULTING FROM 
A DIFFUSIVE MASS TRANSFER MECHANISM* 

J .S. Sventek 

Average gamma-ray multiplicitles (M ) in 
coincidence with deep-inelastic productsYhave been 
measured for a variety of systems,1-4 with the most 
recent measurements5,6 providing the second and 
third moments of the multiplicity distributions. 
A general feature of the data is that for those 
systems in which essentially all £-waves lead to 
deep-inelastic products, the multiplicities display 
very little dependence upon asymmetry. 1 ,5,6 This 
behavior seems to be due to the preferential popu
lation of asymmetries far removed from the entrance 
channel asymmetry by smaller £-waves than those 

that populate asymmetries near the entrance 
channel. The second moments of the My distribu
tions are systematically larger than Shose expected 
from a triangular 2£+1 distribution. ,6 (The 
ratio of the standard deviation of the My distri
bution and the mean value, p ~ a/<My>, has been 
measured experimentally to be p ~ 0.5, independent 
of as~metry, while a 2£ +1 distribution predicts 
p ~ vZ/4 ~ 0.35. This discrepancy is not partic
ularly surpriSing since a 2£ +1 distribution does 
not predict the correct multiplicities for the 
systems for which the second moments have been 
measured. 



The purpose of this report is to show that 
systems exhibiting the features described above 
can be descr-ibed by rigid rotation accompanied by 
diffusive mass transfer. An analytic model is 
used to explore the general dependence of the 
angular momentum distributions upon mass-asymmetry. 

In order to simplify the calculations, it is 
assumed that the time dependence of the mass asym
metry mode can be described by a solut'ion to a 
Fokker-Planck differential equation with no drift, 
i.e., a purely diffusive degree of freedom. 7,B 
Such a solution takes the form 

P(Z,t) (1 ) 

where P is the probability of producing a complex 
with asymmetry Z after an interaction time t, Zp 
is the entrance channel asymmetry, and )Jz is the 
spread coefficient for the mass asymmetry mode. 
The cross section due to a collision with impact 
parameter b can be expressed as 

(2) 

where T(b) is the interaction time for the trajec
tory with impact parameter b. It has been well 
established experimentally9,10 that the interaction 
times T(b) must be a decreasing function of b. The 
simplest form such a function may take (and the 
form used) is 

= T(l __ b )-o bmax 

Substituting Eq. (3) into (2), defining 

Sz :;: (Z - Zp//2)l2To' and changing variables to 
n = b/bmax ' one arrives at 

<jl(S,n) = --n-1 e-S/(l-n) 
[1 - nJ'2 

(3) 

(4) 

where multiplicative factors independent of Sand 
n. are ignored. The function <ll(S,n.) is the distri
bution function for the cross section as a function 
of asymmetry S and angular momentum n; for fixed S, 
it represents the angular momentum distribution 
functi on for tha t asymmetry. It is the moments 
of this distribution function, and their dependence 
upon asymmetry, which is of interest and may be 
compared with experiment. 

Given the angular momentum limits n"n2 
(0 ~ n < n2 ~ 1; n, may account for compound 
nucleu~ cross sectio~ and n? may delimit the quasi
elast'ic cross section) and the asymmetry S, one 
may write the moments of the angular momentum 
distribution as 

)J m 
(5 ) 
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By making the change of variable X" (1 -n)-l 
and defining ui:;: (1 -nj)-I for i =1,2, one 
arrives at 

(m + l)! ) t;; (u 1 ,u2 ,S), (6a 
(m+ 1-1) ! i ! 

where 

(6b) 

The integrals t;i are determined from a recurrence 
relation. 

In order to compare with experiment, it is 
necessary to evaluate algebraic combinations of the 
normalized moments 

The most frequently quoted parameters describing a 
distribution are listed in Table 1. 

Consider a system in which essentially all 
impact parameters contribute to the deep-inelastic 
process, implying n.l'''' a and n?"" 1. In order to 
account for events ln which tne kinetic energy is 
incompletely damped, it -is assumed that nl = 0 and 
n.2'" 0.9, thus allowing 20% of the cross ~ection 
for incompletely damped (QE) events. Plotted in 
Fig. 1 are (n), 0, y, and p as a function of 
asymmetry. Three very striking features emerge: 

1. Angular momentum fractionation «n) 
decreases as a function of S)I is a natural 
occurrence for systems with th is type of 
angular momentum window. 

2. The ratio p exceeds the 2~+1 value for 
nearly all asymmetries. 

3. The skewness y changes sign as a function 
of asymmetry. This fact is easily understood 
since the distribution for f3~O is nearly a 
2t+l distribution, with an associated y < O. 
As S increases, the highest ~-waves playa 
lesser role in populating the larger asymmetry 
(due to the short lifetimes), with the result 
that the angular momentum distributions become 
more symmetric and eventually display a 
positive skewness. 

Table 1. The most frequently quoted parameters 
describing an angular momentum distribution. 

Name Order Expression 

mean (n)=u1 

variance 2 0
2 '" u2 - uf 

skewness 3 
(1)3 - 31)1 u2 + 2uf) 



0.0 .9 

Fig. 1. Plots of <n), G, y, P as a function of 
for n, "0, n2'" 0.9. (XBL 785-8899) 

In order to compare with experiment it is 
necessary to correlate S with Z. ~6om prTgious 
work in fitting data from 620-MeV Kr + 7Au, 
the following parameters were used: 

T '" o 

( . ) 2 / - 22 1 charge unlt 10 sec 

- 21 2.5 x 10 sec. 
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The curve of asterisks in Fig. 1 is a plot of the 
multiplicities assuming rigid rotation and E2 multi
polarity of the resulting gamma rays. As can be 
seen, the multiplicities are approximately constant 
as a function of Z, in agreement with the data. 
The large values of p measured for similar systems 
has also been shown to be predicted. The data on 

the skewness is harder to compare, as in Ref. 5 
the skewness is given as a function of energy loss 
integrated over asymmetry. Preliminary data at 
LBL6 indicates that the skewness for most asymme
tries for a similar system are positive for the 
deep-inelastic products. 
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TOWARD A UNIFIED DIFFUSION MODEL 

J.S. Sventek 

The success of the Diffusion Model in predict
ing the observab1es in deep-inelastic collisions l - 3 
has lent credence to a master equation description 
of the motion of nuclear systems along the mass
asymmetry degree of freedom. This report describes 

enhancements to the model which permit all quanti
ties to be determined from first principles. 
Reference 1 may be consulted for a complete 
description of the model prior to the changes 
described here. 



Previous investigations 2,3 have shown that 
the assumption of two touching spheres for the 
shape of the intermediate complex in deep-inelastic 
collisions is too simplistic; in fact, for some of 
the heavier systems,3 the data seem to indicate 
that the complex shape is better described by two 
overlapping spheres. In order to determine these 
overlaps, and also to calculate the interaction 
times, classical dynamics under the influence of 
the proximity potentia1 4 and proximity friction 5 
is used. For each partial wave, the average 
overlap along the trajectory and the interaction 
time are calculated for a nuclear system with no 
mass transfer. These quantities are then used in 
the sections described below. 
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The driving potential for the mass-asymmetry 
master equation is calculated assuming the nuclear 
overlap remains constant as a function of asymmetry 
for a given partial wave, and has the value calcu
lated above. Previous versions of the model assumed 
that the overlap was zero (touching spheres) for 
all partial waves and for all asymmetries. The 
transition matrix element formerly had the follow
ing form: 

K f exp (- lfi) 2T 
(1) 

where K was a parameter with units of charge flux, 
f was the areal form factor, 6V was the difference 

in the driving potential between the initial and 
final states, and T was the nuclear temperature. 
They now have the following form: 

1\ '" [ 
Rl R2 J ( 6V) no 2'IT Rl +R2 b \jI(s) exp ,- v 

(2) 

where no is the one-sided flux of charges [and has 
the same value as K in Eq. (1)J, the quantity in 
brackets is equivalent to f in Eq. (1), \jI(s) is a 
unitless function describing the modification of 
the flux for compact or extended shapes, and ~ is 
the average energy of a nucleon above the potential 
barrier between the two nuclear potential wells. 
In the 1 imit of two touching spheres \jI ~ 1 and 
.:7~ 2T, thereby resulting in Eq. (1). 

Reference 2 introduced the concept of the 
probability distribution for the lifetime of the 

complex, denoted rr(t), which was a gaussian 
centered about the interaction time. A Brownian 
motion analysis of the motion along the radial 
coordinate for nuclear systems indicates that the 
variance and centroid of the time distribution 
are re 1 a ted by 

(3) 

Comparisons of some experimental data and the 
results calculated using the modified theory may 
be found elsewhere in this report. 6 As can be 
seen, the agreement is quite good. Further 
comparisons are being carried out to check the 
behavior of the theory when: 

a) The same target is bombarded by several 
different projectiles with approximately 
the same energy/nucleon; 

b) Several different targets are bombarded 
by the same projectile with the same energy; 

c) The same target is bombarded by the same 
projectile at several different energies; 

d) A symmetric target-projectile system 
interacts at several different energies. 
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EXCHANGE INTERPRETATION OF ANOMALOUS BACK ANGLE HEAVY ION 
ELASTIC SCATTERING* 

M.S. Zisman 

In the past few years a number of groups have 
been engaged in makin~ careful studies of heavy ion 
elasti~ scattering. l - For example, data for the 
160 + 8Si system have presently been obtained 
over the (1 aboratory) energy range of 33 - 215 MeV. 

While the results of a "global" optical model 
search yielded l a strongly absorbing, energy 
independent potential (E18, see Table 1) which 
fit the data rather well at both high and low 
energies, the intermediate energies, roughly 



TABLE 1. Optical model and bound state parameters. 

V r a) 
R 

aR 
W r a) 

I ar 
Set (MeV) (fm) (fm) (MeV) ( fm) (fm) 

160 + 2SSi 

E1Sb ) 10.0 1. 35 0.61S 23.4 1. 23 0.552 

016C 10.0 1. 36 0.57 3.6 1. 3S 0.3S 

Bound 
statec ) 1.25 0.75 

aiR " r x (A0/3 + Al/ 3). 

b) Ref. 1. 

c) Depth adjusted to match separation energy. 

40 ~ El ab ~ 60 MeV, gave evidence for oscillations 
which were not reproduced by the optical model in 
any systematic fashion. In particular, it was 
found that any optical potential which produced 
suitable back angle oscillations at these inter~ 
mediate energies invariably predicted that these 
oscillations would grow more pronounced at higher 
energies, at variance with the experimental data. 

Very recently, additional information on this 
problem was provided by Braun~Munzinger et al.? who 
extended the 160 + 2SS1 data at Elab " 55 MeV back 
to 180 0 by bombarding A1203 targets with a 2SSi 
beam and measuring the recoil 160 ions at forward 
angles. These data showed a highly structured 
angular distribution at c.m. angles beyond about 
60°. In fact, the angles beyond about 140 0 were 
described rather well by an angular distribution 
of the form IP26(Cose)12. Analysis of the data 
showed5 that the entire angular distribution can 
be fit by adding a Regge pole or shape resonance 
term directly to the "background" S-matrix as 
calculated with an optical potential such as E1S. 

As another approach to explaining the highly 
structured angular distribution obtained for back 
angle elastic scattering of 160 + 2SSi at El ab = 
55 MeV, we note that this sort of behavior 1S 
rather similar to the sort of effects one sees in 
the scattering of comparable mass heavy ions at 
intermediate energies. 6-8 In many such cases the 
data have been successfully fit by considering an 
exchange mechanism (generally called "elastic 
transfer"). Although the size of the transferred 
"cluster" in the 160 + 28Si system is much larger 
than those generally considered by this mechanism, 
it seemed worthwhile (albeit somewhat implausible) 
to see what effects might be predicted by this 
model in the present case. 

The kinematics of the elastic transfer process 
are illustrated in Fig. 1. On the left-hand side, 
we have incoming particle A scattering from a 
composite particle B " AI + x, where AI is the 
"core" and x is a nucleon or nucleon cluster, 
through a scattering angle e. On the right-hand 
side, we consider the transfer reaction A + (A'+ x) 
+ AI + (A+x) at angle 1T-e, where x is transferred 
from AI to A. Clearly, if cores A and AI are 
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E lastie transfer mechanism 

Scattering 

A + (AI + )() 
-A+(A/+x) 

Example: 
28Si( 160, 160)28Si 

Transfer 

A + ( A/+X) 

-A/+ (A +x) 

Fig. 1. Kinematics of an elastic transfer reaction. 
The transfer reaction at 1T~e is indistinguishable 
from the elastic scattering at angle e. 

(XBL 761-2003A) 

identical, both of these processes lead to the 
appearance of a particle A at e and B at 1T-e and 
are therefore indistinguishable. Quantum mechanic
ally. such a process is one term in a fully anti
symmetrized DWBA calculation. Normally such 
exchange terms are small and are ignored, but in 
certain cases where the exchange of the cores is 
equivalent to a simple transfer reaction, the 
exchange amplitude can be comparable to the direct 
term. 9 

In practice, calculations of this mechanism 
have been carried out by a variety of techniques 
ranging from the LeNO approximation10 to no-recoil 
DWBA calculations 7 and, finally, to full finite
range DWBA calculations. 6,S In the 160 + 2SS1 
system, we are considering transfer of a relatively 
large cluster, 12C. For this reason it is obvious 
that only a full-finite range approach is approp
riate. Therefore all calculations d11cribed here 
were carried out with the code LOLA. Briefly, 
one adds coherently the elastic scattering ampli~ 
tude at e (as obtained from an optical model 
calculation) to the transfer amplitude at angle 
1T-e (from the DWBA calculation) which ;s weighted 
by the appropriate spectroscopic factor, S. Note 
that in the case of elastic transfer the symmetry 
of the reaction means that only a single spectro
scopic factor is required to describe the process. 
To be consistent with other authors,6,12 included 
in the cross section expression is an additional 
phase between the two amplitudes. This is often 
done in such calculations because other mechanisms 
(e.g., channel coupling effects), can in principle 
cause a phase shift in the interference pattern at 
different energies. However, for the calculations 
di scussed here the phase a" 0, expected for 
transfer of a spin-zero cluster between two 0+ 
cores, will be used. Although no theoretical 
calculation of the spectroscopic factor for 28Si + 



160 + l2C is available, one can at least hope that 
the value resulting from elastic transfer calcula
tions will be energy independent. Because of 
deficiencies with our choice of a simple cluster 
wave function, as opposed to a more realistic 
microscopic calculation, and our lack of knowledge 
about the parameters of the Woods-Saxon well used 
to generate the bound state, it is in any case not 
obvious that one should expect to find that the 
"theoretical" value of S is the one that will 
reproduce the measured data. 13 

Figure 2a shows the data of Braun-Munzinger 
et al~ along with (separate) optical model and 
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Fig. 2. (a) Optical model and DWBA calculations for 
160 + 2851 at E1 b = 55 MeV, compared with data of 
Ref. 5. The m1B~ calculations (S =0.3) have been 
reflected about Sc m = 90 0

• Optical model and 
bound state parameters are given in Table 1. 

(b) Coherent addition of the cross sections 
shown in (a) . 

[(a) XBL 7710-2081 (b)) XBL 7710-2087J 
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DWBA calculations for the elastic scattering and 
the 28Si(160,28Si) reaction, respectively. (The 
spectroscopic factor used in the figure and in all 
of the 160 + 28Si calculations discussed here is 
S =0.3.) Optical parameter sets and bound state 
parameters are listed in Table 1. We see from Fig. 
2a that the back angle data are given quite well 
by the DWBA calculat"ion. Furthermore, it is c"lear 
that in this case the interference between the two 
processes will be most pronounced in the angular 
region near 90°. The result of coherently adding 
the two processes is shown in Fig. 2b. As expected, 
the forward and backward angular reactions remain 
more or less unchanged, while the angular region 

160+28Si 

E1ab "55 MeV 

160+28Si 

E10b "55 MeV 

Fig. 3. (a) Optical model and moJBA calculations for 
1~0 + 28Si at Elb ~ 55 MeV, using optical poten
tlal 016C. The 5WBA calculations (S "'0.3) have 
been reflected about Sc.m. '" 90°. Optical model 
and bound state parameters are given in Table 1. 

(W Coherent ~ddition of the cross sections 
shown in (a) . 

Ua) XBL 7710-2084 (b) XBL 7710-2088J 



between about 60°-100° shows strong interference 
effects, in agreement with the experimental data. 

The remaining discrepancy with the experimental 
data is that in the angular region near 120° there 
is not predicted to be as much structure as was 
observed. In order to improve this aspect, in 
Fig. 3a a different optical potential set was tried 
which (probably because of reflection from the 
imaginary well) gives more elastic cross section 
at back angles. It is possible that this technique 
is mockinq up some other effect, such as coupled 
channels 13 ; the choice of this optical potential 
(set 016C in Table 1) is justified by the fact that 
in this formalism, it is necessary to have some 
reasonable amplitude to "interfere" with. As can 
be seen, this change doesn't have a major effect 
on the DWBA part of the calculation. The results 
of the coherent addition are shown in Fig. 3b. 
Now we find that the phase of the data is well 
reproduced over the whole angular range, although 
the magnitude in the 100°-150° region is still too 
large. This deficiency, which is common also to 
the calculations 5 employing Regge poles, may be 
solved by a judicious choice of optical parameters. 
Alternatively, it could be related to some sort of 
channel coupling effect. 

Assuming this model is appropriate, we next 
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ask what it predicts at higher and lower energies. 
Figure 4a shows the elastic transfer predictions 
for 160 + 28S1 at 38 MeV compared with data from 
Ref. 2. We find, as expected, that the interference 
pattern gets weaker at middle angles and moves 
toward larger angles. The predicted oscillations 
near 90° are compatible with the existing data. 
Finall~~ in Fig. 4b we compare our model to existing 
160 + as; data at 81 MeV. Again we find at least 
qualitative agreement, that is, the interference 
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region is just beginning at about the place where 
the (structureless) data stop. 

In summary, we see that elastic transfer 
calculations for 160 + 28Si appear capable of 
explaining the available data, at least qualita
tively. with respect to the existence and phase 
of the back angle oscillations. However, some 
modification of the usual strongly absorbing 
optical potential E18 is required to raise the back 
angle elastic cross sections to a level that allows 
strong interference over a large angular range. 
Although more experimental data are clearly needed, 
it appears from the present results that an exchange 
mechanism may playa role in the anomalous back 
angle elastic scattering seen in the 160 + 28S; 
system. 

Footnote and Reference 

*Condensed from LBL-7l02. 
1. J.G.Cramer, R.M.DeVries, D.A.Goldberg, M.S. 
Zisman, and C.F.Maguire, Phys. Rev. C _l~b 2158 (1976). 

2. D.S.Gale and J.S.Eck, Phys. Rev. C l, 1950 
(1973) . 

3. R.M.DeVries, D.A.Goldberg, J.Watson, M.S.Zisman, 
and J.G.Cramer, Phys. Rev. Lett. l2., 450 ('1977). 

4. R.M.DeVries, D.S.Shapira, N.Anantaraman, 
R.Cherry, M.R.Clover, and H.E.Gove, to be published. 

5. P.Braun-Munzinger, G.M.Berkowitz, T.M.Cormier, 
C.M.Jachcinski, J.W.Harris, J.Barrette, and M.J. 
LeVine, Phys. Rev. Lett. 38, 944 (1977). 

6. W.N.Reisdorf, P.H.Lau, and R. Vandenbosch , Nucl. 
Phys. A 235, 490 (1975). 

160+2BSi 

10-1 Elab "81 MeV 

10-2 

tf" 
1; 

lo-l 

10'4 

10-5 (b) 

Fi g. 4. (a) Opti ca 1 model and elastic transfer calculations for 160 + 285i at C' 38 ~leV, compared VJi th '-lab the data of Ref. 2. 
(b) Optical model and elastic transfer calculations for 160 + 28S1 at Elab 81 MeV, compared with 

the data of Ref. 1. 
Ra) XBL 7710-2086 (b) XBL 7710-2089] 



191 

THE GIANT E1 MODE AND ITS ENERGY BROADENING FROM THE CHARGE DISTRIBUTIONS 
IN 

L.G, Moretto, J, Sventek, and G, Mantzouranis 

The giant El mode is best known through its 
photoexcitation which is manifested in a peak at 
an energy E ~ 78 A-1/3 MeV with a width of typic
ally 4-6 MeV. The same degree of freedom is 
involved in the charge distribution at fixed 
mass asymmetry in binary heavy-ion reactions 
(and in fission). The equilibration of the El 
mode in heavy-ion reactions, or the equilibration 
of the neutron-to-proton ratio of the two fragments, 
occurs quite fast, faster in fact than the mass 
asymmetry degree of freedom, possibly due to 
e~change effects which allow for charge transfer 
wlthout mass transfer. Accordingly, the most 
probable charges can be obtained by minimizing 
the potential energy of the two fragments in 
contact with respect to the charge of one of the 
fragments at constant fragment mass. This well 
documented feature of heavy-ion reactions only 
provides information about the potential energy 
term of the collective El Hamiltonian. In principle 
one could obtain information for the whole Hamil
tonian by a measurement of the charge distribution 
at fixed mass. Since in the great majority of 
cases the El phonon energy is expected to be much 
larger than the temperature, the El mode is 
ex~ected to.be in its ground state. As an example, 
lee us conslder the reaction Ni +Ar at 280 MeV 
b?mbarding energy whose mass and charge distribu
tlon has been studied in detail. l From the maximum 
linear dimension of the intermediate complex one 
obtains the relevant El phonon energy: 

i'lw " 94/d '" 8 -10 MeV 

where d is the semimajor axis of the intermediate 
complex. From the internal excitation energy of 
the complex one obtains 

T " ~ " 2 MeV . 

Since ~w/T ~ 4-5 » 1, the collective El mode 
should be mainly in its ground state. Therefore 
the Z distribution at fixed mass asymmetry should 
be given by the modulus square of the ground state 
wave function and the second moment of " the distri
bution is expected to be 

(J~" ~~ '" 0.6-0.8 (chargeunits)2, 

where c is the stiffness constant associated with 
the El mode, or 

V(El) '" !zc(z-zo)2 

The analysis of the experimental charge and mass 
distribution shows that m~ss and charge are strongly 
correlated as expected, wlth a correlation coeffi
cient r '" 0.97. However, the intriguing result 

for the second moment of the Z distribution at 
constant A is 

(J~ " 0.3 (charge units)-2 

substantially smaller than expected. The disagree
ment is all more the evident since the experimental 
(J~ should be (and has not been) corrected for 
partirle evaporation, which may decrease its 
value. Even more surprising is the fact that the 
experimental value of 0~ is well reproduced if one 
assumes just a classical statistical distribution 
in Z, namely 

(J~ '" Tic "" 0.3 (charge units)2 

The outstanding problem is then to understand why 
the distribution in Z 15 classical rather than 
quantal, as expected. 

The explanation may reside in the damping of 
the collective E1 mode. In photoexcitation, the 
giant resonance is mainly a lp,lh state and presum
ably owes its width to the coupling into the 2p,2h 
sta~es .. In the present case, at relatively high 
excltat10n energy (60 MeV), the collective mode 
is an (np,nh) state which may couple into (n +lp, 
n +lh),20r (np,nh), or again, ((n-l)p, (n-l)h) 
states. ,3 

The resulting damping is energy-dependent and 
due main~y t? the i~creasing density of the doorway 
states wlth lncreaslng energy. It is interesting 
t? se~ th~ consequenc~ of this coupling to the Z 
dlstrlbutlon. Followlng Bohr and Mottelson4 with 
a simple generalization, we can describe the 
coupling of the collective state la> to the door
way states la >. The exact state i) is given by 

/ i ) / p / a)+E.-H _VVa), 
1 0 

with P ~ L /a)(al, Ho is the unperturbed Hamil
a 

ton;an and V is the perturbation. 

The relevant charge distribution is given by 

p;(z) '" !dxllfJ"i(Z,x)12 , 

whel:e lfJ;(z,x) '" (z,xli) and x denotes all other 
varlables that must be projected out. In order 
to c?mpare theory with experiment we have to 
conslder the average of the distribution over an 
energy interval around Ei' We can write 



with W~9,,, Wi - {Wi}ave the "fluctuating" wave 
function. The fluctuating part can be shown to 
be responsible for the broadening of the distri
bution. It leads to a statistical distribution 
for Z. We want to show that the first term can 
lead to a narrowing of the distribution. For this 
purpose we have to consider the averaged Green 
function {l/Ei-Ho-V}ave' This average has been 
considered extensively in the literature. 4 For 
large systems and high excitation energies only 
the average diagonal matrix elements of the 
resolvent have to be considered and it can be 
shown that 

1 < Ct lEi - ~o - V I a ) fa ve " E i - E~ - if 

where r is the imaginary part of the "equivalent 
optical potential" describing the dissipation of 
the state la) into the states 10,). The amplitude 
of the state la) contained in the average eigen
state Ii) is given by 

(E. -E _ir)2 ' 
1 

In summary, and omitting for simplicity the 
bracket of the average, 

Ii) " c (i) la)+ L c (;)10,) a a a 
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The next step is to establish that the sum 
over a in the above equation is a coherent one and 
thus the corresponding term describes a wave packet, 
i.e., it leads to a narrowing of the distribution. 
One can prove that if Vaa is random, the vectors 
la) contain phases which destroy the random property 
of Va~. Having established this point from first 
princlples, we are entitled to use as first guess 
a simple-as-possible model. The average wave 
function associated with the charge asymmetry 
coordinate can be written as 

<Pi (z) + -01 jOOdE c (i) 1jJ (z) a a a 
o 

, (1) 

where 0 is the level spacing of the available door
way states and ~a(z) is the ground state wave func
ti on of the El mode: ~a (z) '" vi 2'ITl'lw/ c exp [-cz2 /2flw] 
Qualitatively one sees already that, as the coupling 
increases, the integral in Eq. (1) becomes progres
sively dominant and the more 10,) states that are 
called into play by the strength of the coupling, 
the narrower <Pi(z) becomes. As a qualitative first 

.75 

30 40 
>I< 

50 60 

Fig. 1. Curve 1 shows the energy dependence of 
the quantal and curve 2 the energy dependence of 

70 

the classical statistical width. Curve 3 repre
sents the sum of both widths and the point indicates 
the experimental value. (XBL 785-8897) 

guess o~ the 1jJo,(z) we can use the plane wave 
expresslOn 

1jJa(z) 

where the plane waves are normalized to unity in 
a z box of volume correspondi ng to that of the 
harmonic oscillator. 

The integral in Eq. (1) can be evaluated by 
integration in the complex plane and gives as a 
result : 

The second moment of the z distribution, cr~, can 
then be obtained from the z distributions given 
by the modulus square of Eq. (1). The calculated 
second moment of the distribution cr~ vs. excitation 
energy is given in Fig. 1. The narrowing of the 
distribution with increasing energy ;s quite evident. 
Since this calculation does not includethermal 
fluctuations, they are introduced in the simplest 
way, 

where the labels Q and T stand for quantal and 
thermal. 



The possibility of experimentally observing 
the minimum of a~ and its rapid rise with decreasing 
energy is of extreme interest because it would 
provide us with information on the damping of a 
giant resonance in a hot nucleus. This is partic~ 
u1arly true in view of the extremely difficult 
alternatives, like gamma decay from highly excited 
nuclei, etc. The only experimental result shown 
in the figure is a heavy ion example. Similar data 
are available in fission. 
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A RELATION BETWEEN NUCLEAR DYNAMICS AND THE RENORMAllZATION GROUP* 

G. MantzQuranis 

In a recent paperl a method has been proposed 
for describing some aspects of nuclear motion. 
The purpose of the present work is to reconsider 
the physical foundation of this method. Our goal 
is to cast the problem of nuclear dynamics in a 
form suitable for treatment with the methods of the 
renormalization group. 

The basic idea on which the work in Ref. 1 is 
based might be expressed generally by the following 
statements. The nucleus is a large but finite 
system; the range of its force is small in compari
son to its nuclear volume. Thus, we may expect 
that many nuclear properties should be insensitive 
to the "details" of the nuclear two-body potential. 

This expectation is likely to be fulfilled 
in the energy spacing between subsequent single 
particle or collective (rotational and vibrational) 
states, the shape parameters and the energy
averaged cross sections. This is confirmed by 
the success of macroscopic models for the collec
tive motion (rotation of a rigid body or oscillat
ing fluid). These models disregard the details 
of the quantum system at short distances. On the 
other hand, the evaporation model miqht serve as 
an example of a theory which operates with the 
optical model potential and the single particle 

level densities, i.e., with quantities which are 
insufficient for the specification of the two-body 
potential in its details. 

The basic concept of the present work will 
be the introduction of a minimal length A-I, or, 
equivalently, a cutoff wave number A. The minimal 
length should be larger than the range of the 
two-body force but smaller than the dimensions 
of the system. The non-trivial hypothesis of our 
method is that we assume some observables to have 
expectation values. The renormalization group 
theory (RG)2 appears as a possible tool in order 
to justify our method a priori. Recent investiga
tions show that the expectation values of one-body 
operators are fixed points of the RG, i.e., they 
are independent of the details of the force. 
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· RELATIVISTIC 

CALCULATIONS OF LARGE FRAGMENT YIELDS FROM 
RELATIVISTIC HEAVY~ION REACTIONS* 

L.F. Oliveira,t R. Donagelo,:j: and J.O. Rasmussen 

In this work we attempt to interpret results 
of target or projectile fragmentation experiments 
with high energy heavy ions. 1,2 We calculate 
cross sections for production of heavy fragments 
considered to be produced in peripheral collisions. 
We stress that the calculations described apply 
equally well for both target and projectile frag
mentation processes. Which process one chooses 
to study is merely a choice of reference frame. 

The abrasion-ablation model introduced by 
Bowman, Swiatecki and Tsang3 describes the reac
tion as a two-stage process. In the fast stage 
(abrasion) the nucleons within the overlap zone 
interact with each other and are sheared away 
from either the projectile or the target. The 
projectile fragment follows its trajectory with 
practically the same velocity as before, while 
the target fragment slowly recoils. 80th frag
ments are excited as a result of the abrasion, 
and they later dissipate this excitation energy 
by undergoing particle evaporation (ablation). 

To calculate the abrasion part of the reac
tion we can use the geometrical picture of either 
the clean-cut fireball model or the firestreak 
model; we restrict outselves to the former. 
From this part of the calculation we obtain the 
excitation energies and the cross sections for 
formation of the so-called primary residues. 

Before starting the evaporation stage 
(ablation) we must specify the proton-neutron 
composition of the abraded nucleons. We assume 
that each nucleon target nucleon has a ZT/AT 
probability of being a proton. 

With the primary fragment Z, Nand E distri
butions determined by the abrasion stage, we 
start statistical particle evaporation from 
each primary residue with the OVERLAID ALICE 
code4 to obtain the partial yields of the final 
(observed) fragments. Finally, we sum the partial 
yields of each final fragment over all primary 
residues, and obtain the final yields, which 
are to be compared with the experimental values. 

In Fig. 1 we compare the results of our 
calculations (solid line) with the experimental 
data of Westfall et al,2. They have studied 
the fragmentation of 56Fe at 1.8 GeV/ nucleon 
by several targets at the Bevalac. Our calcu
lated results for both cases presented (C and 

Cu targets) are higher than the experimental 
values, especially for the near projectile elements 

300 

100 

Fe fragmentation 

56Fe + C 

Ob-~~~Ld~~~~ 

17 19 21 23 25 
Z 

Fe fragmentation 

lSlIFe + Cu 

17 19 21 23 25 
Z 

Fig. 1. Comparison between results of our cal
culations (pure abrasion-ablation) and experimental 
data of Ref. 2. Dots with error bars correspond 
to experimental data and bars are theoretical 
results. Dotted lines on histograms indicate 
experimental error bars. (XBL 788-5509) 

(Z = 25 and 24). We think we understand this 
feature: in the abrasion-ablation model as used 
here, the cross sections for the elements close 
to the projectile (or target, in case of a target 
fragmentation study) are really dominated by 
the abrasion stage. The abrasion cross sections 
for the elements one or two nucleons removed 
from the projectile (target) are quite high, 
but the excitation energies calculated with the 
extra surface energy term alone are not enough 
to induce appreciable particle evaporation from 
these nuclei. An examination of Fig. 3 (which 
will be explained later) also leads to the same 
conclusion: it is necessary to introduce a 
mechanism for energy deposition other than the 
extra surface energy. HUfner et al,5 encountered 
a similar situation in their calculations and 
proposed a final state interaction mechanism 
for energy deposition. We followed their idea 
and introduced a similar process in our calculations, 

Since the nucleon-nucleon elastic scattering 
cross section at high energies is largely forward 
peaked, it is good approximation to assume (at 
such energies) that the incident projectile nucleon 
follows a straight-line trajectory (without changing 



its initial direction) while a struck target 
nucleon moves in the plane perpendicular to the 
projectile direction. Based on the above approxi
mation, we further assume that 50% of the struck 
target nucleons are directed toward the target 
spectator piece, depositing in it part of the 
recoil energy. 

In Ref. 6 the differential elastic scattering 
nucleon-nucleon cross section is presented as 
a function of t--the square of the four-momentum 
transfer to the target nucleon. From this angular 
distribution, we evaluated the average four
momentum transfer t by 

<t> " 
r; do dt JO Of 

(YO do dt 
JO at 

which is related to the average kinetic energy 
of the recoiling target nucleon by 

(1) 

(2) 

From the energy dependence of do/dt and Eqs. (1) 
and (2) we obtain the average recoil energy 
<Erecoil> as a function of the lab energy/nucleon 
of the projectile. 

As the recoiling nucleon advances through 
the spectator piece, it loses energy in further 
N-N collisions. We calculate the deposited energy 
by assuming the recoiling nucleon energy to be 
given by7 

(3) 

where A is the nuc 1 eon mean free path, and a is 
the fraction of energy lost in each collision. 
In the calculation presented here, we take 
a" 0.25 (see Ref. 7) and 

A '" 
(4) 

pO NN 
where P " 0.17 Fm- 3 is the nuclear matter density 
and aNN is the N-N cross section, assumed to be 
~300/E Fm2 (a fair approximation for E < 150 MeV). 

Finally, the average deposited energy EFSI 
is calculated by averaging over all possible 
orientations on the half plane of the spectator 
piece, i.e., 

IT 

<EFSr> " t f Edep(O)dO, 
o 

(5) 

Table 1 presents the values we obtained 
for the three cases we study in this work. 

As stated before, we assume that each struck 
nucleon has a 50% chance of passing through the 
spectator, depositing EFSI of excitation on the 
average. Therefore, each primary residue with 
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Table 1. Average energy deposited by a nucleon 
undergoing FSI. 

Spectator Lab Energy <EFSr> 
(MeV/nucleon) (MeV) 

40Ca 400 35.3 

56Fe 1800 38.8 

Cu 2000 41. 5 

mass number AT' = AT - a can have from 0 to a 
final state interaction according to a binomial 
distribution given by: 

(6) 

where a is the number of abraded nucleons. 

The total excitation e,nergy of a primary 
fragment (AT'), which has undergone mFSI final 
state interactions, is given by 

(7 ) 

Esurf(a) is the extra surface energy term, which 
is a function only of the number of nucleons 
removed, 

In Fig. 2 we show a comparison between the 
results of our calculations with FSI and the 
same experimental data of Fig. 1. The agreement 
is generally better than before, except for 
Z = 25 which now presents the opposite situation, 
i,e., the calculated value is less than the 
experimental result. We interpret this discrep
ancy at Z = 25 as an indication of the effects 
of other peripheral processes not included in 
our calculations, such as Coulomb dissociation 
via the giant El resonance of the projectileS 
or a dissociation of the projectile in the nuclear 
field of the target. 9 
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Fig. 2. Same as Fig. 2 but with FSI included 
in the theory. (XBL 788-5508) 



A comparison between the results of our 
calculation and the experimental results of the 
TOSABE Groupl is shown in Fig. 3. They uti 1 ized 
in-beam gamma-ray techniques to study the frag
mentation of 40Ca following interaction with high 
energy alpha and carbon projectiles. Most nearly 
measurin~ nuclide yields are the intensities 
of the 2 0+ transitions in doubly-even products. 
Also a few radioactive isotopes (shown on the 
left s'ide of the figure) were identified by 
measuring the off··beam spectra between the one
second beam spills. The histograms represent the 
experimental data, and the full and dashed 1 i nes 
are, respectively, the results of our calculations 
with and without FSI. Again the inclusion of FSI 
substantially improves the results, expecially 
for those isotopes with masses close to the target 
mass. 

The abrasion-ablation model with the clean
cut fireball abrasion and the OVERLAID ALICE 
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A 

evaporation code has proven to be very useful 
in studying peripheral reactions between high 
energy heavy ions. However, the yields obtained 
with the pure abrasion-ablation model for the 
elements with masses very close to the target 
mass are too high as compared to experimental 
data. The reason for this lack of agreement 
is believed to be the low values of the excitation 
energy after removal of one or two nucleons from 
the target as calculated, assuming only an extra 
surface energy contribution. This led us to 
include a final state interaction (FSI) mechanism 
in the calculations. Then the agreement between 
the theoretical and experimental results, although 
not perfect, improved substantially in most cases. 
It is important to point out that there are no 
free parameters in the calculations presented 
in this work. 
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Fig. 3. Comparison between theoretical results and experimental data of Ref. 1. 
Histograms correspond to experimental data, and full and traced bars are results 
of our calculations with and without FSI, respectively. Dotted lines on histo-
grams indicate experimental error bars. (XBL 784-4923) 
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CALCULATIONS WITH THE NUCLEAR FIRESTREAK MODEL * 

J, Gosset,t J,I, KapustA" and G,D. Westfall 

Recently a large amount of experimental data 
concerning relativistic heavy-ion reactions has 
become available. I -4 The data considered here 
consist of single particle inclusive spectra of 
pions, nucleons, and light nuclei up to 4He. 
These spectra were measured for a variety of 
target-projectile-incident energy combinations 
over a wide range of observed energies and angles. 
It is hoped that in relativistic heavy-ion colli
sions, new phenomena can be studied such as density 
isomers or pion condensates. However, the cal
culation of observable quantities resulting from 
these exotic phenomena are not yet possible. 
A calculation incorporating known phenomena would 
be useful in predicting what one would expect 
to observe in these reactions if nothing unusual 
were taking place. 

The nuclear firestreak model describes 
relativistic heavy-ion collisions by assuming 
that the interaction between the nuclei is 
localized to the overlapping volume. In this 
volume the interaction proceeds via colinear 
streaks of nuclear matter5 from the target and 
projectile that undergo completely inelastic 
collisions. This nuclear matter is treated as 
a thermodynamic system in chemical equilibr;um6 
which allows the calculation of the relative 
concentrations of pions, nucleons, and light 
nuclei and their distribution functions, The 
model incorporates one variable parameter, the 
freeze-out density, Pc, which is uniquely deter
mined to be 0.12±O.02 hadrons/fm3, 

To treat the nuclear density distributions 
with diffuse surfaces incorporated in the model, 
one can subdivide the projectile and target into 
infinitesimal streaks parallel to the relative 
motion of the colliding nuclei. 5 Each of these 
streaks is characterized completely by the relative 
amount n of material coming from the projectile, 
Here n" Np/(N p + NA), where Np and NA are the 
numbers of contributing nucleons from the pro
jectile and target, Considered in the chemical 
equilibrium are pions, L's, nucleons, and light 
nuclei up to A " 5 including their excited states, 
The stable particle spectra thus consist of a 
sum of two components, a thermal one and a resonance 
two-body decay one, resulting from all the possible 
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Fig. 1. Spectra of 3He in the lab from the bom
bardment of U by Ne at 400 and 2100 MeV/nucleon. 
The model predictions have been multiplied by 2, 
Data is from Ref. 1. (XBL 781-64) 
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two-body decays of resonances which are themselves 
emitted with a thermal spectrum. 

In comparing the model to the existing data 
one finds good agreement except for some conflict-
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Fig. 2. Invariant cross section vs rapidity 
at fixed transverse momentum for protons from 
the bombardment of Pb by Ne at 800 MeV/nucleon. 
The dashed line represents the nucleon-nucleon 
center-of-mass frame. Error bars (not shown) 
range from 20% for the large cross sections to 
100% for the small cross sections. Data is from 
Ref. 3. (XBL 7711-11412) 

ing normalizations. The largest discrepancy occurs 
for the high energy pions which are overestimated 
by about a factor of five. Two typical comparisons 
between existing data and the model are given. 
The comparison for protons observed from Ne 
on Pb at 800 MeV/nucleon is shown "in Fig. 1.3 
The model gives a good representation of the 
observed data. 

Figure 2 shows 3He spectra from 400 and 
2100 MeV/nucleon Ne on U.l The theory has been 
multiplied by a factor of two. Agreement is 
good everywhere for the 400 MeV/nucleon data 
except at 300 • The predicted angular distribution 
for the 2100 MeV/nucleon data seems to be less 
forward peaked than the observed spectra. 

In conclusion, the exact quantum field theory 
treatment of relativistic heavy-ion reactions 
is probably not a realistic goal. However, the 
relatively good success of the nuclear firestreak 
model may help point the way toward more com
prehensive models or theories of these reactions. 
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THE STATISTICS OF THE FIREBALL MODEL* 

G, Mantwuranis 

Recently the fireball model has been proposed 
in order to calculate the inclusive spectra of 
light particles emitted in heavy-ion collisions 
at relativistic energies. 1 Methods which are 
similar in spirit have been applied for the study 
of the hadronic spectrum at very high energies. 2 
Our goal is to derive the fireball model using 
more microscopic procedures and to connect it 
with the standard compound nucleus model for 
light-projectile-induced reactions at low energies. 
This way the success of the fireball in explaining 
data will become less mystifying. 

Our program starts with a formal expansion 
for the scattering matrix in terms of unknown 
parameters. Our next observation that the cross 
sections extracted from actual experiments are 
averaged over a relatively broad energy interval 
(I) due to limited experimental resolution. There
fore, these cross sections (i.e., the bilinear 
expressions of the S-matrix) can only contain 
those parts of the nuclear dynamics which have 
a characteristic energy scale larger than I. 
This loss of information of the nuclear details 
enable us to derive expressions for the averaged 
quantities which depend only on limited features 
of the parameters involved in the exact S-matrix. 
In this work we adopt the point of view of the 

phenomenological S-matrix theory so far as averaged 
quantities are concerned. Indeed, it is only for 
these quantities that the original space of para
meters can be cast into a simple and informative 
form. We have shown that the particular form 
of the fireball corresponds to the normal dis
tribution of the parameters in the original S
matrix and thus, the fireball has the same roots 
as the conventional statistical spectroscopy.3,4 
Strong collective effects, like the exotic ones, 
should appear as violations of the normal 
distribution. 
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12C ON 1 AT 800 MeV/NUCLEON: ONE FIREBALL OR TWO? 

S, Das Gupta 

Preliminary datal of l2C on 12C at 800 MeV/ 
nucleon showed very s'ignificant asymmetry in the 
proton invariant cross section as measured in 
the c.m. For the same energy, the value of 
Ed 2a/p 2dpdQ is 5 to 6 times higher at 300 over 
that at 900 • The one-fireball model will clearly 
fail to explain this asymmetry. A two-fireball 
model, which goes over to the one-fireball model 
for heavier ions A explains the data of 12C on 
12C and also of ,ONe on NaF.2 Let "a" refer 
to the piece of the projecti le and Db" to the 
piece of the target that forms the fireball. 
Then, in the c.m. of the fireball 

pf '" (1 _ y) pi 
a a 

p~ (1 - y) p~ 

Here the superscript i and f refer to before 
and after the collision. In the one-fireball 
model, y '" 1; in the two-fireball model we take 
it to be 

y '" 1 if nab > n 

if nab 2. n 

Here nab is the number of nucleons involved in 
the collision; the physical idea is that if the 
number of nucleons involved is not large enough, 
then each piece is slowed down but not completely 
stopped. With the value of n "" 24 the model 
fits all the known preliminary data at 800 MeV/ 
nucleon incident energy and predicts that, for 
Ar on Ar, the proton asymmetry will be considerably 
reduced. 
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"SMALL," " AND "VERY LARGE" TRANSVERSE MOMENTA IN A UNIFIED 
HYDRO DYNAMICAL DESCRIPTION* 

E.M. Friedlander and R.M. Weinert 

Strong interaction physics can hardly be 
understood without an adequate explanation for 
the specific features of the transverse momentum 
distribution f(PT) of secondaries produced in 
high-energy hadronic collisions. 

Two apparently related effects, viz., the 
behavior of transverse momentum spectra at "large" 
PT in p-p collisions and the "enhancement" of 
such spectra in p-nucleus collisions, are shown 
to follow in a natural way from a hydrodynamical 
model in which the space-time evolution of the 
system is taken into account. 

Up to PT ~ 5 GeV/c a single value (close 
to u2 ~ 1/7) for the velocity of sound in hadronic 
matter gives a consistent description of all 
experimental facts. Recent observations at very 
large PT (5-15 GeV/c) require a jump to u2 ~ 1/4, 
suggesting the possibility of a phase transition 
of the second kind. 

The hydrodynamical model (h.m.) of Landau 
contains as an essential ingredient Pomeranchuk's 
observation l that in hadron-hadron collisions 
the system is initially at such a high pressure 
that the mean free path of the created particles 
is much smaller than the dimensions of the system; 
thus nO emission of particles can take place 
before the system has expanded and hence cooled 
down to a "decay" temperature Tc - m

7T
• This 

explains why the bulk of the particles has limited 
transverse momenta «pp - 0.3 GeV/c). 

It is clear, however, that emission at T > Tc 
cannot be absolutely forbidden and this must 
lead to leakage of particles from the excited 
system before expansion has ended. 

We are interested in the probability of 
particle emission at different temperatures T, 
hence at different times t. We shall use the One
dimensional solution of the Khalatnikov equation 
for the relativistic hydrodynamical potential X 
in order to derive T(t) and thus to describe 
the evolution of the system. 

The expression which follows is valid both 
for p-p and p-nucleus collisions. In the latter 
case, the incident proton is assumed to collide 
with a nuclear tunnel of length 1 which, in turn, 
depends On the impact parameter b. 

T(t) is given implicitly by 

(1) 

where d is the proton diameter, 10 is the mod'if'ied 
Bessel function 

1 + u2 
W = -- ' T'" £n(T/To) - 2u2 (2 ) 

u is the velocity of sound and To is the initial 
temperature given (in units of m7T ) by 

1 
2w 

Co is the energy density. 

The invariant cross section f(PT) reads 
t 00 

f( PT) y=O ~ fI c 
dt f dm 

Tom 
'IT 

where 

e~_---l 

(3) 

(4) 

(5) 

is the Bose-Einstein distribution and tc is the 
"moment of decay" defi ned by 

T( tel " T c (6) 

R is the target radius, and m the mass of the 
secondary. F(t) is the decay probability per 
time interval, i.e" a function which describes 
the time evolution of the leakage process. The 
simplest assumption about F, used hereafter, is 
that F is a constant; this implies equal emission 
probabilities in equal time intervals. 

We have applied the results of the model 
discussed above to the analysis of p-p collisions 
at the CERN ISR2-4 and p-nucleus collisions at 
FNAL.5 Besides normalization the on'ly quantity 
to be fitted is u. The results of the fits for 
the PT-range 0-5 GeV/c are shown in Figs. 1 and 2. 
Figure 3 shows a complete picture of the pion PT
spectrum at /s '" 53 GeV (ISR) from 0 to 15 GeV/c 
with the newest data2 included. 

Our results can be summarized as follows: 

1) From PT ~ 0.1 up to PT ~ 5 GeV/c the 
data for both p-p and p-A collisions (in the 
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EXPERIMENTAL POINTS,PI+ BELOW, GEV/C,PIO ABOVE. 

TRANSVERSE MOMENTUM PT (GEV/C) 

Fig. 3 f(p) in pp (ISR) collisions at 54 GeV covering the whole range of p (0-15 GeV/c). 
TheTpoints beyond 5 GeV (~o from the most recent experiment)2 are in~ependently 
fitted by an exponential. 

energy range covered by FNAL and ISR experiments) 
can be well fitted by our model with a value of 
u in the narrow range (1//6:4 - 1/16:8; this 
range is compatible with values obtained for u 
from the h.m. when analyzing rapidity distributions 
in p-p and p-nucleus collisions.5,7 

2) The fits are rather sensitive to small 
(~5%) variations in u2 (see Table 1). 

3) While in most other models, "new physics" 
are invoked to explain the departure from a simple 
exponential in PT beyond ~1 GeV/c, in the hydro
dynamical approach the "large PT" region 
(1-5 GeV/c) appears as a smooth and natural continu
ation of the "low PT" region. 

4) Beyond, say, 4-5 GeV/c our Eq. (7) turns 
for all practical purposes into an exponential 

(7) 

As can be seen from Fig. 3, in the "very 
large PT" region (5-15 GeV/c) the (most recent) 
data deviate strongly from this asymptotic form. 

(XBL 785-8925) 

However, they are remarkably well fitted by an 
exponential (x2 ~ 4 with 11 degrees of freedom) 
with a higher initial temperature To(~5 mn instead 
of ~2 mn). Such a high To can be understood 
in our model if u jumps from a value of ~1/17 
to ~1/14. 

It is gratifying to observe that the h.m. 
with only one free parameter, viz., u (which, 
however, is already pinned down to within a few 
percent of our fitted value by independent experi
mental facts) gives such a consistent description 
of the PT spectra over nine orders of magnitude 
in cross sections. 
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Table 1. Fitted values of 1/u2 and figures of 
merit FOM " (X2-N)/12N where N is the number 
of degrees of freedom. FOM should be 
asymptotically normal (0,1). 

Target IS (1/u2)fitted FOM 

H (I SR) 23 6.80 5,8 
H (ISR) 31 6.68 7.5 
H( ISR) 45 6.68 4.7 
H (I SR) 53 6.61 2.2 

Be 23 6.90 22.4 
Ti 23 6.68 9.4 
W 18 6.80 6.1 
W 23 6.48 3.5 
W 27 6.44 4.4 

MULTIPLICITY DISTRIBUTiONS OF CREATED BOSONS: THE COMBINANTS TOOL * 

S.K. Kauffmann and M. Gyulassy 

Collisions or other excitation processes 
often create bosons in systems where none were 
present initially. We call P(n), the proBability 
that n bosons were produced by the process, the 
created boson multiplicity distribution. The 
domain of P(n) is the non-negative integers 
(n = 0,1,2, ..• ), and it seems reasonable to pos
tulate, bearing in mind any reasonable quantum 
description of boson creation,l that there is 
a non-zero probability to produce no bosons at 
all, i.e., 

pta) > a. (1) 

We have, in addition, the usual probability dis
tribution conditions 

P(n) ~ a , n=1,2,,,. 

and 
00 

LP(n) " 1. 
n=O 

A very useful tool for studying P(n) 
the generating function 

F(A) = I:Anp(n) 
n=O 

which may be re-expressed as 

F(A) '" exp [tC(k)(Ak - 10 
k=l J 

where 

(2) 

(3) 

is 

(4) 

(5) 

C(1) " (;w) ( 6a) 

(6b) 

C ( 3) " (~g ~) - ( P(1))(P(2)) PTOT PTOT 
( 6c) 

+ ~ (~t~n 
3 

etc., or generally 

k [*J 1 k 
C(k) L L L (-1+ L nr )! 

n "0 n "'0 n =0 r=l 1 p k- (7) 

~l, ~ Hq~ nq 

k 
k 

o(k'L rn r ) n nq. P(O) 
q"'l r=l 

These combinants C(k) are, like cumulants,2 
additive for sums of independent boson multipliCity 
random variables. They have a more immediate 
kinship to experimental data than moments or 
cumulants, however, for each combinant is a finite 
combination of unnormalized probabilities, --

The cumulants may be neatly expressed in 
terms of the combinants 



00 

K. '" 
J 

j '" 1,2, ... (8) 

as may be the factorial cumulants 

co 

(9) 

The created boson multiplicity distribution 
may be re-expressed directly in terms of its 
combinants as the very general convoluted multiple 
Poisson distribution3 

• (10) 
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The "black body" multiplicity distr'ibution of 
mass v spinless neutral bosons within a box of volume 
V at temperature T is a convoluted multiple Poisson 
with 

, (11) 

where kB is the Boltzmann constant and K2 is the 
modified Bessel function. 3 In thermodynamic models 
of nuclear collisions, C(k) « C(l) for all k > 2, 
allowing the distribution to be adequately approx
imated by an ordinary Poisson. 3,4 

Combinants are useful as well in solving 
master rate equations for created boson multi
plicity distributions in certain non-equilibrium 

models. 3,5 Assume' that y~(t) is the time

dependent rate for the instantaneous emission 
of a group of k bosons (e.g., from the decay 
of a k-boson resonance), while y-(t) is the time
dependent rate for instantaneous single boson 
absorption. We derive 

dP~~,t) '" y-(t) ((n+l)p(n+l,tl-np(n,tl) 

+ ~ y~ (t) (p(n-k,tl-p(n,tl) 
K"'l 

where P(n,t=O) '" 0no 

(12 ) 

In terms of F(A,t), the time-dependent gener
ating function, Eq. (12) becomes 

3F(A,t) (I-A) I-(t) aF(A,t) 
at dA (13) 

co 

Now we make a sson ansatz 
~~ ••• ~ .. ~.~~-L~~~~~._~. __ 

F(A,t) "' exp[tC(k,t)(Ak-1] 
k=l 

(14) 

where C(k,t=O) '" 0, k=1,2,... This results 
in the coupled system of equations 

dC(k,t) 
dt 

(15) 

Ik+l lel k+1,t IJ 
for k=1,2, ... 

Provided that y+(t) and y -ttl approach 
appropriate limits a~ large times, we may solve 
for the combinants at large times 

We have discussed some models of created 
boson multiplicity distributions with the aim 

(16) 

of illustrating the natural applicability and 
power of combinants in a variety of theoretical 
approaches. This, together with the natural 
relation of combinants to the finite set of multi
plicity frequencies which make up experimental 
data, should make combinant analysis a standard 
tool for both theoretical and experimental study 
of most created boson multiplicity distributions. 
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DYNAMICAL THEORY OF PION MUllTIPLICITY DISTRIBUTIONS IN NUCLEAR COLLISION 

M, Gyulassy and S,K, Kauffmann 

In the first partl of our studies on pion 
multiplicity distribution in heavy-ion collisions, 
we obtained a very good agreement with data using 
a thermodynamic fireball model for pion production. 
In the second part of our studies we ask the 
question of whether the assumption of chemical 
and thermal equilibrium was really necessary. 
To this end we formulated a dynamical theory 
of multiplicities. 2 Our conclusion is that the 
assumption of equilibration is not necessary 
and that a very large class of dynamical models 
leads to the same good agreement with data. 
This result shows that impact parameter averaged 
multiplicity distributions are not sensitive 
to the dynamics. Therefore, on~carefully 
selected near central collisions events should 
be investigated in the future. In that case, 
deviations from a simple Poisson form could serve 
as truly significant signals for unusual coherent 
Pion production and absorption mechanisms. 

Our dynamical theory is specified by a set 
+ 

of average rates, yk(t), for producing and 

absorbing correlated groups of k pions. For 
+ 

example, Yl(t) could specify the average rates 
+ 

for NN "" NN1T, whi le Yk( t) for k ~ 2 could describe 

multipion resonance production and absorption 
(such a resonance would have to include k n's 
in its possible decay products to be included 

+ 
in Yk(t) for the data studied here). We expect 
that all rates must be strongly time dependent 
since the nucleon space and momentum distribu
tion f(x,p,t) varies rapidly during heavy-ion 
co 11 i s ions. 

The probability of producing a correlated 
group of k pions between times t and t + dt is 

then Y~(t) dt. Also, the probability of coher

ently absorbing a group of k pions between t 
and t + dt, when there were n pions at t, is 
C(n,k) Y~(t) dt, where C(n,k) ~ n!/((n-k)!k!). 
The master equation for P(n,t) may then be 
obtained2 by expressing P(n,t + dt) in terms of 
P(n±k,t) and the above probabilities 

00 

dP(~ttL '" :2:,>:(t)[p(n - k,t) - P(n,t)] 
k=l 

+ I: Yk(t) [C(n + k,k) P(n + k,t) 
k"'l 

- C(n,k) P(n,t)] 

(1) 

where P(n,t) :: 0 for n < 0 is understood. Note 
that in this formulation, we ignore statistical 
correlations due to Bose statistics and consider 
only dynamic correlations due to coherent pro
ducti-on~absorption mechanisms. 

The time-dependent generating function then 
satisfies 

co 
of 3t (A,t) 

k=l 

[y~(t) f(',tl 

(2) 

The boundary conditions F(l,t) * 1 and F(A,O) " 1 
stem from the normalization of P(n,t) and the 
initial condition P(n,O) " 0nO. 

If multipion absorption can be neglected, 

i.e., Yk ~ 0 for k> 2, then the solution of 

Eq. (2) is 
co 

F(A,t) := exp ~ N(k,t)(Ak - 1) (3) 

k=l 
where N(k,t) are the time dependent combinants3 
of the convoluted multiple Poisson generated 
by F(At). These N(k,t) satisfy 

(4) 

( k+ 1 ){ N ( k+ 1, t) - kN ( k, t)} • 

Note that N(k,t) converges to a unique equilibrium 
solution as t -+ "". However, N(k,co) for k > 1 
arise here from dynamic correlations rather than 
from the statistical correlations leading to 
Eq, (3). 

Our main result can be stated as follows: 
when correlations between pions can be neglected, 
i ,e" N(l, t)>> N(k ~ 2, t) at the observation 

+ 
time t := tobs (for example, when yk(t) := 0 for 
k > 2), then P(n,tobs) is a simple Poisson with 
mean N(l,tobs)(at a fixed impact parameter), 
This means that a very large class of dynamical 
models exists that gives identical results to 



the fireball model. In particular, equilibrium 
need not be reached! The only requirements on 
those models is that N(I,t obs»>N(k>2,tobs) and 
that the average pion multiplicity (n) ~ N(l,tobs) 
is correctly given. 
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INTERACTION OF A POPULATION INVERSION WITH QUANTIZED SINGLE MODE 
RADIATION IN A CLOSED BOX 

S.K. Kauffmann 

It has been speculated that high energy, 
heavy-ion collisions may give rise to pion exci
tation population inversions in the form of a 
significant ratio of delta resonances to nucleons 
in the overlap region. l The following model 
calculation is most appropriate for considering 
the quantum optics of a closed, resonance-tuned 
box containing the population inversion--a sit
uation one can hardly expect a nuclear collision 
to reproduce. Still, since the model is soluble, 
it can give a first feeling for this type of 
physics, and serve as one reference point in 
the search for collective pion phenomena in high 
energy, heavy-ion collisions. 

The model consists of N two-level systems 
("atoms"), each with exitation energy hul, and 
a single (tuned) mode of frequency wof a quantized 
boson field which interacts linearly with the 
"atoms." The model Hamiltonian is2 

(1 ) 

where a+ creates a boson of the tuned mode, while 

01 is the Pauli ladder operator which takes 

ith "atom" to its excited level. The total number 
of excitations n, i.e., bosons plus excited 
"atoms," is a conserved quantum number. The 
quantum number n is an eigenvalue of 

I~ .. 
+ '" 1 1 nexc = a a + L., 0+0_ ( 2) 

i=l 

which commutes with J~ 

In the very simple case that N " 1, with 
that isolated atom initially excited and no bosons 
present (simplest case of a total population 
inversion), the mean number of bosons (which can
not exceed one) which appear at subsequent time 

t is sin2 [(aw)(t-to)J. Such periodic solutions 
are typical of this Hamiltonian, for there is 
no mechanism for the single mode bosons to escape 
the box and "turn off the interaction." Note 
that the coupling strength a may be physically 
defined via the frequency of the spontaneous 
transition of an lsolated atom. Here we are 
interested in the case of large N, which we shall 
see produces periodic solutlons whose frequencies 
are of the order (Nl/2aw), and which can depart 
strongly from the sinusoidal. 

To diagonalize X in the general case, it 
is convenient to introduce the "atomic" excitation 
quasi-"spin" operators 

N . 
5± - I: o~ (3a) 

i=l 

and 

(3b) 

which have the formal commutation relations of 
angular momentum, though they have nothing to 
do with physical angular momentum. So clearly 
is just the number of "atomic" excitations minus 
N/2. We may rewrite 

(4) 

and note that X also commutes with total "spin" 
operator 

(5) 



whose eigenvalues are s(s+l) where s may take on 
the values (N/2), (N/2) - 1"'05 [(Nmod2)/2]. 
The integer quantum nUMber q == (( N/2 - s) is 
sometimes more convenient. When the total number 
n of excitations is specified, q < n, and on this 
(n,q) subspace, the Hamiltonian reduces to a 
d-dimensional matrix, where d = min(n,N-q) - q+l. 
Unfortunately, we are interested in large N with 
virtually total initial populat-ion inversion, so 
that n ~ N, initial So ~ N/2 implying s ~ N/2, 
which makes q « N and thus d ~ N. Exact 
diagonalization of these large matrices seems 
intractable. 

The presence of such large quantum numbers 
suggests that a "classical" solution should be 
adequate. The Hamiltonian, with its two-level 
"atoms," has no direct classical analogue, but 
we readily construct one by deriving the Heisenberg 
equations of motion and then interpreting them 
as c-number equations. 2 

The following two Heisenberg equations follow 
from the commutation relations plus use of the 
constants of motion 

( 6a) 

(6b) 

+ ((N-1) - 2n) So - s(s+l)J . 

Equation (6b) may be reduced to first order 
form through further use of the commutation 
relations 

2 3 1 2 4(aw) [S + (-2 (N-l)-n) S o 0 

where R is a time independent operator to be 
chosen so that the equation is explicitly verified 
at t '" to. 

We note, from Eq. (6a), that the expectation 
value of So vanishes for any state having a 
definite number of bosons or atomic excitations. 
We intend to use such states as initial states. 
Thus, in the i nterpretat i on of Eq. (7) as a c
number equation, R is to be chosen as the time
independent constant which causes the right side 
of the equation to vanish at t = to. The value 
of So at t = to is taken to be the initial number 
of "atomic" excitations minus (N/2), as per Eq. 
(3b). Such initial conditions provide the c
number form of Eq. (7) with unique solutions, 
namely elliptic functions, which are, of course, 
periodic. 

In particular, if no bosons and n excited 
"atoms" (n .;; N) are present initially, and we 
specify the quantum number q [which must sat isfy 
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q < min(n,N-n)], we obtain for Ns(n, q; t) == 

(n-(N/2) - So), the number of bosons at time t, 

(8) 

where cn is a Jacobian elliptic function analogous 
to the cosine and K((n-q)/(N-2q+1)) is the corre
sponding complete elliptic integral of the first 
kind3 [as the argument m " ((n-q)/(N-2q+l)) 
approaches zero, cn ->- cos and K ->- (n/2)J. 

If we do not choose to specify the value 
of q, we must take a weighted average of 
Ns(n, q; t~ over the allowed values of q, the 
welghts belng equal to the number of states having 
the given q value divided by the total number 
of states having n "atomic" excitations. The 
latter is just the binomial coefficient NC n 
while the former is the degenera(~ of angul~r 
momentum s = ((N/2) - q) that results from the 
addition of N spin-1/2's, which may be calculated 
to be (NCq - NCq-l)' Thus, we must calculate 

min(n,N-n) 

NS(n;t) L NB(n,q;t) Pn(q) (9a) 

q=O 

where 

(9b) 

such that 

1 (ge) 

When more than half the PQPulation is initially 
inverted, i.e., n <- ((N/2) +-/N), we note that 
Pn(q) is very strongly peaked near q=(N-n), and 
calculate, approximately, 

N-n 
(q) '" L qP n (q) '" (N-n) (2~~N~1\ 

q=O ") 
(10) 

to obtain 

NB(n;t) '" ((2n - N) + (2~ = ~)) x (Ila) 

'"'~(ml - (," " Nl + ,(,: : ;)t' x 

(",,)It - tol) 



where 

m "" 1 - (n/((2n-N)2 + 2(N-n))) . (Ub) 

The function NB(n;t) has the half-period 

whiGh corresponds to a frequency of order 
(Nl/2 Qw ). Such a rapid frequency suggests that 
the time-weighted behavior of the fraction of 
bosons aischargea, FB(t) = (NB(n;tJ!n), be studied. 
The time-weighted probability density for FB(t) 
to have the value fB is 

( 13a) 

p(fB) := (2t){~tO(fB-FB(t)) dt (2t) d~B (Fi/(fs)) 
where 

(l3b) 

Since the derivatives of inverse elliptic 
functions are elementary functions, p(fS) is 
readily calculated. Here we only display the 
asymptotic result in the interesting limit of 
total initial population inversion 

-1 
p(fB) ~ [log(l6N) fB(1 - fB)1/2] as n-rN->co (14) 

where 

o .;; fB .;; 1. 

The distribution becomes very asymmetriC, 
with most of the probability concentrated near 
fa = 0, i.e., favoring zero fractional boson 
discharge and a maintenance of the full population 
inversion in the time-averaged sense. Indeed, 
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in this limit, the time averaged mean fractional 
boson discharge is 

fB ~ (2/log(16N)) (15) 

which, for N = 1023 , is about 4% rather than the 
50% one might have guessed. The time averaged 
persistence of such almost total initial popu
lation inversions is a consequence of the strong 
departure of the elliptic function of Eq. (11a) 
from the sinusoidal in this instance. Phase 
space considered alone would have given 
fB "' 50%. 

The cases of less than full initial population 
inversion have also been examined in detail using 
the methods presented here. As the initial per
centage population inversion is decreased, the 
elliptic oscillations behave more sinusoidally, 
and the sharply peaked probability factor Pn(q) 
tends to dominate the results. The upshot is, 
however, an even more neQljgjbi~2fractional boson 
discharge, with fB of order N- I when the 
initial population inversion is near 50%. and 
TR of order N-1 as the initial population in
v~rsion falls below 50%, 

The somewhat surprising results of this 
model, then, are the very rapid oscillations 
combined with the time averaged stability of 
an initial population inversion aga~ree 
interchange of its excitations with the resonantly 
tuned mode of the closed box, 

I wish to thank M, Gyulassy for stimulating 
consideration of this problem, Y. Karant for 
discussing his small excitation number result, 
and S. Garpman for discussion of a "pion laser" 
conjecture in heavy-ion collisions. 
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HIGH ENERGY NUCLEAR COLLISIONS IN THE RESONANCE DOMINATED REGION 

N.K. Glendenning and Y. Karant 

It is experimentally known that for each 
new hadronic flavor threshold, a rich resonance 
spectrum ensues for the next few GeV mass interval. 

It has been conjectured that the hardonic mass 
spectrum continues indefinitely and in the statis
tical bootstrap model, this manifests itself 



in an exponentially growing spectrum. 1 Assuming 
that it is possible to form equilibrated hot 
hadronic matter of nuclear dimensions (a nuclear 
fireball) in a nucleus-nucleus collision, we model 
the rate of disassembly of such a fireball. 2 

The problem is this: Given different model 
mass spectra (different worlds), which certainly 
give a different composition of the nuclear fire
ball, how do these differences manifest themselves 
at the detectors asymptotically far from the inter
action? Equivalently, only the hadronically 
stable particles can reach the detectors, and 
we are interested in predicting their signal 
at the detectors. 

The question cannot be answered in a 
physically satisfactory manner within purely 
equilibrium gas thermodynamics. The difficulty 
is that the detectors are located at infinite 
volume, and the nuclear fireball has no walls; 
so if it were to expand to any large volume without 
emitting particles in the process, it would reach 
such a low energy density that all worlds look 
essentially the same. 
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Instead, one must realize that there are 
three processes occurring simultaneously: ex
pansion, radiation of stable particles, and decay 
of hydronic resonances, Assuming that it is 
possible to form initially an equilibrated nuclear 
fireball, the lighter, faster particles will 
travel further from its surface than the more 
ponderous resonances, resulting in a general 
expansion. In fact, stable particles moving 
faster than the general expansion speed and within 
a mean free path of the surface will escape to 
the detectors. Meanwhile, the increase in avail
able phase space due to the volume expansion 
will permit resonance decay, which we assume 
can be described by thermodynamics. 
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Fig, 2. Particle energy spectra for the same 
collision as in Fig. 1, (XBL 786-9147) 
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We incorporate these three features in a 
model in which we have included flavors: up, 
down, and strange. By isospin averaging (assuming 
Z = N in the initial system), we have three con
straints: total energy (E), baryon number (B) 
and strangeness (S). We insure that the sum 
of radiation plus remainder in the fireball is 
conserved. We have normalized the strange continua 
by simple quark counting arguments, and we have 
assumed that at any stage, the fireball of volume 
is an ellipsoid characterized by two parameters: 
R 11, Ri. Then, at any stage, the invariant distri
bution of species is: 
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Ed 3N _ gVE 3 
d3p - (2Tf)2 (E-ll) ± 1 -4TfO~; + 2 

exp T" 2R11 ) 

(R:~S i n2
8 + [<2 2) '1 cos B 

where g " degeneracy, p " chem"ical potential, 
T " temperature, V = emitting volume. 

We display a typical result in Fig. 1, in 
this case the invariant nucleon distribution 
at three center-of-mass angles as viewed in a 
colliding ~~am system. Exponential refers to 
a Hagedorn-type mass spectrum, rigid bag a power 
law(m5 for baryons, m2 for mesons), and known 
is only the experimentally discovered resonances. 
One can see that despite the evolution of the 
fireball through many temperatures and shapes, 
the final observables look much like straight 
lines over much of the momentum region. However, 
the normalizations and slopes change with angle • 

In Fig. 2 we plot the energy spectrum, inte
grated over all angles, of the nucleons, anti
nucleons, and their ratio. Note that only for 
the exponential spectrum is this ratio essentially 
fl at. 

Finally, in Fig. 3, we plot the ratio of 
strange baryons (ALSQ) to the nucleons, indicating 
that in an cases, substantial hypernucleus for
mation is possible. 
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THERMODYNAMIC BEHAVIOR OF NONsSTRANGE BARYONIC MATTER 

SA Garpman,* NK Glendenning, and Y. Karant 

Experiments during the last few years have 
shown that high energy inelastic heavy-ion col
lisions may deposit significant amounts of 
"heat" into nuclei. To explore the data within 
the realm of local equilibrium thermodynamics, 
it is essential to know the equation of state 
for highly excited baryonic matter. To be a 
realistic description, the equation of state 
must reflect nuclear matter properties like bind
ing and short-range repulsion. An interesting 
analytical model,of this kind has been suggested 
by Walecka. 1,2 In that model two boson fields 
(a scalar and vector meson) were coupled to the 
nucleon field. By solving a linearized Dirac 

equation for the nucleoli ~ielu; it was possible 
to get explicit expressions for the thermodynamical 
variables at finite temperatures. In Refs. 1-4 
only the nucleon was considered as a possible 
baryonic state. However, with rising tempera
tures (>50 MeV) the baryon resonances, i.e., N* 
and 6, will populate significantly as has been 
seen in relativistic Fermi gas calculations.~,6 
We examine the effect of including explicit inter
actions between hadrons, in the mean field approx
imation, on the dependence of ultra-high energy 
nuclear collisions on the asymptotic hadron 
spectrum. By doing so, we also hope to learn _ 
about the possible existence of metastable nuclei? 
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Table 1. Scalar density ps[fm- 3] resonances included. 

2 3 4 

125 0.735 0.735 0.735 0.735 0.735 
125 0.431 0.428 0.410 
125 0.0706 0.137 0.262 
100 0.0718 0.139 0.249 0.324 0.372 
50 0.0770 0.148 0.257 0.316 0.354 

aDefined as baryon density/normal nuclear matter density. 

Table 2. Nucleon chemical potential y/mNc 2 (dimensionless) 
resonances included. 

3 4 

125 0.00204 0.00407 0.00814 0,0122 0.0163 
125 0.0126 0.0258 0.0594 
125 0.384 0.345 0.212 
100 0.539 0.478 0.346 0.270 0.237 
50 0.752 0.638 0.477 0.423 0.398 

aDefi ned as baryon density/normal nuclear matter density. 

Table 1. Pressure P [r~eV/fm3J resonances included. 

2 3 4 

125 143. 162. 237. 361, 536. 
125 -91.3 -71.3 10.8 
125 11.1 24.5 66.0 
100 8.73 19.6 62.2 156. 309. 

50 3.73 8.61 45.4 148. 306. 

aDefined as baryon density/normal nuclear matter density. 

and about eventually occurring supercritical 
field phenomena. 

We include all 18 discrete resonances in 
the equation of state. With the baryon density 
PB and the temperature T as known quantities 
one has to solve two transcendental equations 
for the unknown parameters: the baryon scalar 
density and chemical potential. In Tables 1 
and 2 the calculated scalar densities and nucleon 
chemical potentials are displayed. Note that 

for a temperature of 125 MeV, there exist three 
branches at low baryon density. As the scalar 
density increases the effective masses of the 
resonances decrease and at some point the effective 
masses of the lower vacuum mass resonances will 
pass zero. When the effective mass of the nucleon 
passes zero, the 6(1232) resonance state will 
be mostly populated. Due to its high statistical 
weight, it forms a metastable state7 which has 
a signature of a negative pressure, as can be 
seen in Table 3. 
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In Figs. 1-3 we compare the equation of 
state at T ~ 100 MeV for three different models: 
i) Walecka's model, ii) Walecka's model with 
resonances included and finally, iii) relativistic 
Fermi gas in chemical equilibrium. 

As can be seen, the energy density curves 
for the three cases are not very different. 
Nonetheless, the pressure curves are entirely 
different due to the strong short-range repulsion 
in Walecka's model. However, as can be seen, 
the inclusion of resonances softens the equation 
of state considerably. On course, the pressure 
of the relativistic Fermi gas is much smaller 
than for the other two models. It is interesting 
to note that the entropy curve for case ii) will 
show an increase when thresholds for populations 
in higher lying resonances are passed. The rela
tivistic Fermi gas will have an entropy curve 
similar to case ii) but with slightly higher 
entropy for moderate baryon densities. 

We also examine the effect of including both 
discrete resonances and an exponentially growing 
continuum. We include 9 discrete resonances 
below 1680 MeV and from there on a continuum. 
The mass degeneraci factor we assume to be a 
Hagedorn spectrum. 5 ,8 

1500 

-\iJ1000 

234 
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5 6 

Fig. 1. The energy density vs the compression, 
defined as baryon density/normal nuclear matter 
density where we choose 0.17 [fm- 3] for normal 
nuclear matter density, for a fixed temperature 
of 100 MeV. Three different models are displayed: 
i) Walecka's model (dashed line), ii) Walecka's 
model with 18 discrete resonances included (dot 
dashed line), and iii) free relativistic Fermi 
gas of 18 discrete resonances (dotted line). 

(XBL 787-1242) 
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Fig. 2. The pressure vs the compression for 
a fixed temperature of 100 MeV. Three different 
models are displayed: i) Walecka's model (dashed 
line), ii) Walecka's model with resonances in
cluded (dot dashed line), and iii) free 
relativistic Fermi gas of the resonances (dotted 
line). (XBL 787-1243) 

h(s) (1) 

The limiting temperature To ~ 0.958 mnc2 is chosen 
as in Ref. 5; mN and mn are the vacuum masses of 
the nucleon and pion, respectively. The normal
ization is made in a symmetric five pion mass 
interval centered at 1400 MeV, so as to agree 
with the observed non-strange baryons. Counting 
the spin-isospin degeneracy factors we have totally 
88 states available in this interval. At lower 
temperature (T < 100 MeV), in the baryon density 
interval considered, the continuum will not con
tribute much. However, as the temperature 
approaches the limiting temperature, the continuum 
will strongly influence the thermodynamical 
behavior, at least at finite baryon densities. 
In Table 4 we show the two lower branches at 
a fixed temperature of 125 MeV. As can be seen 
by inspecting Tables 1 and 4, these two branches 
are only slightly modified by the presence of 
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Table 4. Thermodynamical properties when a continuum is included T = 125 MeV. 

9 

Ps [fm-3 ] 2 Compression )J/m~{ 
(dimenslonless) 

1/2 0.0724 0.315 0.354 0.0269 
1 0.142 0.306 0.304 0.0589 

T := 100 MeV 
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Fig. 3. The entropy per baryon vs the compression 
for a fixed temperature of 100 MeV. Three dif
ferent models are displayed: i) Walecka's model 
(dashed line), il) Walecka's model with resonances 
included (dot dashed line) and finally iii) free 
relativistic Fermi gas of the resonances dotted 
line). (XBL 787-1241) 

E[tleV/fnh pCf'1eV Icm 3] SIB 
( d i Ine ns ion 1 e s s ) 

139. 663. 10.8 -54.4 10.3 55.9 
287. 659. 22.9 -32.2 9.98 26.8 

the continuum. The third branch, however, is 
very sensitive to the continuum (where most of 
the population lies) due to the exponential 
increase of the Hagedorn spectrum with mass. 
It is of particular interest to note that the 
metastable ""'(1232) state" survives the inclusion 
of a continuum of resonances. 
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INCLUSIVE PION PRODUCTION IN RELATIVISTIC PROTON COLLISIONS WITH NUCLEI: 
A REEXAMINATION 

The production of pions in relativistic 
heavy-ion collisions is currently being measured 
in part with the hope that pions may signal the 

R,H, Landau 

formation of abnormal nuclear matter. These 
experiments,1,2 which provide inclusive pion 
spectra for both forward and backward hemispheres, 



reveal unexplained trends which may provide clues 
to the reaction mechanism or to some interesting 
new physics. Unfortunately, there do not exist 
equally complete data on the inclusive rr production 
by protons on nuclei--except at one energy.3 
In this work we reexamine these proton-nucleus 
rr production data of Cochran et al. 3 in an effort 
to provide a comparison and foundation for under
standing rr production in heavy-ion collisions. 

To determine the separate XR(~ krrcm/(krrCm)max) 
and kl (= k sine) dependence of these data, we 
have examined them with a two-dimensional bicubic 
spline interpolation routine. In this way we 
have examined the cross section E/k2, d20/d~dk 
vs. ecm(pC) for the pC + rr- X reactions at several 
c.m. pion energies. The rr+ cross sections for 
production for C are almost identical in shape 
but a factor ~5 times larger. Viewed in the 
c.m. systems, very similar results (isotropy 
at low energies, forward peaking at high energies) 
are obtained for heavier nuclei. The similarity 
in shape for inclusive rr production from such 
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different size nuclei indicates the absence of 
"diffractive" (but not necessarily multiple 
scattering) effects which would give additional 
structure for Pb. In fact, these angular 
dependences are so uniform in most cases that 
they can all be fit fairly well with a function 
of the form exp [-r2k12] with r2 ~ 20(GeV/c)-2. 
Again we see little effect in r2 or r3 due to 
nuclear size (the r2 dependence reflects a nuclear 
fireball of ~110 MeV temperature). 

Following a suggestion by Nagamiya et al. 1 
we have tried to obtain a clue to the reaction 
mechanism by examining the cross sections in 
the proton-target nucleon c.m. (assuming "frozen" 
nucleons, for example and comparing these to 
the elementary proton-proton Tf production cross 
sections. We have found that the actual pp data 
show only moderate angular dependence with a 
maximum asymmetry of ~2 at T1T "" 100 MeV reflect-ing 
the P33 resonance. The p-nucleus data, on the 
other hand, are similar to the pp data for e < 900 , 

but develop a strong backward peak at Trr~lOO t-1eV, 
when viewed in this pp reference frame. This 
is just a reflection of the large cross section 
for low energy pions at backward angles present 
in the p-A c.m. which get transformed to high 
energies when viewed in the pp c.m. Physically, 
then, it appears that the forward angle data can 
be simply represented as some type of convoluted 
pN ~ rrX cross sections,2 but that there is some 
different mechanism which produces high energy 
backward pions. A possibility would be proton 
scattering from a cluster, i.e., coherently from 
several nucleons. 

Since scaling seems to work at energies 
of 1 GeV and above,4 it is natural to query if 
the 730 MeV E/k2, d2o/d~dk also fallon a universal 
curve when plotted vs. xR. We have found that 
for xR ~ 0.4, the 730 MeV forward angle (8rr < 900 ) 
data fall quite close to the 1-5 GeV data, with 
the 1 GeV and 730 MeV data within ~20% of each 
other. Furthermore, the xR dependence of these 
data can be parameterized as (l-XR)H, with different 
values of H for scattering into the forward and 
backward hemispheres (~3 and 13). The data points 
of Ref. 3 y~ith the kl dependence removed are 
shown in Fig. 1 for pions with ecm < 900 , and 
in Fig. 2B for pions with ecm > 900 . The solid 
~urves.in Fig. 1 represent our average fit which, 
1 nc 1 Udl ng the kl dependence, is of the form: 

Schmidt and Blankenbecler5 (B) have taken 
the relativistic hard collision model that 
describes elementary particle reactions in terms 
of partons and extended it to describe the 
relativistic collisions of nuclei. In the high 
energy limit, this theory predicts cross sections 
of the form (1) with power H ~ 3 for forward 
angles (beam fragments) and H ~ 6AT-5 (~1243) 
for backward angles (target fragments). 

It is somewhat of a puzzle that the forward
angle data scale has a power-law behavior in 
general agreement with Schmidt and Blankenbecler, 
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Fig. 2. Same as F-ig. 1, except no)'!1 for backward 
pins, Bcm > 900 and a Pb target. The curves 
here l'epl'8Sent Fermi averaged, Lorentz-transformed 
pp +1TX cross sections. 

(XBL 781-2366) 

but that the back-angle data--which "scale" ever, 
better--do so with a power so different from 
the theory's prediction, If we assume that the 
theory is valid for this low an energy, the small 
power, ~13, indicates that the large momentum 
transferred to the nucleus is being absorbed 
by only one or a few nucleons and not equally 
distributed amongst "A" nucleons (as Schmidt 
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and Blankenbecler assume). In fact, since H 
~ 6A-5 (for the most consistent model of the 
NN force) these data suggest that back-angle 
pions are produced from clusters with A ~ 1-3. 

Stimulated by this intriguing possibility, 
Gyulassy and Landau6 have carried this non-coherent 
production idea somewhat further and find that 
the shape of these spectra are consistent with 
production from a few nucleon clusters, or even 
from a single nucleon with Fermi motion. The 
solid curves in Fig. 2 are in fact Fermi-averaged, 
Lorentz-transformed pp +JTX cross sections. 
We find that the production of pions from both 
C and Pb, while showing different power-law 
behavior (12 vs. 15), can still be simply related 
to the same elementary production process. 
The details of this calculations, plus a more 
complete examination of inclusive 11 production 
by protons and heavy ions at various energies, 
are found in Ref. 6, 
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INCLUSIVE PION PRODUCTION IN RELATIVISTIC NUCLEAR COLLISIONS* 

R.H Landau t and M_ Gyulassy 

The study of high-energy pion production 
in relativistic nuclear collisions promises to 
provide insight into the production mechanism 

and into fund 9mental aspects of nuclear structure. 
The discoveryl of scaling in inclusive pion 
production and the success of the elegant hard 



scattering mode1 2 in accounting for the data 
encourage one to believe that the reaction 
mechanism may be both simple and universal. 
Furthermore, pions produced with momenta larger 
than those possible in elementary nucleon-nucleon 
collisions (at the same energy per nucleon) 
can arise only as a result of nuclear binding 
effects, i.e., the coherent interaction of many 
nucleons or large internal Fermi momenta. The 
hope is, therefore, that by studying the highest 
energy single-particle fragments the high momentum 
tail of nuclear wave functions and/or many-body 
correlations in nuclei can be studied. 

One of the most intriguing aspects of the 
momentum dependence of R(B + A -+TI+X) =: Edo/d3p 
is the apparent scaling (independence of beam 
energy) in the projectile fragmentation region 
(8C ~ 00) when plotted as a function of the 
(radial) scaling variable xBA = k~/k~(max).l 
Such scaling in the projectile1 fragmentation 

region has been explained in the context of the 
nuclear hard scattering parton model of Ref. 
2. However, Chessin et a1. 3 and Landau4 have 
r~cently.disco¥ered that in th~ target fragmenta
tl0n reglon (8L ~ 1800) there 15 a strong energy 
dependence of the shapes of R (hence a lack of 
scaling) and that the slopes are much smaller 
in magnitude than predicted in Ref. 2. 

We have considered a general hard scattering 
(cluster) model in which 
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R(B+A(c) -+ TI-(180 0 )+X) = 

N JoodPzPc(Pz)R(B+C -+ TI-(1800)+X)p. 
(1) 

Here "c" is a cluster of c nucleons in A, and 
R(Bc -+ TlX) is the on-shell TI production rate 
in beam-cluster collisions. The phase space 
factor p in Eq. (1) includes the ratio of relative 
flux factors and constrains the domain of 
integration so that only kinematically allowed 
pions are produced. For high incident energies 
(~ 1 GeV/nucleon), p is taken to be 

p = 8(1 - XBc)8(1 - XBA) (2 ) 

so that the absolute kinematic bound on the pion 
momenta k~(max) is enforced in both the Bc and 
BA center-of-mass systems. For pion production 
in the projectile fragmentation region (8L ~ 0°), 
A and B are simply interchanged in Eqs. (1) and 
(2) and the cluster c then refers to a group 
of nucleons in beam B. 

To parameterize the beam-cluster rate in 
Eq. (1), we follow the invariant counting rules 
of Ref. 2, 
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SBc 
R(B+c + n-(1800 )+X) cr (l-XBc) , 

SBc ~ 6c-3-26B,1 . (3) 

For back-angle pions, SSc is known experimentally 
only for one- and two-nucleon clusters (c = 1,2) 
and is correctly given by Eq. (3). 

Equation (1) modifies the model of Ref. 
2 by allowing only a smaller cluster of c < A 
nucleons to scatter coherently, and in this way 
is similar in spirit to various cluster models. 
By restricting to small clusters, it is clear 
from Eq. (3) that the slope SBc will be much 
smaller than SBA. Furthermore, an explicit energy 
dependence of the shape of R is introduced as 
a result of the kinematic constraint in Eq. (2). 

For the cluster momentum distribution pc(pz), 
we consider two possible forms. The first is 
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the Gaussian suggested by fragmentation experiments, 
pc(pz) cr exp(-p2/2o~), with 0 Z ~ 130 MeV/c 
independent of~. The second form is the exponen
tial suggested in inclusive proton experiments, 
pc(pz) cr exp(-Ipzl/po), with Po - 100 MeV/c. 
Both forms differ from the standard cluster models 
which assume Pc becomes broader with increasing 
c. We regard the c dependence of Pc as an open 
question. 

In Fig. 1 we examine the reaction p + Cu + 
n- (1800 ) + X. In Fio. l(a) are the resillts 

of Eq. (1) for single-nucleon clusters (c = 1), 
and in Fig. l(b) for "deuteron" clusters (c = 2). 
Both the magnitude and the energy dependence 
of the shapes of R are well reproduced with 
c = 1 or 2. The exponential form for p(p), 
however, leads to better agreement than the 
Gaussian form. We note that the preliminary 
data3 at 2 GeV/nucleon also have a shape very 
similar to the predicted dashed curve in Fig. 1. 

Other data in the target fragmentation region 
that we have examined are those on 
p + d + n-(1800 ) + X at 730 MeV and 7.5 GeV and 
preliminary data3 on a + Cu + n-(1800 ) + X at 
1 and 2 GeV/Nucleon. The shapes of these spectra 
are also consistent with either c = 1 or 2 in 
Eq. (1). An interesting feature of the pd data 
is the apparent scaling between 0.73 and 7.5 
GeV; i.e. the parton mode1 2 appears to work for 
such a light target. We have, however, traced 
the cause of this scaling to simple kinematic 
effects. In particular, the energy dependence 
of the lorentz transformation involved in Eq. (1; 
for light targets is much weaker than for the 
heavy target considered in Fig. 1. 

A crucial second test of Eq. (1) is in the 
projectile fragmentation region. In Fig. 2 we 
compare data on d + C + n-(2.50 ) + X and 
a + C + n-(2.5 0 ) + X at 1 and 2 GeV/nucleon with 
predictions of Eq. (1) (with A +-+ B). Again the 
one- and two-nucleon cluster models reproduce 
the shapes with the same p(pz) as used in the 
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target fragmentation region. Here, however, 
the clusters are in the beam nuclei. The relative 
insensitivity of the calculated curves to the 
pseudo-Fermi motion distribution p(pz) is in 
contrast to the much greater sensitivity in the 
target fragmentation region, Fig. 1. In addition, 
the apparent scaling feature of these data also 
follows from Eq. (1) simply as a result of the 
weak energy dependence of the relevant Lorentz 
transformations in the projectile fragmentation 
regi on. 

We conclude from this study that hard 
scattering models are valuable phenomenological 
tools--phenomenological since off-shell effects 
as well as initial and final state interactions 
are contained in the pseudo-Fermi distribution 
function. 6 In particular we have learned that 
much of the differences between pion production 
data in nuclear collisions can be attributed 
to simple kinematic effects. "Scaling" in the 
projectile fragmentation is a specific example 
of such kinematic effects. Second, we have found 
that single nucleon-nucleon or light cluster
cluster collisions are sufficient to explain 
the data if a universal exponential distribution 
is used. Thus, only a small degree of coherent 
interactions seems to be needed to explain the 
data. Third, we found that in Eq. (1) the energy 
dependence of the elementary nucleon-cluster 
rates were necessary in order to account for 
the data. Finally, we found that the data were 
sensitive to Fermi motion, but that no unambiguous 
relation could be established between p(k) in 
Eq. (1) and the true Fermi motion. In summary, 
we have found that a universal exponential tail 
explains the shape of all available data on pion 
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production in the projectile and target fragmenta
tion regions. 

We are currently studying proton-inclusive 
data within the same framework. 
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AN ENERGY-DEPENDENT PHASE SHIFT ANALYSIS OF PION-NUCLEON SCATTERING 
BELOW 400 MeVt 

G. Rowe: M. Salomon: and R,H, Landau* 

Table 1. The resonance parameters used in 
Elastic scattering experiments provide phase shift fats. 

information on the on-shell scattering amplitude 
which in turn can be related to the phase shift 
in each eigenchannel such that the unitarity Channel X Wo qo fo 
of the scattering amplitude is insured. These (MeV) (MeV/c) (MeV) 
phase shifts are employed in numerous pion-nucleon 
and pion-nucleus interaction calculations. 
Unfortunately, the emphasis in recent years of Sl1 0,44 1550 477 105 
extending and intensifying our knowledge of these 
phase shifts at higher and higher energies has S31 0.31 1655 550 170 
proceeded without accurate determination of the 
low energy phases. Indeed, the task of accurately 
measuring the low energy phases in all the 

Pn 0.61 1435 393 230 

partial waves is presently being assumed by the P13 0.23 
meson factories. 

1815 656 255 

P31 0.22 
In this work we fit an analytic function 

1850 678 200 

of energy to the most recent S, P, and larger P33 0.99 
D wave TIN phase shifts determined by various 

1233 228 116 

groups for different energies below 400 MeV with Dl3 0.54 
the aim of providing a smooth "best" fit to all 

1525 459 125 

modern TIN phases. D15 0.43 1670 560 155 



Table 2. TIN phase shift parameter. 

b c 

Channel [1O-2m-(2H1)] 
'IT 

[1O-3m;(2Q,+3) ] 

Sl1 16.8 + 0.75 -35.4 + 5.4 

S31 -11. 2 + 0.20 -30.7 + 1.1 

P11 -5.71 + 0.54 25.4 + 2.1 

P13 -1. 31 + 0.08 1.22 + 0.32 

P31 -2.91 + 0.08 3.45+0.27 

P33 11.4 + 0.30 -15.4 + 2.1 

Dl3 0.109 + 0.012 -0.031 + 0.062 

015 0.112 + 0.007 -0.270 + 0.030 

The pure nuclear phase shifts in each 
eigenchannel are fit with an analytic function 
which incorporates the threshold behavior expected 
for a finite range interaction plus a term which 
represents the nearest TIN resonance: 

where q is the TIN c.m. momentum and w is the 
TIN c.m. energy. The resonant parameters, x, 
fa, qo, wO, were fixed at the values given in 
the Particle Properties Table 1 and are reproduced 
in Tab 1 e 1. 

The values of the parameters b, c, and d 
were determined for each TIN eigenchannel by fitting 
the "data points", tan oQ,/q2Q+l, or scattering 
lengths with the function in Eq. (1). A linear 
least-squares method was used with each datum 
point having its published error, or an aSSigned 
error. In addition, an error of 2% was assumed 
for all values of momentum q to account for the 
energy uncertainty. 

The fitted parameters b, c, and d are given 
in Table 2 along with the number of data points, 
the chi square, and the deduced scattering length. 
Although we find the fits are reasonable in all 
channels, there is considerable deviation of 
the data from the best fit. This is a prime 
reason for the need of such a fit. All x2 values 
indicate reasonable fits with the exception of 
S11 where there seem to be large systematic errors 
or an underestimate of statistical errors. 
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Scattering 
Length 

d 

[1O-4m- (2H5) ] TI N X2/N-3 [m-(2Hl) J TI 

27 + 11 38 4.7 0.185 + 0.008 

21 + 2 54 1.1 -0.098 + 0.003 

-29 + 3 35 1.8 -0.047 + 0.004 

-0.4 + 0.3 40 1.2 -0.013 :: 0.002 

-1.5 + 0.2 53 0.6 -0.029 + 0.002 

7.2+2.1 49 1.8 0.205 :: 0.050 

0.003 + 0.065 54 0.4 0.00l3 + 0.0005 

0.19 + 0.02 57 0.7 0.0012 + 0.0005 

In Table 2 are also listed the deduced values 
of the scattering lengths for each eigenchannel. 
Our analysis also produces a slightly negative 
isoscalar scattering length (al + 2a3 
(-0.011±0.008)mnl comparable wlth the values 
listed in Ref. 2. 

In general, our analysis matches continuously 
to the higher energy analysis of Almehed and 
Lovelace3 but provides a smoother and more valid 
extrapolation to lower energies. For Tn < 100 MeV 
our results differ significantly from tne CERN 
theory analysis, particularly in the S wave 
isoscalar amplitude. These differences have 
already been shown to be significant for low 
energy pion-nucleus scattering and would change 
most of the potential and field theory models 
for the low energy TIN interaction. 
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THE CONTRIBUTION OF QUASlwELASTIC TO PION-NUCLEUS TOTAL 
CROSS SECTIONS* 

A.W. Thomast and R.H. Landaut 

One of the encouraging aspects of studying 
pion-nucleus interactions at intermediate energy 
is the progress made in understanding experiments 
from first principle theories. Recent elastic 
data in the region of 50 MeV and below, where 
the weakness of the elementary TIN amplitudes 
leads one to expect theory to work very well, 
have however proven difficult to fit. This has 
stimulated a proliferation of theoretical papers, 
which produce varying degrees of agreement with 
the data. It seems likely that with minor parameter 
adjustment many of these calculations could fit 
the elastic data. Clearly it is valuable to 
find as many independent checks on validity of 
the theory as possible. 

In this work we attempt to clarify the 
reaction content of several common optical model 
calculations. While it is possible that the 
constraint we suggest may eliminate some off
shell models, it seems more likely that our ideas 
should serve to constrain the first-order part 
of each model. In particular, we argue that 
many standard optical models have inherent in 
them a gross overestimate of the quasi-elastic 
part of the total cross section (which leads 
us to seriously question the meaning of such 
optical model fits to total cross-section data), 
We suggest that this is a significant defect, 
which should be avoided in future work. 

All pion-nucleus optical potentials derive 
from the same multiple-scattering series. The 
main differences arise from the form assumed 
for the off-shell behavior of the elementary 
TIN t-matrix, and the approximations necessary 
to obtain numerical results. We use (a semi
factorized form)1 of the first-order optical 
potential, based on a separable model of the TIN 
interaction, and including three-body corrections 

(1) 

Many other calculations use a "two-body" inter
action energy, sometimes with angle (~) dependence: 

The theoretical foundation of potential 
(1) is rather well understood. For example, 
Tandy et al. 2 have been able to prove on the 
basis of unitarity arguments (within a pion
nucleon-core model) that the only absorptive 
process contained in the first-order potential 

is quasi-elastic scattering, (Intuitively this 
is obvious since Eq. (1) involves only the 
elastic TIN amplitude and nuclear ground state 
wavefunction.) 

Let us make the important observation that 
using E3-body in Eq. (1) means that regardless 
of the magnitude of the nucleon Fermi momentum, 
if there is not sufficient pion energy for nucleon 
knock-out (i,e., Kinc < EB), the TIN t-matrix 
must be evaluated for energy below threshold. 
Thus the t-matrix and optical potential 9r~ real. 
In this case there is no absorption in U( 1). 
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Fig. 1. Comparison of the total cross section 
for the (TI,TIN) reaction for a Kisslinger potential 
(dot-dashed curve), a p-space, separable-TIN, 
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potential with the three-body energy (solid 
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Clearly in or near the region where t is evaluated 
below threshold in u(l) (TTr :S 50 ~leV), the three
body model guarantees elastic unitarity, whereas 
more conventional potential models (e.g., using 
E2-body) do not. Thus we question the interpreta
tion of fits to low energy cross sections given 
by these models, since the absorption contained 
in them may be in serious error. 

The main shortcoming in the data available 
to test these ideas is the absence of total 
(rr,rrN) cross-section measurements at these low 
energies. Thus, as data representing the lower 
limit to o(rr, rrN) we take the sum of the 
experimental cross section for a rr+ and rr- to 
interact with 12C and leave llC in a particle 
stable state. 3 Since as the energy increases 
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Fig. 2. Same as Fig. 1, except now with various 
types of "Pauli effect" modifications. 
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there are more single nucleon channels open than 
just these two, these data represent a lower 
limit which we expect to be fairly close to the 
full o(rr, rrN) at the lowest energies (T1T :S 50 
MeV). As data representing a (rather high) upper 
limit to o(rr,rrN), we take the total inelastic 
cross section as deduced from low energy rr+ 12C 
elastic data. 

In Fig. 1 we compare the o(rr,rrN) implicit 
in several "simple" optical potentials to the 
lower- and upper-limit data. We see that the 
standard Kisslinger and separable rrN potentials 
with E2-body are 1-2 orders of magnitude greater 
than the lower limit and exceed the rather high 
upper limit! This is clearly an important 
qualitative failure of these theories. Introduction 
of the elastic unitarity constraint by using 
E3-body reduces the cross section by a factor 
of 2-5, thus providing considerable improvement, 
yet still yielding a cross section which appears 
too large at lower energy where we expect the 
lower limit to be met, 

In Fig. 2 we examine the influence of the 
Pauli exclusion principle on these cross sections. 1 
Although these are only an approximate treatment 
of one of the mechanisms for the reduction of 
the outgoing nucleon wave, the effect on o(rr,rrN) 
is qualitatively correct. In fact, considering 
the level of accuracy expected of this calculation 
and that at higher energies the calculated cross 
section should move closer to the upper limit, 
the use of E3-body plus Pauli prinCiple effectively 
eliminates the discrepancy of an order of magnitude 
in the 40-60 MeV region. 
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COMPARISON OF MODELS OF HIGH ENERGY NUCLEAR COLLISIONS 

M. Gyulassy 

In an attempt to keep track of the large 
number of theoretical models that have been 
proposed for nuclear collisions, a review report l 
and seminar2 have been written up. These reports 
will be extended into a Physics Reports article 
next year. ~-~ 

The reports1,2 contain an overview of the 
expectations, hopes, and goals of nuclear collisions 
research as well as the obstacles in the way 
deducing the equation of state of nuclear matter. 
The models that are discussed in detail are the 
following: fireball, firestreak, 1 and 2 fluid 
hydrodynamics, row on row cascade, intranuclear 
cascade codes, and classical equation of motion 
models. In Ref. 1 the results on the homework 
problem: Ne + U + P + I are emphasized. In 

Ref. 2 models for light-composites and pion 
production are also considered. The need to 
focus exper 'imenta lly on near centra 1 (b '" 0) 
collisions is emphasized. 
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PION CONDENSATION WITH CONSTRAINTS OF PCAC AND NUCLEAR MATTER 

D. Vautherin and M. Gyulassy 

We have completed calculations on the 
existence of pion condensation in dense nuclear 
matter using a theory that is constrained to 
reproduce 1) normal nuclear saturation properties 
(E/A '" -16 MeV at P" Po as well as 2) the cherished 
properties of strong interactions summarized 
by partially conserved axial currents (PCAC). 

Our objective was to see if predictions 
of pion condensations would survive when both 
the above physical constraints are imposed on 
the theory. Our conclusion is that this pionic 
phase transition is indeed compatible with those 
constraints. This result gives us added confidence 
that pion condensation could eventually be observed 
in high energy nuclear collisions. 1 

The calculation employs an effective 
relativistic Lagrangian 2,3 (the 0 model) supple
mented by chiral symmetry breaking terms 
122 LSB '" c10 and LSB '" C2TI. The equation 

of state of nuclear matter is first calculated 
in the mean field approximation assuming no pion 
condensation, i.e., < n) '" O. Then, to investigate 
whether the system is unstable with respect to 
pion condensation we calculate the response of 
the system to an external pion field 

(TIo(x) '" a cos(q·x),< 'ff±) '" O. (1) 

Given Eq. (1) the change in the meson field energy 
(per nucleon), 

where PF is the Fermi momentum. The change in 
the fermion energy is then evaluated in second 
order as3 

!\!F " -3 ;s;a!* ~x2+ x 0- ~2) 1n I ~ ~ ~ I~' 
(3) 

where x " q/PF.' gs " 10, and m* is the effective 
nuclear mass aetermined self-consistently in 
the mean field approximation. 2,3 

From Eqs. (2) and (3) it is clear that 
for sufficiently low nuclear densities I1EM + 
liEF> 0, and hence the system is stable. However, 
beyond some critical density Pc, determined 
by I1EM + I1EF " 0, nuclear matter will be unstable 
with respect to neutral pion condensation. 

With the parameters g5 and m* determined 
by the constraints of nuclear saturation and 
PCAC, we find that the critical density is 



for a condensate momentum q = 1.4 fm-1. The 
further inclusion of TIN6 as well as NN and N6 
interactions is then expected to increase Po 
beyond Po, as in many other calculations. 4 The 
important point is that with the Lagrangian that 
we have constructed,2 contrained by nuclear 
saturation as well as PCAC, the phenomenon of 
neutral pion condensation is still expected to 
occur for nuclear densities:C Po. 
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CURRENT PION PROCESSES IN NUCLEAR COlliSIONS 

M. Gyulassy 

One of the primary reasons for studying 
high energy nuclear collisions is the hope that 
under the extreme conditions (r:c2 ,E* -100 
MeV/nucleon) generated in such collisions, new 
phenomena will be observed associated with the 
coherent interactions of a large number of nucleons. 
Of particular interest is the possibility that 
pionic instabilities1,2 could occur under such 
conditions. The problem has been to find 
experimental observables that would be sensitive 
to such phenomena. 

The mal'n direct effect of pionic instabilities 
is expected ,2 to be an enhancement of the effect
ive elastic and inelastic nucleon-nucleon cross 
sections during the nuclear collision. However, 
the enhancement has been estimated to be only 
a factor of 2-4 so that no drastic effects are 
likely. 

This moderate enhancement should lead to 
more rapid thermalization. However, once thermal 
equilibrium is reached, the memory of the interest
ing dynamical path is lost. Therefore the bulk 
of the single nucleon inclusive spectrum would 
not show any effects of such instabilities. 

Even the pion multiplicity distributions 
would not be sensitive to such instabilities. 3 
This is because the reduction of the thermaliza
tion time compensates for increase of the TI 

production rate (see Ref.3). 

However, one observable, the TI -'11- double 
inclusive cross section, could eventually provide 
a sensitive tool to measure the detree of coherence 
of the pion field from nuclear col isions. 3 
To demonstrate this consider a simple model for 
TI production where the pion source is treated 
as a classical (c-number) current, J(x,t). The 
S-matrix in the pion sector can then be explicitly 
Solved for,3 and hence all inclusive pion 
probabilities can be calculated: 

where j(k) is essentially the on-shell space
time Fourier transform of the source current. 

The striking feature of Eq. (1) is that 
the m-pion correlation function 

p m( k1·• 0 km) 
- P1(k 1)o&OP1(km) - 1 ( 2) 

vanishes identically for all m. This is in 
sharp contrast to what is expected from the GGLP 
effect,4 due to Bose statistics 

Ip (q~ 2 + m
TI 

2 ~ k+q ) 2 + m/ 2 , 
(3) 

where p(q,qo) is the space time Fourier transform 
of the space distribution of pion sources p(x,t). 

The difference between Eq. (3) and the 
result obtained with Eq. (1) lies in the coherence 
of the pion field. The pion field leading to 
Eq. (1) is in fact described by a coherent state 
as is a laser field in optics. On the other 
hand, Eq. (3) follows only for completely chaotic 
fields as produced for example by a random current 

N 

J(k) (4) 

;=1 

where 0i are random phases. 



Experimentally, then, by measuring C2(R,R), 
the q ~ 0 point, the observation of CZ(k,k) < 1 
would imply that there is at least partial 
coherence in the pion field. A completely coherent 
field would be signalled by Cz(R,R) ~ o. 

Further work on the effect of isospin 
conservation and final state interaction is in 
progress. 5 
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A CLASSICAL MANY BODY CALCULATION OF RELATIVISTiC NUCLEAR COLlISIONS* 

J.D. Stevenson 

Proton emission in relativistic ZONe + U 
collisions has been attributed by Westfall et al. 1 
to evaporation from a nuclear "fireball" with 
temperature T 1""150 MeV and recoi 1 velocity B '" 
Vic "" 0.Z5. Light composite nucleus formation 
has been explained in terms of a final state 
interaction among nucleons Z or alternatively 
as thermal emission3 ,4 from a fireball. The 
idea that thermal equilibrium can be achieved 
within collision times of ""10- 22 sec is difficult 
to believe. Microscopic descriptions5,6 have 
generally only been able to reproduce the gross 
features of the proton spectra, often differing 
at points by a factor of 10. A detailed micro
scopic model of heavy-ion collisions would be 
valuable in providing a baseline of what is to 
be expected in the absence of any exotic phenomena. 
I will describe a classical many body calculation 
of heavy-ion collisions I have developed that 
may fill this role. 

The central assumption of this calculation 
is that relativistic nucleus-nucleus collisions 
may be treated as a succession of free two-body 
nucleon-nucleon collisions. The calculation 
proceeds as follows. At the beginning of each 
collision all nucleons are assigned randomly 
chosen positions in the projectile and target 
nuclei, which are assumed to be spherical with 
diffuse surfaces. Similarly the momentum, in 
the target or projectile frame, of each nucleon 
is chosen out of a Fermi distribution with 
Pfermi = 265 MeV/c. Nucleons are assumed to 
follow straight-line trajectories and to interact 
at the point of closest approach if their separa 
tion d satisfies lTd2,;;:;o (Ecm) where 0 is the 
appropriate experimental nucleon-nucleon total 
cross section, which depends on the center-of-
mass energy Ecm of the pair. If this condition 
is satisfied the scattering angle is randomly 
chosen from experimental elastic scattering angular 
distributions, tabulated by Chen.? Finally, 
both nucleons must have momenta satisfying the 
exclusion principle, P > Pfermi in the lab frame, 

or the collision is forbidden. Scattering is 
assumed to take place in a potential well of 
depth Vo = 45 MeV. 

One difficulty with this calculation is that 
there is no way to account simply for formation 
of light composite particles, which account for 
much of the emitted matter.2 If these particles 
are formed by final state interactions, then 
the observed proton spectrum will be modified 
from its pre-final state interaction or "primordial" 
form. 6 The primordial proton spectrum is given 
by 

(~) 
primordial all 

isotopes 

where E is the energy per nucleon and the sum 
is over all isotopes. In practice only hydrogen 
and helium isotopes contribute significantly. 
Figures 1 and 2 compare the model proton spectrum 
with the experimental primordial spectrum from 
Eq. (1) for 250 and 400 MeV/nucleon 20Ne + U 
and 400 MeV/nucleon 4He + U.l,2 In all cases 
the calculations reproduce the shape of the 
primordial proton spectrum with RMS fractional 
errors of about 25%. Note that the data have 
all been lowered a factor of three in Figs. 1 
and 2 from the originally published values. 
Recently the authors of Ref. 1 have made new 
measurements8 which show that their spectra for 
20Ne + U + P + x at 250 and 400 MeV/nucleon should 
be lowered by a factor of 2 to 2.5. Although 
they have not yet checked all their hydrogen 
and helium isotope data, or data for ~He + U 
collisions, these will probably be lowered by 
similar factors. This essentially eliminates 
any discrepancy between this calculation and 
the data. 
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Fig. 1. Single particle inclusive cross section for production of 
protons in 20Ne + U collisions. The solid line is based on the 
calculations presented in this article. See text regarding the 
normalization of the data. 

It is of some interest to know if the onset 
of pion production radically alters the nucleus
nucleus collision process. Figure 3 compares 
the calculation with data9 for 800 MeV/nucleon 
20Ne + NaF + p + x. The calculation yields 
relatively good agreement over a wide dynamic 
range despite the fact that it does not include 
pion production. The calculation does, however, 
systematically overestimate the data at high 
momenta. 

This calculation is in excellent agreement 
with a single particle inclusive proton data 
from relativistic heavy-ion collisions at beam 
energies of 250 MeV/nucleon and 400 MeV/nucleon. 

(XBL 787-1262) 

Although this calculation does not include pion 
production, it accounts reasonably well for the 
production of protons in nucleus-nucleus collisions 
at beam energies of 800 MeV/nucleon. This calcula
tion shows that the radical assumption that a 
hot nuclear fireball lO is formed in nucleus-nucleus 
collisions is not necessary to explain existing 
experimental results. 
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CALCULATION OF TARGET RESIDUE MASS AND CHARGE DiSTRIBUTIONS IN 
RELATIVISTIC HEAVY·ION REACTIONS* 

D.J. Morrissey, W.R. Marsh, R.J. Otto, W. Loveland,t and G.1. Seaborg 

The abrasion-ablation model of Bowman et al. 1 
has been used to calculate the mass distribution 
of the target-like residues produced in relativistic 
heavy-ion reactions. In this model, the target 
and projectile nuclei are assumed to be sharp 
spheres that make "clean cuts" through one another 
during the relativistic heavy-ion reaction. 
The numher of nucleons removed from the target 
nucleus, and therefore the corresponding size 
of the target residue left behind, is calculated 
as a function of impact parameter by calcu'lating 
the intersecting volume of the target and projectile 
nuclei, and each impact parameter is weighted 
by its geometrical probability. The neutron/proton 
ratio of the removed nucleons is assumed to be 
the same as that of the target nucleus. 

Each target residue is assumed to have an 
excitation energy given by multiplying the nuclear 
surface energy coefficient (-0.9-0.95 MeV/fm2) 
by the "excess" surface area of the residue. 
This "excess area" is the surface area of the 
residue immediately after the collision (typically 
the res i due has a "b i te" taken out of it) 1 ess 
the surface area of a sphere of equivalent volume. 1 
A standard statistical de-excitation calculation 
involving multiple particle emission with provision 
for neutron-fission-charged particle emission 
competition is then carried out to construct 
the secondarx product residue mass distributi~n 
from the primary distribution and the excitation 
energy of each primary species. 

The number of nucleons removed a from a 
spherical target nucleus of mass number Al and 
radius Rl struck at impact parameter b by a 
spherical nucleus of mass n~mber A2 and radius 
R2 has been approximated as 

where F is a function of the dimensionless 
parameter v, specifying the relative sizes of 
the two nuclei and the dimensionless parameter 
S. specifying the impact parameter, 

Swiatecki 2 (also see Gosset et al. 3) has given 
the formulas for the function F(v,S). 

The same geometry problem of calculating 
the intersecting volume of target and projectile 

(1) 

(2) 

nuclei can be solved by numerical integration 
techniques, and has been done by Westfall ,3 
In this solution the lens-shaped volume that is 
the region of overlap of the two sharp spheres 
at a given impact parameter is reduced to the 
sum of the overlap areas of a series of two
dimensional disks. We term the formulation of 
Swiatecki 2,3 and that of Westfal1 3 as the analytic 
and numerical formulations, respectively. 
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Fig. 1. Calculated cross sections as a function 
of target residue mass number A for the 12C + 238U 
system. For a discussion of the analytical and 
numerical formulations, see text. 
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Once we have calculated the number of 
nuc-Ieons removed a at any given impact parameter 
b, we can calculate the primary residue production 
cross section simply as -~---

taking advantage of knowing the inverse function 
b( a). We have chosen not to wr ite an exp 1 i c it 
function for b(a) but rather to evaluate Eq. (1) 
for 500 evenly spaced values of S and do 1 inear 
interpolations between evaluations. 

We have developed a computer program to 
calculate the primary residue production cross 
sections using the LBL CDC-7600 computer. Figure 
1 shows the primary residue cross section as 
a function of residue mass number for the 
12C + 238U system. For comparison purposes we 
show the results from the analytic and numerical 
calculations of a( v, S), as I'lell as the ratio 
of the numerical to the analytic results. This 
ratio shows two features of the relation between 
the two methods of calculations: 1) they agree 
quite well in the region of grazing collisions; 
2) there is a sharp discontinuity in the analytical 
formulation as the outer surface of the projectile 
crosses the sharp edge of the target nucleus 
and the projectile is completely eclipsed by 
the target. This leads to a significant error 
in the analytic formulation in this region. 
The analytic formulation does have the advantage 
of requiring less computer time (1.074 CPU sec 
vs. 13.841 CPU sec for the 12C + 197Au case) 
and is useful for treating the most peripheral 
collisions or looking at gross features of the 
distributions. We have used the more accurate 
numerical formulation in all calculations. 

The de-excitation of the primary residues 
was calculated using a modified version of the 
computer code OVERLAID ALICE,4 which traced the 
course of the neutron-fission-charged particle 
emission competition. The angular momentum of 
the primary residues was assumed to be 10 h or 
less. 5 

Up to now we have not said anything about 
the disperSion of the number of neutrons and 
protons in the primary or secondary residues 
(other than the previously outlined calculations, 
which do give the average (Z,A) of each primary 
or secondary species). We have investigated 
two prescriptions for calculating the charge 
dispersions of the primary residues, The first 
of these, due to Rasmussen et a1.6 suggests that 
the probability of forming a target residue with 
a given Z and A can be expressed in terms of 
the total cross section for that mass number A, 
by the hypergeometr k express i on: 

O(Z,A) o (A) (4) 

where the primary residue mass number A ~ A, - a, 
ZI, NI and Al refer to the number of proton~, 
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neutrons, and nucleons originally in the target, 
and Z, n, and a refer to the number of protons, 
neutrons, and nucleons removed from the target 
in the interaction. This expression, of course, 
simply calculates the dispersion in the number 
of neutrons and protons removed from the target 
as equivalent to the relative number of ways 
of distributing neutrons and protons in an assembly 
of a nucleons. 

As an alternative model for the charge 
dispersions based upon different physical 
considerations, we have developed the idea that 
in a "clean-cut" sudden interaction such as 
postulated in the abrasion-ablation model, the 
fluctuations in the number of swept-out target 
protons can arise from zero point vibrations 
of the giant dipole resonance (GDR) of the target 
nucleus. The GDR has been described as an out
of-phase vibration of the neutrons against the 
protons. Myers et al. have recently treated the 
GDR in terms of the droplet model of the nucleus.? 
In this treatment they derived a harmonic oscillator 
(HO) potential to describe the motion of the 
neutrons against the protons, 

The distribution in displacements of the 
neutrons relative to the protons can be obtained 
from the displacement expectation values using 
the wavefunction for the lowest state of a harmonic 
oscillator. Such displacements follow a Gaussian 
distribution with width parameter (Jdisp, given 
by 

( 

2 \1/4 

(1 ~ u)3) 

where dctp is the classical turning point of 
the vibration. We say that the dispersion in 
the number of target protons removed in the 
"instantaneous clean-cut" of the RHI interaction 
is given by 

'" a da I 
( ) 

Z 
a Z di sp dO Al ' 

(5) 

(6) 

where (da/db) is the rate of change of the 
of nucleons removed with impact parameter. 
use thi sa Z parameter ina Gauss i an charge 
disperSion expression of the form 

number 
We 

a(Z,A) '" --~ exp 12 1 a(A) 
[ { 

- [ Z - a (Z / A ) ] 2~ 
(2 TIOZ 2) 2aZ 

(7) 

to calculate the cross section for producing 
a primary residue species (Z,A) where A = A - a, 
The excitation energy of each isobar is cal~ulated 
as described above, and the OVERLAID ALICE 
calculations are done to predict the secondary 
product charge dispersions. 

In Fig, 2 we compare the predictions of 
the hypergeometric model and the giant dipole 
resonance model for yields of Au isotopes formed 
in the 25.2 GeV 12C + Pb reaction with experi-
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mental data. 5 The calculated distributions 
represent primary product distributions, before 
the de-excitation process, but one can already 
see that the hypergeometric model predicts 
unusually large widths to the isotopic distribu
tions, in clear variance with the experimental 
datao Since the hypergeometric model allows 
for unphysical possibilities such as removing 
all a nucleons as neutrons alone or protons 
alone, this prescription gives an upper limit 
to the primary neutron-proton dispersiono For 
small numbers of nucleons removed from the target 
(such as studied by Rasmussen et al. 6 in the 
interaction of 4He and 12C projectiles with 40Ca 
targets), this model appears to work satisfactorily 
but appears to give only upper limits for the 
width of the charge dispersions when larger 
amounts of mass are removed from the targeto 
Because of this feature, secondary product charge 
dispersions were not calculated for the hyper
geometric model 0 

Figures 3 and 4 show the calculated secondary 
product charge distributions using the GDR model 
for the Sc nuclides formed from the reaction of 
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2502 GeV 12C with Cu and the Au nuc"l"ides formed 
from the reaction of 25.2 GeV 12C with Pb, 
respectively. These secondary product distributions 
are compared with the experimenta data of Cumming 
et al. 8 and Loveland et alo,5 respectivelyo 
The Sc distributions are amazingly well fit by 
the GDR model (wh"ich has no free parameters in 
it) 0 The Au distributions are not described 
as well by the GDR model (although still 
described creditably) due to two features: 
(a) the appearance of a sawtooth in the calculated 
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secondary product distribution (due to odd-even 
effects in the neutron evaporation process) not 
seen in the experimental data; and (b) some 
apparent underestimation of the excitation energy 
of the target-like products leading to a calculated 
mean nip ratio of the secondary residues greater 
than that seen experimentally. 

What have we learned from these calculations? 
It would appear that the gross features of the 
heavy secondary residue mass and charge distribu
tions from RHI interactions are well described 
by the simple ideas of the parameter-free abrasion
ablation and GDR models of the mass and charge 
distributions, respectively, in which the RHI
nucleus interaction is a "quick, clean-cut" of 
the entire projectile acting as a single particle 
through the target, leading to smaller excitation 
energies. It will be interesting to direct 
further measurements of the heavy target residue 
mass and charge dispersions towards exploring 
the linear and angular momentum of the residues 
and to explore the energy dependence of these 
interactions. 
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AND DEVELOPMENT 

SS-INCH CYCLOTRON AND STUDIES 

J. Bowen, L. Glasgow, RA Gouqh, D.L. Hendrie, and R. Lam 

In the period from July 1977 through June 
1978, the cyclotron was scheduled for 20 eight
hour shifts per week,for experiments in nuclear 
sCience, isotope production and beam development. 
There were a total of five weeks of scheduled 
shutdown during this period for machine improve
ments and general maintenance. Allocation of 
accelerator time is shown in Table 1. The 
unscheduled down time of 2.1% represents only 
those failures in machine components resulting 
in significant loss of time to the experimental 
program. The current list of available beams 
and intensities is shown in Table 2, with the 
energy range available for each ion. Figure 1 
shows the operating distribution of these beams 
in the last nine years. New beams developed in 
the past year include 3He+1, 9Be4+. 12C6+, 14N7+, 
1602+ 1608+, 20Ne3+, 20Ne8+, 35C17+, 35C18+ 
and 46Ar9+. In addition several other machine 
solutions have been implemented for the radio
isotope dating program to accelerate low 
intensities « 102 part/sec) of 13,14C, lOBe, 
36Cl, 129r and other ions. 

A new grid matching transformer for the 
final power amplifier tube has been built and 
installed. The transformer was wound with simple 

RG58 50n coaxial cables replacing the specially 
constructed twisted pair cables. Other miscella
neous electrical improvements include addit'ional 
safety interlock circuits on the RF tank, power 

Table 1. 88-inch cyclotron operating time 
distribution (7/77-6/78) 

Hours 
Operating 

Experimental program 
Beam development 

Sub total 7064-

Maintenance 
Routine 
Scheduled shutdown 
Unscheduled shutdown 

Sub total 1280 

Total 8344 hrs. 

79.3 
5.5 

84.8% 

4.4 
8.6 
2.1 

15.1% 
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Fig. 1. The 88-inch cyclotron particle distribution history. 
(XBL 772-402A) 
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Table 2. 88-inch cyclotron available beam list, July 1978 

Energy( a) 
External 

fner gy ( a) 
External 

Ion Beam Ion Beam 
(MeV) (ellA) (b) MeV) (elJA) (b) 

p 0.2-55 100- 20 19F3+ 30-66 5 
p(polarized) 6-55 0.3 19F4+ 66-118 10 
d 0.5-65 100- 20 19F5+ 118-184 2 
d(polarized) 10-65 0.3 =-=--=~=-=-=~~~---=--~~~-~------~~~-~~-=--

===-==~-~-~~==--=~~~---=~--~-=~=~-~=-~~~ 
20Ne3+ 28-63 >10 

3He1+ 2-47 >20 20Ne4+ 63-112 10 
3He2+ 4-140 100-10 20Ne5+ 112-175 5 
4He2+ 3-130 100-10 20Ne6+ 175-252 1 
4He 2+ 130-140 -0.5 20Ne7+ 252-343 0.01 
-~------------~=~-----~--~-~----~---~--- 2SNe8+ 343-448 -50 epA 
6Li 1+ 2-23 10 2 Ne5+ 102-159 5 
6Li 2+ 23-93 5 --~--~--=-----=--~-~~~---=~=--==--=-----~ 
6Li 3+ 93-195 0.5 24Mg4+ 50-93 2 
hi 2+ 20-80 5 24Mg5+ 93-146 0.2 
-----~--=~--~=-~--------~-~---~~---~---~ 

25Mg4+ 50-90 2 
9Be2+ 15-62 5 26Mg4'; 48-86 2 
9Be3+ 62-140 2 ~---~----~=~=-==--=------=---==--=~------
9Be4+ 140-249 0.05 28Si 5+ 80-125 1 
---~--~--=---~-----~----------=-------~= 

28S;6+ 125-180 0.2 
1082+ 14-56 10 28S-j7+ 180-245 0.05 
1083+ 56-126 50 ------=---~=---------=--------~----=-~-=-
1084+ 126-224 0.3 32S6+ 100-158 2 
1182+ 12-51 10 32S7+ 158-214 0.2 
1183+ 51-115 50 ---=----=------=---~---=------------=-==-
11B4+ 115-204 0.3 35C17+ 144-196 0.5 
---~--~---=--~~---------------~----~----

35C18+ 196-256 0.14 
12C2+ 12-47 >20 37C17+ 136-185 0.08 
12C3+ 47-105 30 --=----------=------~---~----------------
12C4+ 105-187 5 40Ar2+ 3.5-14 0.4 
12C5+ 187-292 0.05 40Ar6+ 87-126 4 
12C6+ 292-384 104 part/sec 40Ar7+ 126-172 2 
-------=~--~-------=------------=-----~= 

40Ar8+ 172-224 0.5 
14N2+ 10-40 20 40Ar9+ 224-280 105 part/sec. 
14N3+ 40-90 15 40Ar1O+ 280-350 103 part/sec. 
14N4+ 90-160 15 --=-~--------=------====----------~----=-
14N5+ 160-250 2 40Ca6+ 87-126 1 
14N6+ 250-360 106 part/sec, 4OCa7+ 126-172 0.2 
14N7+ 360-448 102 part/sec. -=-----==---------=-=--------~-----------
15N4+ 84-150 15 56Fe10+ 180-250 1 part/sec. 
--=---------~--===--=-----------~-=-----

841\r2+ 1.6-6.6 0.001 (c) 
1602+ 9-35 >5 841\r 12+ 200-240 1 part/sec. 
1603+ 35-79 20 197Au13+ 102-120 2 part/sec. 
1604+ 79-140 20 197Au14+ 120-140 0.1 part/sec. 
1605+ 140-219 2 ----=--=----==-=-------=--=~---------=---1606+ 219-315 0.3 
1607+ 315-429 -50 epA 
1608+ 429-512 0,2 part/sec. 
1804+ 70··124 >10 

(a) Energy range for heavy ions indicates nominal maximum energy for the particular charge 
state down to the energy which can be reached from the next lower charge state. Beams 
can also be run with lower charge than shown at energies below 1 MeV/nucleon. 

(b) Electrical microamperes except as noted. 

(c) 15th harmonic. 



amplif<ier and modu<lator, additional capacity 
to improve ripple filtering on the 4 kW and 150 W 
power supplies, and doubling the current capacity 
of the rectifier bridge on the pulsed arc ion 
source power supply. Safety and reliability 
factors on this supply have also been improved 
by changes in the mounting and cooling of the 
current limiting resistors. 

The frequency lowering calculations have 
now been verified on the 1/4 scale model of the 
RF system. While it is possible to reduce the 
lower limit of frequency to -4.5 MHz, power savings 
which would accrue from additional low frequency 
operation would be more than offset by the increased 
RF drive power which would be required at the 
higher frequencies. 

Another study has been undertaken to determine 
the maximum current which can safely be delivered 
through the coils of the main magnet. Mechanical 
considerations have set an upper limit of 3300 
A corresponding to an increased Kbending value 
for the cyclotron of 160 MeV, 15% higher than 
the present value of 140 MeV. Pl ans are in 
progress to boost the current output of the power 
supply from its present upper limit of 2800 A. 
A test beam of 12C4+ ions was accelerated to 
193.4 MeV (K = 145 MeV) as part of this study. 

Development of a simple ~sec beam pulsing 
system has begun using a vertical electrostatic 
deflection plate which is mounted in the center 
region. Initi al tests showed that·1.5 kV pulses 
will suppress external beam intensities by better 
than 1/1000 without causing undue center region 
heating from the deflected beam. A high voltage 
pulsed power supply from the HILAC has been 
modified to increase its repetition rate to 
-200 kHz. 

Design and fabrication of a second dee tank 
cryopumping system is nearing completion. Some 
of the necessary dee tank modifications have 
been made and the compressor and refrigeration 
units have been ordered. 

Design changes have been made to numerous 
cyclotron components to improve their reliability, 
ease of fabrication and maintenance. These 
include changes in ion source related parts such 
as the anodes, cathode holders and base insulators 
and the addition of an improved, direct-substitute 
gas valve panei assembly and a fourth ion source 
shaft. The Inconel center region inserts have 
been replaced with molybdenum units of simpler 
design. The deflector high voltage electrode 
mounting pins have been simplified to permit 
quicker replacement of electrodes and insulators. 
This should significantly reduce radiation 
exposure to maintenance personnel. 
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Modifications to a commercial sandblaster 
have been substantially completed to satisfy 
Environmental Health and Safety requirements 
which must be met before using the unit for 
cleaning of slightly radioactive ion source 
parts. 

A liquid nitrogen trap has been incorporated 
into the vacuum system roughing line to provide 
a means of removing water from the vacuum tanks 
and lines in the event that a water line breaks 
and leaks into the system. 

Tests of the filament-heated Penning Ion 
Gauge (PIG) source were completed, producing 
as much as 30u A of 90 MeV 14N3+. Control of 
arc parameters and source output was possible 
by tuning the bombarder power supply to vary 
the auxiliary heating supplied the cathodes. 

Considerable effort has been spent developing 
heavy <ion beams in the 20-35 MeV/nucleon region. 
r~any of these beams have been produced (so far) 
at intensities <109 particles/sec and the use 
of a Si(Li) particle detector located in Cave 
58 has been a necessary tool in this work. 
Fully stripped beams of 12C, 14N and 160 have 
been produced at 32 MeV/nucleon with intensities 
of >104, 102 and -10-1 particles/sec, respectively. 
To extend the energies of these fully stripped 
heavy ions beyond 32 MeV/nucleon, a 140 MeV alpha 
solution has been developed to serve as a model 
beam. The intensity of the alpha beam was 
deflector limited to -0.4 uA. Continuing studies 
are planned to optimize the deflector solution 
and to determine the vertical focusing limit 
of the cyclotron for these beams. 

Sensitive beam monitoring equipment is being 
developed to facilitate the transport of these 
weak beams to the target areas. Several CRT 
phosphors (similar to the dial marking phosphors 
used routinely by the HILAC) can be used with 
picoamp level beams. Scintillator/photomultiplier 
systems are also under development, capable of 
counting individual beam particles and providing 
crude energy measurements. 

A PET computer with 8 K RAM and an interface 
to the silent 700 printer has been acquired. 
It is presently used as a stand~alone computer 
programmed to calculate magnetic rigidities, 
cyclotron frequencies and optics parameters for 
any requested particle. It also calculates beam 
energy, given cyclotron RF or M41 NMR frequency. 
Masses of all stable ions through Ar40 are stored 
in core. Ways to store machine settings on 
the PET for any particle and energy are being 
explored. 
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POLARIZED ION SOURCE IMPROVEMENTS AT THE 88@INCH 

P. von Rossen and H.E. Conzett 

In order to improve both the preclslon and 
the data-collection efficiency for experiments 
with polarized beams, an automatic and rapid 
spin-flip control system has been developed and 
installed at the 88@inch cyclotron. The control 
system switches the polarized-source RF transi
tions, and it simultaneously directs the data 
to appropriate memory locations of the data 
acquisition system, as shown in Fig. 1. 

The existing power supplies for the RF 
transition units have been modified to be 
controllable with external signal pulses. Rise 

TI-2 

MeA MeA 

RF 
TRANSITIONS 

RIDL 

MeA 

RIDL 

MeA 

DATA ~---+------i---dI 

MODCOMP 

Fig. 1. Schematic diagram of the automat'ic spin
flip and data-acquisition control system. 

(XBL 788-2625) 

and fall times of about 10 Ws have been achieved 
for the RF power output of the modified units. 
To provide full flexibility for any experimental 
requirement, the spin-flip control unit can be 
programmed to give different weighting factors 
for each of the three polarization states 
(+,0,-) and, also, to select the r'ight combination 
of RF transitions for proton vector-polarization 
and deuteron tensor-polarization, respectively. 
With the installation of a third RF transition, 
the system will be expanded to provide automatic 
selection of the deuteron vector-polarization 
states as well. Different sequences for switching 
between various polarization states can be selected. 

The control unit can be triggered by any 
of several parameters, such as clock time, 
accumulated monitor counts, or integrated beam 
charge. The latter was shown to be best suited 
for most of our experiments. The switching rate 
can be chosen over a wide range by using any 
of the decade outputs of the scaler (cf., Fig. 1). 
A switching interval of about 1 second has given 
excellent results in standard scattering experiments. 
Since the flight time of the projectile between 
the RF transitions and the experimental target 
ranges up to hundreds of microseconds, the output 
routing pulses, which direct the data to appropriate 
storage locations, can be delayed up to 500 ws. 

In order to provide the rapid spin-flip 
capability for polarized protons, it was necessary 
to install a new 1480 MHz RF transition unit 
(ANAC, Inc. Model 2940) along with an existing 
7.5 MHz transition. With this arrangement, the 
spin-state selection is made in the neutral atomic 
beam, so that there are essentially no changes 
in beam size, position, or intensity correlated 
with the spin flipping. This permits substantially 
more precision to be achieved in experiments, 
and it is an experimental condition that is 
absolutely essential for our experiment to test 
for parity-violation in p-p scattering at 50 
MeV. Since the new RF cavity was not designed 
for operation in vacuum, there were some initial 
problems with multipactoring in the cavity. 
These difficulties were met by coating the cavity 
surface with a thin sprayed teflon layer. Initial 
test measurements with the new transition resulted 
in a polarization of 0.740 We expect this to 
be improved somewhat by slight modifications 
in the magnetic field shape and by experience 
in the tuning procedure. 
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RADiOISOTOPE DATING WITH THE 8fHNCH 

A.A. Muller, E.J. Stephenson,t and T.S. Mast 

Since July 1976, we have been studying and 
developing the potential of the 88-inch cyclotron 
for radioisotope detection and dating. 1-4 This 
cyclotron is much larger and more powerful than 
required for dating, but its flexibility and 
ability to tune rapidly to accelerate almost 
any isotope has enabled us to study several 
different applications. We now have demonstrated 
the sensitivity of using the cyclotron for the 
detection at natural concentrations of tritium, 
beryllium-lO, carbon-14, and chlorine-36. 

The key feature that allows direct detec
tion of low-level radionuclides is the high energy 
of the emerging beam, which allows particle
identification techniques to be used on an atom
by-atom basis. Without such particle identifi
cation, direct counting is impossible because 
unstripped background ions with the same charge
to-mass ratio alvlays appear in the beam. For 
carbon-14 the main background is nitrogen-14. 
In order to apply the particle identification 
techniques the nitrogen beam intensity must be 
reduced to the level which will not damage or 
cause pile-up in the silicon detectors. When 
tandem accelerators are used for radiocarbon 
dating5 this reduction occurs in the negative 
ion source. For the cyclotron we have developed 
a technique that achieves the required reduction 
after acceleration. We have built and used for 
this purpose a simple gas cell which completely 
stops the nitrogen beam while allowing the carbon-
14 atoms to pass. 

The separation technique makes use of the 
fact that the range of carbon-14 atoms is approxi
mately 30% longer than that of nitrogen-14. 
Uniformity of the stopping material is essential 
to ensure the minimum range-straggling for the 
nitrogen ions. The best material we have found 
to meet this requirement is gas, separated from 
the cyclotron vacuum by a thin window. We found 
that 1/3)J of gold foil will support 1 atm of 
pressure difference if supported by a grid with 
gaps no larger than 1/3 mm (Fig. 1). Gold and 
platinum are convenient window materials because 
their high atomic number Z inhibit nuclear charge
exchange interactions which can generate spurious 
carbon-14 atoms. For the same reason, xenon 
was chosen for the gas. 

With the xenon gas cell we were able to 
eliminate completely 10 nA of 14N ions. A plot 
of the nitrogen penetration as a function of 
xenon pressure is shown in Fig. 2, measured using 
a single particle detector. The curve shows 
discrimination to a level of 10-9; in several 
hours of coincident detection using both 6E and 
total E detection, not a single nitrogen event 
perturbed the xenon cell, implying a discrimination 
factor for the coincident system better than 
10-14 . 

For the range separation performed in the 
original tritium experimentl a single piece of 

Fig. L The thin foil separating the xenon in 
the range cell from the vacuum of the cyclotron 
is supported on a tungsten grid, with hexagonal 
openings 0.33 mm in diameter. This grid is only 
25)J thick, and is supported in turn by a heavier 
100)J -thick tungsten grid with hexagonal openings 
0.1 mm in diameter. The entire structure gives 
a clear aperture of 65%, over which 0.3 )J-thick 
gold foil can support a l-atm pressure difference. 

(XBL 781-163) 

aluminum foil was used. Because of the low level 
of background 3He and its much shorter range 
than 3H, non-uniformities in the foil were not 
critical. For beryllium-IO a solid foil is 
probably acceptable; for our measurements the 
xenon cell was used. For chlorine-36 the high 
uniformity of the xenon cell is essential. The 
"thickness" of the cell in mi 11 igrams per cm2 
can be adjusted remotely by changing the pressure 
of the xenon gas. The range-separation technique 
should prove to be valuable for those using tandems 
as well as cyclotrons. 

Except for the case of carbon-14, the levels 
of background radioisotopes in real time from 
nuclear charge exchange reactions may, however, 
prove to be the ultimate limit to the cyclotron 
approach. For carbon-14 our sensitivity at 
present is limited by a high level of carbon-14 
within the graphite-lined tank of the 88-inch 
cyclotron produced from years of scraping deuteron 
beams. The level of this carbon, which finds 
its way into the ion source during a run, has 
varied from 1/3 to several times the level of 
carbon-14 in the sample being measured. We have 
made dates in spite of this background by rapidly 
switching sample gases to allow the comparison 
of the unknown with a blank and a reference 
standard. The results of a blind measurement2,3 
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Fig. 2. Nitrogen-14 transmission through the 
xenon cell as a function of xenon pressure. 
The nitrogen-14 was detected with a single 
ionization chamber with a threshold energy loss 
of 0.8 MeV. When coincident detectors were used, 
the discrimination against nitrogen was found 
to be better than 1014 . 

(XBL 783-2411) 

of a sample are shown in Fig. 3. In this run 
the measured age (in radiocarbon years) was 
5900± 800, with the large error dominated by the 
statistics of the background subtraction. The 
Rochester tandem group has a similar background; 
their ability to measure dates as old as forty 
thousand years is a reflection of the fact that 
their background is about a factor of ten lower 
than ours. 

In the carbon-14 measurements the carbon 
was conveniently introduced to the ion source 
in the form of C02 gas. The efficiency for 
acceleration of the 14C3+ ions could be varied 
between 10-5 and 3 x 10-4; in a typical run it 
was 3 x 10- 5. 

We have made nearly a dozen successful 
"nonblind" tests, and the successful "blind" 
test shown in the figure. More recently, however, 
we made a blind measurement in which our answer 
differed greatly from the answer achieved by 
decay-dating: we misestimated the age of an 
S,OOO-year old sample dated by Rainer Berger 
to be 18,000 years old. This was the only 
collagen sample we have measured, and we suspect 
that impurities in the C02 affected the performance 
of the ion source, changing the level of back
ground appropriate to subtract. The best hope 
for the elimination of such systematic errors 
lies in the elimination of the background. The 
easiest way to achieve this will be to use an 
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Fig. 3. The 14C/14N ratio as a function of time, 
for a blind sample. 2,3 The carbon-14 was measured 
with an ionization chamber, silicon-detector 
telescope. The nitrogen-14 was measured by 
integrating the current from slits which collimate 
the beam soon after it emerges from the cyclotron 
and well before it enters the xenon gas cell. 
Three samples were alternated: one of known 
age 465 years; a sample known to contain no 
carbon-14; and the unknown. The fit corresponds 
to an age of 5900 years, where the "standard" 
radiocarbon half-life of 5570 years has been 
assumed. 

(XBL 7712-11088) 

external ion source which can pre-accelerate 
the ions to tens of keV before they enter the 
contaminated tank of the cyclotron. The design 
and construction of such a source is now under 
way, and we expect it to be operational later 
this year. 

In our lOBe measurements no comparable 
background has been detected. We have measured 
lOBe/9Se ratios in beryllium metal at the 10-9 
level, comparable to that ex~ected in sea floor 
sediments. We observed 800 lOBe per second in 
our detectors, and the background was less than 
one count in five minutes. Our sensitivity for 
lOSe is better than 10-14 , justifying all the 
optimism expressed in Ref. 1. A comparable 
sensitivity was achieved when BeD was substituted 
for beryllium metal in our Penning Ion Gauge 
(PIG) sputter source, but we have not yet 
achieved an accurate date with BeO. 

Accurate lOBe dating will require rapid 
cycling between samples of known and unknown 
concentrations. Since the samples are presently 
introduced in the back insert of the PIG source 
they cannot now be readiy changed in the internal 
ion source. The new external ion source will 
allow this rapid cycling. 

For 36Cl our demonstrated sensitivity is 
10-12 for the ratio 36Cl/C1. This sensitivity 
is sufficiently good to make 36Cl an attractive 



tool for measuring the age of water in potential 
nuclear waste storage sites, useful in determining 
the geologic isolation of the deep site from 
the surface. 

After only one and a half years of develop
ment, the accelerator approach has already proven 
its potential for several radioisotopes. Except 
for the case of carbon-14, there have been no 
unanticipated backgrounds, and we are optimistic 
that the full predicted1 sensitivity of the 
accelerator approach will soon be utilized. 

Footnotes and References 

*Condensed from LBL-7585, and Proceedings, Rochester 
Conference on Radiocarbon Dating with Accelerators 
(April 1978). 

i'Present address: Argonne National Laboratory, 
Argonne, Illinois 60439. 
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INSTRUMENTATION 

!SEE-C HKH HIGH ENERGY COSMIC RAYS 

DE Greiner, F,S, Bieser, and H,H, Heckman 

The goal of this experiment is to understand 
the oriqin of the flux of high energy cosmic 
rays. the contribution this experiment will 
make is a cOTprehensive measurement of the isotopic 
abundances ( H to 64Ni) of the cosmic ray flux 
near earth. To demonstrate the relevance of 
such an isotopic measurement, we will trace, 
in a highly qualitative fashion, the flux from 
the source to the observation point near earth. 

SOURCE: If the abundances and energy spectra 
of all isotopes produced in the source were 
known, then we could try various source models 
to see if we could identify a unique source 
or set of sources. There are nucleosynthesis 
models1 that predict the source isotopic abundances 
having relatively few parameters. Thus 
a knowledge of as many of the isotopic fluxes 
as possible from the source can be used to pick 
between source models. In this respect the Fe 
group elements are particularly sensitive 
indicators.2 

We consider the source flux to be conceptually 
represented by a matrix SA Z(E,t), whose elements 
are labeled by A and Z, each element containing 
the energy and time dependence of its labeled 
isotope. Actually. the time dependence here 
is assumed to be quite small as we observe the 
integral of the flux over many sources and times. 
We will now follow this flux toward earth and 
see in a qualitative fashion how it is modified 
by the processes that take place. 

ACCELERATION: The cosmic rays must be 
accelerated to relativistic energies. This 
acceleration can take place during creation or 
after an appreciable delay.3 Whatever process 
is responsible for the acceleration, we know 
the E dependence of the SA Z will change. There 
are other effects that change the magnitude 
of the SA Z even to the extent of removal of 
certain isotopes. As an example, consider the 
isotopes produced in the source that decay 
solely via electron capture. They are stable 
once they are stripped and at high velocity; 
however, they will decay during a del~y between 
formation and acceleration. Such isotopes are 
called "source clocks" and are sensitive to the 
density of material near the source and in the 
interstellar region, e.g., 56Ni (6.1 D), 55Fe 
(7.6 Y), 53Mn (2 MY), 44Ti (47 Y). The point 
is, that after acceleration, the relative 
abundances have changed. Knowledge of the cross 
sections of electron capture and loss, time of 
delay, and the electron density along the path 
are needed to determine the changes in relative 
abundance. If we represent the acceleration 
phase by a symbolic operator, A, which does the 
proper mixing and energy changes to our source 
flux, then the new composition after acceleration 
is ASA,Z(E,t). 

PROPAGATION: Once up to relativistic veloc
ities, the cosmic rays sRend on the average as 
long as 16 million years4 moving through the 
interstellar medium. During this flight the 
flux is altered by fragmentation. This is a 
major alteration to the relative abundances. 
In order to predict the effect of the propagation 
phase, one uses a model of propagation that 
wi 11 typkally contain pal'ameters such as the 
averaqe time of travel and the density of the 
interstellar medium. The most important 
ingredients of the model are the relative 
fragmentation cross sections. In general terms, 
the propagation can be represented by an operator 
P that uses the model and cross sections to 
predict how the cosmic rays break up and thus 
enhance lower A fluxes. Long-lived isotopes 
such as lOSe (1.6 MY), 26Al (0.88 MY), 36Cl 
(0.31 MY) are called "secondary clocks." Their 
production and loss in the propagation proces~ 
make their abundance quite sensitive to the tlme 
of travel. We are now approaching the solar 
system and have a flux PASA,Z, 

MODULATION: As the cosmic rays approach 
the solar system we expect their rigidities to 
be altered by interaction with the solar fields 
and wind. Indeed, the flux does vary in time 
and is correlated to the solar cycle. However, 
the spatial extent of this variation is still 
unknown, Hopefully, missions traveling to large 
distances from the sun (MJS) or high solar 
latitudes (OOE) will provide conclusive results 
regarding solar modulations of cosmic rays. 

The mixing of isotopes m~y be low in the 
modulation process if we integrate over the entire 
energy spectrum of each isotope. The uncertainty 
comes from the fact that some, perhaps appreciable, 
amount of flux fails to penetrate the solar system 
to the observation point, Representing the 
modulation by the operator M, we now have the 
observable flux: 

FA,Z ~ M P A SA,Z 

What we see is what we qet after a major 
alteration of the source flux. The goal is to 
measure FA Z and solve for SA Z ~ A-Ip-lM-lFA Z' 
To invert this equation reliably, a detailed' 
knowledge of FA,Z is essential. Given a choice 
of models and measured FA Z, one must determine 
the most consistent set of models and parameters 
in order to arrive at SA,Z. 

The more measured parameters one has to 
over-determine the problem, the better the chances 
are of finding an unambiguous solution. 5 A com
prehensive measurement of the cosmic ray isotope 
abundances over a wide range of elements is a 



major contribution to the attempt to understand 
the origins of the cosmic rays. 

The instrument built to perform these 
measurements is described in LBL-7163. This 
method of multiple energy loss identification 
has been successfully applied at the Bevalac 
in an exotic isotope search equipment performed 
by a collaboration of the Heckman/Greiner and 
Hendrie/Scott groups. 
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THIN WINDOW Si(Li) DETECTORS FOR THE ISEE-C TELESCOPE'" 

J.T. Walton, HA Sommer, D.E. Greiner, and F.S. Bieser 

An experiment on the NASA ISEE-C Heliocentric 
satellite is designed to determine the isotopic 
composition of cosmic rays. A multi-detector 
telescope of lithium-drifted silicon [Si(Li)] 
detectors is to be used for this purpose. To 
provide the necessary identification, the telescope 
must contain ten detectors 1,2 of large area (1500 
mm2), 5-mm thick with thickness variations of 
less than +0.2% (+10 ).lm). Furthermore, to minim'ize 
the dead-layer effects between the detectors 
in the telescope, the Li-diffused contact must 
be less than 15 ).lm. Finally, the detectors are 
required to have less than 10 ),lA leakage and 
less than 300 keV noise at an RC shaping time 
constant of 5 ).lS. 

The detectors were examined for noise, leakage 
current, and th'ickness uniformity. A final examina
tion, before selection for the flight instrument, 
involved the use of a high energy Ar beam to 
determine detector uniformity. Figure 1 shows the 
experimental arrangement used for this tests, 

MWPC #1 

Ar BEAM 

Fig, 1. Experimental arrangement at the Bevatron 
used to measure detector uniformity. The three
layer Multi-Wire Proportional Chamber (MWPC) 
defines the beam location to within 1 mm. 

(XBL 7710-10096) 

A broad 40Ar Bevalac beam (482 MeV/Amu) at the 
Lawrence Berkeley Laboratory Bevatron was directed 
throuqh the two, three-plane multi-wire chambers 
to the detector stack. The multi-wire chambers 
define the beam trajectories to within 1 mm through 
the stack. Only 40Ar ions which passed completely 
through the silicon detectors and were detected 
in the plastic scintillator were recorded. The 
detector stack consisted of 4 planes. each contain
ing a square array of 4 detectors, thereby allowing 
16 detectors to be tested simultaneously. 

Data obtained from the experiment was analyzed 
for each detector in terms of 90 equal area segments. 
The average signal amplitude from each segment 
and the averaqe signal for the entire detector 
was calculated. The percentage deviation of 
each segment signal average from the entire detector 
average was calculated. The number of segments 
and their percentaqe deviation from the total 
detector average e~ergy signal is shown for two 
detectors in Fig, 2. 

The number of events in each segment was 
used to determine the accuracy of the averaqe 
energy determination of the segment. Many of 
the segments had insufficient counts for the 
averages to be determined at the level of 
preci~ion required. For all the detectors 
measured, there were segments whose accuracy 
was so poor due to insufficient counts that the 
results in those seqments had to be discarded. 
Unfortunately, the Bevalac beam intensity was 
very low dur~ng these measurements and the 
availability of accelerator time has not 
permitted repetition of the experiment. 
Consequently in assessinq the Bevalac data, the 
accuracy of the measurements was a big factor 
in selecting detectors for the flight telescope, 
In Fiq, 2 a normal distribution curve whose 
variance is equal to the calculated variance 
(i.e •• accuracy) in the experimental data is 
plotted as curve 1, while a second normal 
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The ordinate qives the number of detector seqments 
within a band 'of 0.05% with the percentage deviation 
from the mean average energy qiven on the abscissa. 
Detectors that meet the specifications are typified 
by (a) while those that exceed the specifications 
are typified by (b). Normal distribution function 
fits to the data are given by curves 1 and 2. 

(XBL 7710-10170) 

distribution curve 2 indicates the expected results 
if the accuracy of the measurements is folded 
in with the allowed dimensional variation of 
2:.0. 2% ( 2:.10 11m). 

Figure 2a presents data where the measurements 
were considered sufficiently good for the detector 
to be selected as a flight detector since it 
is clear that the Bevalac histogram falls well 
within the calculated expectations. For this 
detector, the thickness spread must be smaller 
than the 2:.0.2% requirement. 

Figure 2b presents similar data on a detect?r 
not selected as a flight detector since the Bev?lac 
histogram falls outside the calculated expectatlOns. 

This work has demonstrated the feasibilitv 
of fabricating large area 5i(Li) detectors meet~ng 
stringent requirements on the thickness uniformlty 
and on the Li-diffused contact thickness. 

Finally, the Bevalac data would indicate 
that no good evidence exists to suggest that 
signal amplitude variations are caused by any 
factor other than thickness variations. Where 
the Bevalac measurement has shown thickness 
variations substantially qreater than the expected 
inaccuracy of the measurement, these variations 
have been confirmed by the optical measurements. 

The assistance of E. E. Haller in interpreting 
the Bevalac data is gratefully acknowledged. 
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ISOTOPE IDENTIFICATION IN A MULTI-ELEMENT DETECTOR TELESCOPE 

Y.P, Viyogi: T.J,M. Symons, F. Bieser, H.J. Crawford, P. DolI,t D.E. Greiner, C.K. Gelbke,* H.H. Heckman, 
DL Hendrie, D. Jones, P,J. Lindstrom, J, Mahoney, C. McParland, D.K. Scott, K. Van Bibber, 

G.D. Westfall, and H. Wieman 

The identification of isotopes by the 
conventional ~E-E technique has frequently been 
used in experiments at lower energies. l Here 
one employs a thin ~E detector and a thick E 
detector which stoDs the particles of interest. 
Various algorithmsl are used to produce particle 
identification signals (PI) both in analog 
instruments and in computer programs. The most 
frequently used algorithm i5: 2 

(1) 

where T is the thickness of the ~E-detector, 
and M,Z are the mass and charqe of the particle. 
The exponent n has to be suitably chosen so that 
PI is independent of the total energy. A ty~ical 
value of n for lower mass particles (up to 100 
of a few hundred MeV) is 1.73. 

At much higher energies of the order of 
a few GeV, the use of a two- or three-detector 
telescope becomes impractical. The maximum 
thickness of 5i detectors, permitted by the 
present state-of-the-art, is limited to about 
5 mm, whereas the ranges of particles such as 
160 at 200 MeV/nucleon is about 40 mm. In 
experiments at these high energies, all types 
of fragmentation products are encountered. In 
experiments desiqned particularly to study the 
highly neutron-rich exotic nuclei and of the 
detailed reaction mechanisms, the identification 
of isotopes up to argon becomes essential. A 
technique of isotope identification, where many 
detectors are used in the telescope, has been 
described in Ref. 3. The method gives excellent 
mass resolution but is computationally expensive. 

Here we describe a method of isotope identi
fication in a multi-element detector telescope 



that employs the conventional technique of Eq. (1) 
and uses the information from all the detectors 
up to the stopping detector. The method leads 
to a x2-distribution function, and by selecting 
events from the central region of the x2-
distribution, it is possible to reject events 
due to reactions in the detector stack or due 
to statistical fluctuation in energy loss. This 
procedure greatly improves the peak-to-valley 
ratio for the different isotopes. The method 
is sufficiently simple to use in on-line programs. 

Consider a stack of detectors, each of thick
ness Ti, and assume that a particle of mass M, 
charge Z, and total energy Etot stops in detector 
s of the stack. Different combinations of these 
s detectors can be used as 6E and E detectors 
and a PI signal can be calculated from Eq. (1). 
For simpliclty we restrict ourselves to only 
one detector as 6E, labelled i, and all others 
in the stack from i+l to s are combined as the 
E detector. The corresponding PI is 

where K is a constant. For a particle stopping 
in the detectors, we can calculate a total of 
(s-l) PI signals. The weighted mean of the (5-1) 
PI signals is 

(3) 

where Si denotes the errors in estimatinq PI 
signals using Eg. (1). To first order, the error 
can be approximated to the errors in measuring 
the energy Signals in different detectors. An 
estimate of Ci comes from differentiating Eq. 
(2) with respect to E and 6E, giving, 

We assume that all the energy measurments 
in various detectors are uncorrelated, so that 
the errors can be combined quadratically. 

A x2-function is defined as 

s-1 

i=l 

(4) 

(5 ) 

This method has been used in the analysis of 
data from 40Ar-induced reactions at 213 MeV/nucleon 
performed at the Bevalac. The detector telescope 
consisted of nine elements, each of 5-mm thickness, 
sufficient to stop isotopes of all elements from 
argon to oxygen. Good mass resolution can be 
obtained usinq a single exponent of 1.78 for 
particles of Z=8 to Z=16. 

246 

Figure 1 shows a 2-D plot of PI versus total 
energy for n = 1.78. We have used a slightly 
modified PI function, (PI)l/n-l, which is propor
tional to Mz2/(n-l). Figure 2 shows the mass 
spectra for Z=8, including and excludinq the 
tails of the X2-distribution, to show the effect 
of the x2 gate on reducing the background and 
improving the mass reso'\ution. For example, 
150 appears only as a shoulder in Fig. 2al~uper 
imposed on the tail of the more abundant 0 
group, whereas in Fig. 2b, all isotopes are clearly 
separated. 

To identify individual isotQpes, we use 
the fact that i plot of Mz2/(n-l) (or equivalently, 
Mn-l Z2) versus the observed channel number in 
PI should be linear through the origin. This 
method works well for lower Z elements and a 
mass resolution as qood as 0.1 to 0.2 mass units 
is easily achieved. For the higher Z elements, 
the resolution deteriorates until for Z = 16, 
it is close to 0.5. 

A major limitation of the method is the 
failure to distinguish between very neutron-rich 
and very neutron-deficient isotop~s of adjacent 
Z-values. This degeneracy is eaSily removed 
by using rigidity measurements in a maanetic 
spectrometer. This technique is presently being 
developed. 
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Fig. 1. Two-dimensional plot of PI vs. total 
energy. using n = 1.78, for particles produced 
by 40Ar + 12t at 213 MeV/nucleon. 
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STREAMER CHAMBERS~ THEIR USE FOR NUCLEAR SCIENCE EXPERIMENTS" 

L.S. Schroeder 

A variety of visual detectors have been 
developed studying the interactions of elementary 
particles (n, K. P •... ) and nuclei with matter. 
Included among these are cloud chambers, flash 
tubes, bubb·le chambers, spark chambers and 
streamer chambers. Streamer chambers made their 
appearance on the detector scene in the early 
1960'sl,2 and were developed for eventual use 
in experiments. This development was primarily 
geared to studies of elementary particle interac
tions. As such, streamer chambers were often 
used to complement and extend the 1 arge amount of 
work that had been done on exclusive final states 
using bubble chambers. Streamer chambers offer 
several advantages, including: large solid-angle 
(~4n), ability to be selectively triggered 
(usually by fast electronic detectors such as 
scintillators surrounding the chamber), and high 
multi-track efficiency and good angular and 
momentum information. 

Fi qure la shows a schemat i c of a charged 
particle passing through a streamer chamber. 
Scintillation counters Sl and S2 record the passage 
of the particle through the gas volume (often 
a Ne/He mixture at atmospheric pressure, 90% Ne, 
10% He). Dur-ing this passage through the chamber 
gas, the incident charged particle creates ion 
pairs along its trajectory. These pairs in turn 
start to diffuse and eventually recombine if 
nothing further is done. However, if a fast 
coincidence between Sl and S2 is formed, it can 
be used as an event trigger to generate a high 
voltagE pulse which is placed on the electrodes 
surrounding the chamber volume. Usually a Marx 
generator and a Blumlein are used to generate 
and shape this pulse. The high voltage pulse 
(typically in the range of 500-700 kV) creates 
a strong electric field in the chamber which 
causes the ion pairs to accelerate and to multiply 
in the chamber gas. By restricting the pulse 
to a short duration (10-20 ns), the final breakdown 
in the gas and the creation of a spark from one 
electrode to the other is suppressed. Only the 
early stage of the spark development occurs, 
i. e., the development of streamers. Typically, 
in the streamer chamber mode of operation, the 
electric field is about 20-25 kV/cm. Now if 
the chamber volume is transparent, then a camera 
which photographs the light from the streamers 
generated will see their development from two 
to several millimeters (depending on operation) 
along the electric field lines when the camera 
view is normal to the electric field. If trans
parent electrodes, such as wire grids are used, 
the camera can view the ·1 ight from the streamers 
end-on. In this case the streamers then appear 
as a series of bright dots (Fig. Ib), much the 
same as one sees when looking at bubble chamber 
photographs. Finally, if the streamer chamber 
volume is placed in a magnetic field of suitable 
strength, the curvature of charged particles 
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Cb) VIEW PARALLEL TO E~F]ELD 

Fig. 1. (a) Schematic diagram showing passage 
of a charged particle through the streamer chamber 
gas volume. Streamers develop to several milli
~eters along the applied E-field; (b) if the 
streamers are viewed end-on (Le., in direct·ion 
parallel to E-field), they appear as a series 
of bright dots. (XBL 783-7506) 

in this magnetic field can be measured. The 
scanning and measuring of this film is then handled 
in a manner similar to the treatment of bubble 
chamber film, 

Although considerable use has been made 
of streamer'chambers for high energy particle 
physics studies, their use in nuclear science 
work has been quite 1 imited. Some of the areas 
of study have included: a) study of coherent 
nuclear scattering processes, b) conventional 
nuclear physics (e.g., search for double B-decay), 
c) study of hadron-nucleus elastic and inelastic 
scattering, d) high-energy heavy-ion interaction 
experiments. 

The LBL streamer chamber has been used to 
study nucleus-nucleus interactions using projectiles 
up to 40Ar with energies up to ~2 GeV/nucleon, 
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Fig. 2. Rigidity (p/z) distribution for fragments arlSlno from 4 and 6 
prong events. -(XBL 783-7505) 

The primary thrust of this program has been to 
study central collisions (as many as 125 charged 
tracks in a single event have been observed in 
these studies). Early results on negative pion 
multiplicities have been reported. 3 Multiplicity 
distributions are easily obtained by simply 
scanning and counting the tracks in each interac
tion. If in addition the tracks are measured, 
one can obtain rigidity (p/Zl distributions like 
the one shown in Fig. 2. The two prominent peaks 
observed can be identified as protons (near 0.83 
GeV/c/z) and deuterons or alphas (near 1.66 GeV/c/z). 
The arrows in Fig. 2 indicate the "expected 
location" of these particles if they were fragmented 
from the incident projectile without any change 
in energy (i.e., come out with the momentum/nucleon 
of the projectile). This effect is observed 
in all light-projectile fragmentation studies. 4 

Streamer chambers have not as yet found 
wide application for nuclear science studies. 

In one sense, they appear to be ideal tools for 
studying hadron-nucleus and nucleus-nucleus 
collisions, since they allow the interaction 
to be studied in an exclusive sense (meant here 
to mean that all charged products of the reaction 
are observed). However, certain drawbacks appear. 
Among these are the fact that particle identifica
tion is difficult when using streamer chambers, 
unless external counters (e.g., scintillators, 
solid state detectors, etc.) are used to aid 
in the identification. The extremely large 
multiplicities observed in heavy-ion collisions 
Doint out the difficulty that confronts the 
~xperimenter. Even if ~ou are able to measure 
a large sample of such tracks in a single 
interaction, what do you do with all the informa
tion? How do you use it to unravel the complex 
interaction that has occurred? These are stronq 
challenges to the experimentalist. Imagine the 
collision of a uranium beam of a few GeV/nucleon 
with a uranium target. For a central collision 
with high associated pion multiplicity, one might 



have between two and three hundred charged tracks 
emerging from the interaction! 
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However, this tone is perhaps too pessimistic. 
For the investigation of hadron-nucleus interactions, 
streamer chambers have an interesting potential, 
since they allow us to gO beyond the single-particle 
inclusive"measurements ~hich have largely dominated 
the field. Even for high-energy nucleus-nucleus 
experiments, the streamer chamber wi 11 be a usefu'l 
survey tool for beams at least up to Fe and perhaps 
beyond. One can study some of the cluster aspects 
of light nuclei by using the projectile fragmenta-
t i on process to provi de a small amount of energy 
to unbind the projectile. In such processes 
only a few particles (~10) appear in the final 
state and are perfectly amenable to conventional 
film processing techniques. There still remain 
many good experiments to be done with streamer 
chambers over t he next few years. The potent i a 1 
appl ications at cyclotron energies are particularly 
intriguing. 
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DESIGN AND CONSTRUCTION OF A STREAMER CHAMBER FOR THE 88~INCH CYCLOTRON 

K, Van Bibber, D.L, Hendrie, OK Scott, B.G, Harvey, W. Pang, M. Avery, H. Wieman, and R. Lam 

A prototype streamer chamber of active volume 
(15 em x 9.5 cm x 5 em) has been constructed 
for use at the 88~inch cyclotron. The device 
is a single gap chamber, with both the anode 
and cathode consisting of nickel mesh of 97%, 
optical transparency. The body is fabricated 
of Lueite (see Fig. 1). The rather stringent 
pulsed high-voltage requirements for successful 
operation of such a chamber (pulses of the order 

of 10-20 kV/cm and of duration ~10 ns) are 
provided by a three~stage Marx generator and 
pulse-forming network,l also fabricated on site. 

The JUPITER C-maqnet has been modified and 
lowered into Cave 5 0* the 88-inch cyclotron. 
The gap of the magnet was widened to 7" to 
accommodate the chamber, which will lie flat 
on the lower pole tip, and a mirror mounted at 

Fig. 1. Streamer chamber for the 88-inch cyclotron. Beam traverses 
chamber left to right; port at lower right (blanked off in photo) 
allows the forward angle trigger. (XBB 782-1905) 



an angle of 450 permitting the camera to record 
the events perpendicular to the curvature of 
the tracks, 

Events will be recorded on 35-mm film by 
a single Flight Research camera, The trigger 
initially will consist of a scintillator-phototube 
counter behind a forward angle port to look 
selectively at quasi-elastic and fra~nentation 
events. Ultimately the chamber will be run in 
a "hybrid" mode, where each event will be 
triggered by a signal from a standard 6E-E silicon 
telescope outside of the chamber, permitting 
isotope identification of the fraqment; for each 
frame exposed, a correspondinq event would be 
wrHten onto computer tape. Although internal 
targets are contemplated, first tests will be made 
simply with the Ne-He (90%-10%) volume gas as 
a target. Estimated rates are >10,000 events/day. 

Tests of the chamber with a 106Ru S- source 
have been performed and streamers of qood quality 
photoqraphed (see Fig. 2). 
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The possibilities of the chamber are exciting. 
Much beam development at the cyclotron has been 
devoted to extracting fully stripped beams of the 
lighter heavy ions with energies of 35 MeV/nucleon. 
Althouqh possibly too weak for normal ~Olid-state 
counter work (for example, 104/sec of 2C6+), 
the beam intensities are ideal for the streamer 
chamber which cannot be operated above 105-106 pps. 
Furthermore, such a 4n visual technique will 
orovide a powerful insight into reaction mechanisms 
at beam intensities above the Fermi energy and 
the speed of sound in nuclear matter. 
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RESPONSE OF SCINTlllATORS TO RELATIViSTIC HEAVY IONS" 

S.P. Ahlen and M.H. Salamon 

In addition to being of great interest to 
experimentalists from a wide range of disciplines 
for purely practical reasons, the investigation 
of the response of scintillators to radiation 
is of considerable interest insofar as it relates 
to solid state and polymer physics. For these 
reasons we have undertaken an extensive survey 
of the response of a large number of liquid, 
organic and i~organic scintillators to fast heavy 
particles with Z ~ 1, 10, 18 and 26. This is 

a continuation of research initiated with the 
calibration of a cosmic ray telescope. l 

In a period of six days, in the last week 
of April, 1978, we successfully exposed our samples 
to 600 MeV/amu 20Ne, 40Ar and 56Fe, each run 
lasting for 16 hours. The samples included pure 
polyvinyltoluene (PVT), various concentrations 
of p-terphenyl in PVT, pure liquid p-xylene, 
various concentrations of PPO in p-xylene and 



the commercial samples NEilD, Pilot S, Pilot 
Y, Pilot F, Pilot 425, UVT acrylic and Tl doped 
NaI. The UVT acrylic and Pilot 425 are Cerenkov 
radiators, their scintillation level being quite 
low. The energies of the beams were varied with 
the use of an automated lead absorber with a 
solid state detector serving to discriminate 
against charge changing nuclear interactions. 
Temporal drifts were corrected for with the use 
of an 241Am doped NaI crystal calibration light 
pulser. 

Preliminary analysis of the data has revealed 
the following results: 

a) Although many aspects of the scintillation 
light emitted by the commercial plastic samples 
(NEIlD, Pilot B, Pilot F and Pilot Y), such as 
efficiency to muons, decay time, absorption length, 
etc" are subject to wide variations, the relative 
scintillator saturation curves (i.e., the energy 
to light conversion efficiency as a function 
of projectile charge and velocity) are identical 
within an experimental error of several oercent. 

b) Negligible variation of the shape of 
the saturation curves was observed as the fluor 
concentration was varied. This rules out fluor 
depletion models for scintillator saturation. 

c) For a given energy loss, the light output 
increases with increasing charoe. For 6E ~ 2 GeV, 

252 

Fe output is 30% greater than Ar output which 
in turn is 50% greater than Ne output. This 
indicates the importance of the role of high 
energy delta rays in determining the scintillation 
efficiency. 

d) The conversion efficiency for scintillation 
in Pilot 425 is not saturated in going from Ne 
to Fe. 

e) When viewed with quartz phototubes, the 
Cerenkov light output of UVT acrvlic is essentially 
the same as for Pi lot 425 with a reduction by 
a factor of 2 of the scintillation level. This 
renders UVT acrylic a superior near-threshold 
particle speedometer. 

More detailed analysis is currently in 
progress. 

Footnote and Reference 

*Presented at the 26th Annual Meeting of the 
Radiation Research Society. Toronto, 14 May 1978. 

1. S. P. Ahlen, B. G. Cartwright and G. Tarle, 
Nucl. Instr. and Methods 147, 321 (1977). 

A NUCLEAR-TRACK-RECORDING POLYMER OF UNIQUE SENSITIVITY AND RESOLUTION" 

8.G. Cartwright,t E.K. Shirk) and p.e. Price 

Nuclear-track-recording solids, in which 
tracks can be enlarged to visible size by chemical 
etching, can be used to identify energetic nuclear 
particles, because the rate of growth of the 
conical etch pit that develops at the intersection 
of the particle's trajectory and the surface 
is an increasing function of the rate of energ'y 
loss of the particle. The track etch rate is, 
in principle, nearly immune to the energy loss 
statistics that plague all other charged particle 
detectors, because it is controlled by the energy 
density deposited within a few tens of Angstroms 
of the center of the particle trajectory. An 
etched detector suffers only negligible fluctua
tions in response resulting from delta-ray 
generation and ought to provide the greatest 
resolution of any charged particle detection system 
yet developed. In practice, non-uniformities 
and inhomogeneities such as crystalline regions 
in the track-recording solids now being used 
(Lexan being the prime example) prevent their 
theoretical resolution from being attained. 

Through a logical chain of reasoning 
developed in a recent paper, we have discovered 

that diethylene glycol bis(allyl carbonate), 
a thermosetting polymer known commercially as 
CR-39, records tracks that can be etched in NaOH 
solutions, as can tracks in Lexan, but is superior 
in three aspects: a) It has the highest sensitivity 
of any track-recording solid. Figure 1 compares 
the response of CR-39 and of Lexan. The half
angle of the cone-shaped etch pit is 8 = arc 
sin (VB/VT). Figure 2 shows that 42 MeV 3He 
particles at normal incidence clearly record 
tracks in CR-39. b) It has potentially the highest 
resolution of any track-recording solid. Figures 
3 and 4 show examples of the resolution of CR-39 
under ideal conditions (monoenergetic beams at 
normal incidence in a small area). c) As the 
figures show, the optical clarity and contrast 
are superb, making automated image recognition and 
track parameter measurement feasible. 

Commercially available sheets of CR-39 are 
generally extremely uniform in chemical reactivity 
in the plane of the sheet but vary with depth 
from a maximum at either surface to a flat minimum 
in the interior. For low-energy particles that 
do not penetrate deeply this may not be a problem, 
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Fig. 1. Response of CR-39 and of Lexan as a 
function of the ratio of charge to velocity, 
Z/S. The response is defined as ratio of track 

253 

etch rate to bulk etch rate. The higher sensivitity 
of CR-39 is obvious. (XBL 787-1278) 

but for applications of interest to us, such 
as the resolution of isotopes of energetic heavy 
nuclei, presently available sheets have disadvan
tages. We have begun to make our own sheets, 
with the goal of eliminating any depth dependence 
of the response. Results are encouraging. 

Fig. 2. Etch pits of 'V42 MeV 3He particles 
(Z/B -10) illustrating the high sensitivity of 
CR-39. 

(XBB 787-8344) 

The measurements of etch pit area in Fig. 4 
were made with a vidicon camera that scanned 
a field of view and summed the number of pixels 
darker than a predetermined gray level. We are 
developing a semi-automatic scanning and measuring 
system that wi 11 eventually greatly speed up 
the rate of data acquisition with CR-39 detectors. 
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Fig. 3. Comparison of the etch pits of 12C ions (left) and 
l4N ions (right) in CR-39. At top they both have energies 
of 32 MeVjamu. At bottom they have passed through a 1.5-mm 
sheet of CR-39. Their clarity and contrast make automated 
measurements with a vidicon camera possible (see Fig. 4). 

(XBB 787-8345) 
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Fig. 4. Measurements of etch pit areas for 
events such as shown in Fig. 3, illustrating 
the high resolution of CR-39, 

Footnotes 

*Based in part on Nuclear Instruments and Methods 
~, 457 (1978). 

(XBL 7810-11752) 
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ISOTOPE SHIFTS IN THE GROUND STATE OF SHALLOW, HYDROGENIC CENTERS IN 
PURE GERMANIUM'" 

E.E. Haller 

Using photoelectric spectroscopy,l we have 
investigated a previously unexplained shallow 
donor D and a shallow acceptor A2 in ultra-pure 
germanium, These shallow centers exhibit isotope 
shifts in their ground states when the germanium 
host crystal is grown in a pure deuterium atmosphere 
instead of the usual pure hydrogen atmosphere, 
This is the first time that an electronic isotope 
shift of shallow centers in semiconductors has 
been observed. 

Ultra-pure germanium single crystals grown 
in our laboratory were investigated, We estimate 
hydrogen concentrations of 1013_1014 cm-3 in 
the final crystal, 

In addition to the known chemical residual 
impurities, a number of centers producing shallow 
energy levels have been discovered,2 One acceptor 
(A2) and one donor (D) are of special interest 
because we are able to link them to the presence 
of hydrogen in the Ge crystals, 



The ground state energy of theA centers AZ 
and 0 have been determined to be Eg~ = 
11.31 MeV and E~s = 12.34 MeV.2 By growing 
several crystals-in a pure deuterium atmosphere 
«0,03% H2), we were able to demonstrate a large 
isotope shift in the ground state binding energies 
of both A2 and D-, The upper spectrum in Fig, 1 
was obtained with a rapidly quenched sample of 
the hYdro1en containin9 crystal No, 497-5.5, 
This samp e is p-type (NA - NO'" 1010 cm- 3) and 
all the acceptor related lines are positive while 
the donor lines have opposite polarity, The 
lower spectrum has been obtained with a deuterium 
containing sample from crystal No. 519-4,0, 
The residual chemical impurities make this crystal 
n-type (NO - NA ~ 1010 cm- 3) which is the reason 
that negative lines are produced by acceptors 
and positive lines by donors. The set of lines 
due to the donor 0 exhib·it perfect "hydrogenic" 
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spacing and are shifted towards lower energies 
in the lower spectrum by ~E~s = -51 ~ 3 weV, 
This corresponds to a shift of the ground state 
closer to the bottom of the conduction band. 
An opposA~e shift away from the top of the valence 
bands ~Eg5 = 21 ~ 3weV has been found for 
the acceptor A2. 

The isotope shift in the ground state of 
A2 and of 0 is a direct proof for the presence 
of hydrogen in these two centers, 

Taking into account the recent observations, 
we propose that the centers A2 and 0 are complexes 
of hydrogen and other electrically nonactive 
impurities (the most likely candidate being oxygen). 
We cannot exclude the possibility that the donor 
o is due to atomic hydrogen in which case the 
"deep" donor model would have to be revised, 

1
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Fig. 1. Photoelectric spectra of hydrogen grown, p-type sample 
497-5.5 (H2) and deuterium grown, n-type sample 519-4.0 (02). 
Temgerature T = B.ooK; Al = aluminum, B = ~o5on, P = phosphorous, 
OH, = hydrogen, deuterium related donor A2' = hydrogen, deuterium 
related acceptor. The notation of Jones and Fisher3 was used for 
the acceptor lines (B, Al). 
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ZONE REFiNING HIGH-PURITY GERMANIUM" 

G,S, Hubbard, E,E, Haller, and W,L, Hansen 

High purity (INA - Nol";;:; 2 x 1010 cm- 3) 
single crystal germanium suitable for large volume 
radiation detectors has been producid in several 
laboratories for a number of years.-,2 Once 
it was demonstrated by Haller et al. 3 that the 
zone refined germanium was the source of all 
but one (P) of the impurities found in these 
crystals, a program to investigate the zone
refining process was begun. 

The zone-refining process for germanium 
as described by Pfann and others in the 1950's4,5 
depends for its effectiveness on the nature of 
the equilibrium between the solid and liquid 
phases of germanium in which impurities are 
dissolved. This relationship is usually expressed 
as the segregation or distribution coefficient k; 
a ratio between the impurity concentration in 
the solid phase to that in the liquid. 

Evidence provided by zone refining and crystal 
growth has led us to construct a model of impurity 
behavior which involves binary and ternary complexes 
of silicon, oxygen, boron, and aluminum. 

In Fig. 1, the total concentration of aluminum 
or boron in a melt or zone is considered to be 
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Fig. 1. Our tentative qualitative model of the 
effect of silicon and oxygen on aluminum and 
boron is shown. In Region I where silicon is 
dominant, the impurities segregate. Region II 
represents the conditions of crystal growth from 
quartz and silica zone refining. In Region III, 
oxygen is dominant and electrically active 
impurities segregate. As the amount of oxygen 
increases, more impurities become electrically 
inactive (Al-O, B-O). 

(XBL 7710-10058) 

constant. The material in contact with the 
germanium is not directly relevant; although, 
as we shall see, each container considered may 
be represented by one of the regions. 

Region I is characterized by an increasing 
silicon concentration and low oxygen concentration. 
At even very high silicon concentrations, normal 
segregation of aluminum and boron occurs and 
almost all of the aluminum and boron is electrically 
active. In Region III, the concentration of 
silicon is low and the amount of oxygen increases. 
Here the behav-ior of aluminum and boron 'is more 
complex, but in general the electrically active 
impurities still segregate normally. At very 
high concentrations of oxygen, B and Al completely 
disappear due to the creation of electrically in
active Al-O, B-O complexes. This was demonstrated 
by the work of Edwards. 6 At intermediate levels 
of oxygen, both electrically active and inactive 
impurities exist. The electrically active form 
segregates normally, whereas the electrically 
inactive impurity-oxygen complex seems to have 
k ~ 1. Most high-purity germanium crystals are 
grown under the conditions of Region II. In 
this region, silicon and oxygen are present in 
approximately equal quantities, creating Si-O-
(Al, B) complexes. Electrically active aluminum 
does not segregate and a large fraction of aluminum 
is in the form of electrically inactive complexes. 
Boron is largely gettered by complex formation. 

One realization of this model of complex 
formation has been the use of silica smoke as 
a boat coating. Made by burning silane, the smoke 
consisted of Si and SixOy. Most likely the SilO 
ratio is slightly in favor of the silicon, i.e., 
the impurity behavior should be in Region II 
but nearer the x-axis and Region I. 

Figure 2 shows a cast ingot (174) of intrinsic 
grade commercial germanium refined in a silica 
smoke~coated quartz boat for five zone passes. 
After removing the ingot and measuring the 
concentration it was etched, exposing a new 
surface. The ingot was returned to the same 
coating for five more passes and a further reduc
tion of 2.5 in impurity concentration was achieved 
(Ingot 175). Ingot 179 was also a cast ingot 
of 40 ~-cm germanium refined for five passes. 
The ingot was carefully removed but not etched 
and only the silica smoke coating replaced. 
By moving the position of zone start, enough 
of the initially refined germanium could be 
preserved to determine the profile after the 
first five passes. The balance of the ingot, 
unetched but in contact with a fresh coating. 
exhibited a dramatic five-fold drop in impurity 
concentration. Taken together, these two 
experiments demonstrate that a vigorous gettering 
by complex formation occurred at the germanium/ 
silica coating interface. No change in the shape 
of the impurity profile was noted, as would be 
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Fig. 2. All ingots are single crystals. () and both represent net acceptors. 
Ingot 179 was given five passes in a silica smoked boat, removed, the silica 
replaced and given five more passes from 20 cm to the end. Ingot 174 was given five 
passes in a silica smoked boat, removed, analyzed, etched, and replaced into the 
same silica coating. After five more passes, the ingot, now called 175, was 
removed and measured to the point where poor crystallography began to disturb the 
measurement. 

the case with segregation, but etching the ingot 
and replacing the silica coating effected large 
reductions in the impurity concentration, 

Using this gettering action, one can 
consistently produce germanium of sufficiently 
high purity for detector grade crystals to be 
made in a single pull, If one begins with 
intrinsic grade germanium, the process requires 
two separate refinings in which the ingot is 
etched and the silica coatings replaced. A final 
equilibrium between electrically active and 
complexed impurities appears to be established 
at a measured impurity concentration of 1 to 
4 x 101U cm-3, As a result more etching and 
new coatings do not further improve the impurity , 
concentration. If the ingot has been first refined 
in a graphite or pyrolitic carbon/carbon smoke 
environment, a subsequent refining in silica 
smoke usually removes the boron easily in a few 
passes. 

A qualitat'ive model (Fig, 1) involving ternary 
and binary complexes of silicon, oxygen, boron, 
and aluminum has been presented to account for 
most of the behavior of the impurities observed 
during single crystal growth and zone refining 
of high purity germanium. At least four different 

(XBL 7710-10062) 

methods of refining commercial 40 Q-cm germanium 
to sufficient purity for detector grade single 
crystals have been found: 

a) Refining in a sol id graphite boat followed 
by refining with amorphous carbon smoke 
on quartz. 

b) Pyrolitic carbon/carbon smoke refining 
followed by silica smoke refining, 

c) Silica smoke refining repeated. 

d) Pyrolitic carbon/silica smoke refining 
alone, 

Further areas for investigation involve reducing 
the oxygen content during refining so that higher 
levels of purity can be reached, and attempting 
to understand the nature of the new acceptors 
that have appeared in both zone-refined and 
single-crystal material, We feel that the 
understanding of high-purity germanium is now 
at the point where the consistent production 
of large amounts is feasible, 
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A NEW METHOD TO DETERMINE THE CHEMICAL COMPOSITION AND STRUCTURE OF 
NON-ELEMENTAL ACCEPTOR AND DONOR CENTERS IN ULTRA-PURE GERMANIUM 

E.E. Haller 

A new approach towards the understanding 
of hitherto unknown, non-elemental acceptors 
and donors that can limit the purity of ultra
pure germanium has been explored for a specific 
pair of shallow centers, designated A2 and D. 
Using photoelectric spectroscopy, we have 
demonstrated that an isotope shift in the ground
state binding energy occurs when the germanium 
crystals are grown in pure deuterium instead 
of in the usual pure hydrogen atmosphere. This 
isotope shift is the most direct proof of the 
presence of hydrogen atoms in the centers A2 
and D. Applying uniaxial stress to Ge samples 
containing A2 and D, we show that the symmetry 
and structure of the centers can be explored. 
The knowledge of the chemical composition and 
the structure of the non-elemental centers will 
allow development of methods to reduce and keep 
their concentrations to acceptable levels. 

In pure germanium the donor ground state 
is fourfold degenerate. The continuum corresponds 
to the four conduction band minimas along the 
<111> directions. The presence of a donor "core" 
splits the fourfold degenerate ground state into 
a triplet (T) and a singlet (S) state. The energy 
difference is called chemical split 4~. However, 
all the bound excited states remain fourfold 
degenerate. If a uniaxial stress is applied to 
the germanium crystal, the energies of the band 
edges and of the ground and excited states are 
changed. The four-fold lattice symmetry is broken 
and this affects the degeneracy of the donor 
states in the way illustrated in Fig. 1. The 
spectrum of the hydrogen related donor 0 does 
not follow the pattern described above. From 
spectra recorded at various values of stress 
(Fig. 2), we obtained the situation displayed 
in Fig. 3. The position of the lines does not 
change at all under stress. At a stress of 
2.1 x 108 dyn cm-2 (0.981 x 106 dyn = 1 kg force) 
the intensity of the lines reduces rapidly and 
a new set of lines appear at 2.7 MeV lower energy, 
No further changes occur up to very large stresses. 

Using the A2/D pair as an example, we have 
demonstrated that isotope effects and uniaxial 
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Fig. 1. Dependence of the energies of the grouno
and excited-states and the conduction band minima 
(valleys) on uniaxial compression applied along 
the 11111 direction. Whereas the four valleys 
and the excited states show perfectly linear 
dependences, the ground-state components exhibit 
quadratic terms resulting in changes in energy 
differences between ground- and excited-states. 
These changes cause the shift of the lines in 
photoelectric spectra under uniaxial compression. 
At the temperatures used in photoelectric spectro
scopy (-70K) only the lowest lying S-state is 
populated. 

(XBL 7710-10009) 
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Fig. 2. Spectra of Ge-samples 405-5,0 recorded 
for three uniaxial stress values. The phosphorous 
spectra mov~ to lower energies as illustrated 
in Fig, 1, The hydrogen-related donor D spectra 
exhibit two sets of exceptionally sharp lines 
which do not move but which change their inten
sities, Around 2,1 x 108 dyn cm- 2 the ground state 
components cross and produce some interferences 
which result in a line splitting, 

(XBL 7710-6740A) 

stress can be successfully used to determine 
composition and structure of unknown acceptor and 
donor centers in germanium. The same technique 
will be applied to other unknown centers and 
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Fig, 3, Dependence of the energies of the ground
state components of the hydrogen related donor 
o on uniaxial compression along the [111] direction. 
The excited states and the <111> valleys are the 
same as in Fig, 1, Contrary to elemental substitu
tional donors the lines of the 0 spectrum do 
not move under uniaxial compression but their 
intensity drops rapidly around 2,1 x 108 dyn 
cm- 2. A new set of lines appears at 2.7 MeV 
lower energies, This behavior is explained by 
a crossing of two singlet states (5), A doublet 
(D) or two more singlet (5) components of the 
ground state must exist close to the conduction 
band minima, but they cannot be populated and 
are therefore not observed at the temperatures 
used, 

(XBL 7710-10008) 

also the case of lithium which has not been solved 
satisfactorily up to the present time, 

THE LITHiUM~O:XYGEN DONOR IN GERMANIUM: A DYNAMIC JAHN~TELLER SYSTEM" 

E.E. Haller and L.M. Falicovt 

Lithium is a fast diffusing, interstitial, 
shallow donor in germanium,l Lithium ions can 
get trapped in the Ge-lattice at low energy sites, 
e,g" acceptors,2 point defects,3 oxygen impurities, 
etc. The Li-O complex is, as lithium itself, a 
shallow donor and is used in the lithium precipita-

tion technique to determine the oxygen concentration 
in germanium crystals. 4 

We have investigated the Li-O donor system 
using electron paramagnetic resonance (EPR) and 
high-resolution photoelectric5 piezospectroscopy, 
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Fig. 1. Photoelectric spectrum of the Li-O donor 
in Ge at T " 6.5 K. (Lower figure) At zero 
stress. (Upper figure) At a stress of 
1,5 x 109 dyn cm- 2 applied along the <111> axis. 

(XBL 7810-11902) 

The EPR measurements were performed with cylindrical 
samples acting as a dielectric microwave cavity 
with high Q (axis along (110»). The EPR spectrum 
shows four resonances which are magnetic-field
direction dependent. The dependence is very 
similar to the one reported6 for the antimony 
donor in Ge. We find go = 0.85 ! 0.05 and g1 " 
1.91 + 0.03. It follows that the Li-O donors 
have a symmetry axis along a (111) direction. 

Photoelectric spectroscopy was performed 
using a Far Infrared Michelson Interferometer 
with a resolution of 8 ~eV. 

Two typical spectra obtained at T = 6.5 K 
are displayed in Fig. l(a) and (b). The lines 
observed below the photoconductivity continuum 
are due to transition of an electron from the 
ground state manifold of the Li-O donor system 
to an excited state and subsequent promotion 
into the conduction band via absorption of a 
phonon. 

The analysis of our data is based on the 
following observations: 
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The EPR experiment indicates four different 
but equivalent real-space orientations of the 
Li-O complex donor, all along <111) axes. 

The experimental observation Figure 1 (b) 
shows unequivocally a singlet-doublet-singlet 
structure. Such a structure can only appear 
if the various equivalent orientations of the 
Li-O complex are coupled, i.e., there is tunnelin~ 
between any two of the four equivalent or'ienta
tions. 

Under these circumstances one can write 
a 16 x 16 parameterized matrix which describes 
the ground state manifold. 

The symmetry analysis of the matrix is 
straightforward and yields three representatives 
(fl-singlet, f2-singlet and f3-doublet) for 
arbitrary stress, and five representations 
(singlets Yl and Y2, doublet Y3 and triplets 
Y4 and Y5) for the 2=0 case. 

In conclusion we have observed by photelectric 
spectroscopy and for the first time an electronic 
effect which is caused by the dynamic Jahn-Teller 
tunneling of the nuclei of Li-O, a diatomic donor 
complex in a very pure semiconductor. 

This tunneling effect gives rise to a fairly 
complex spectrum, which in itself explains most 
of the puzzling features discussed in previous 
papers and eliminates the discrepancies often 
encountered in interpreting the optical data of 
the Li and Li-O donors in Ge. 
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AN INTERACTiVE COMPUTERIZED SYSTEM FOR THE OF GAMMA RAY SPECTRA 
FROM HEAVY iON NUCLEAR REACTIONS'" 

D.J. Morrissey, R.J. Otto, D. Lee, J.O. Liljenzin,t I. Binder,t M.M. Fowler,t W. Loveland,§ and G.T. Seaborg 

Gamma-ray spectrometric methods have been 
developed to deduce mass yield distributions for 
heavy-ion induced nuclear reactions at incident 
particle energies ranging from 5.0 MeV/A to 
8.5 MeV/A and 0.4 to 2.1 GeV/A. These nuclear 
reactions produce radioactive, gamma-ray emitting 
nuclides that cover the entire chart of the 
nuclides. In a single heavy ion reaction, such 
as -960 MeV 136Xe + 238U (Ref. 1) or 25,2 GeV 
12C' + 238U (Ref. 2) over 100 neutron-excessive 

7
and neutron-deficient nuclides ranging from 

Be to 238Np were produced and identified by 
their characteristic gamma-ray transitions between 
40 keV and 2 MeV from spectrometric measurements 
of the target. 

The object of the analysis is to translate 
the complicated gamma-ray spectra into a data 
set consisting of the partial cumulative and 
independent yield production cross sections from 
which isobaric mass yield distributions can be 
deduced. 

The gamma-ray spectra are automatically 
recorded onto magnetic tape along with the start 
and stop times of the measurement and an alpha
numeric tag. A typical gamma-ray spectrum is 
shown in Fig. 1. The identification and analysis 
of photopeaks in the spectra is done with a modified 
version of the program SAMPO,3 The modified 
automatic mode of this program, which was written 
for the CDC machine at Lawrence Berkeley Laboratory, 
has proved to be very successful, Desirable 
features that are built into this code include 
exact, energy-dependent calibration of the detector 
efficiency, polynomial energy calibrations, and 
particularly energy-dependent peak line shape 
calibration, The count rates for each identified 
peak. corrected for efficiency, are output on 
magnetic tape in blocks that are labeled with 
the spectrum tag and the time from the end of 
bombardment to the midpoint of the measurement, 

After the SAMPO analysis is complete, the 
next step is to sort the observed gamma-ray peak 
areas so that decay curves can be constructed for 
each gamma ray, The code TAUl was written to 
perform this sorting, The code starts with the 
magnetic tape output from SAMPO and searches 
first on the spectrum identification tag and 
then on gamma-ray energy, Throughout the analysis 
the chronological order of the original measure
ment schedule is preserved, Thusi the SAMPO 
analysis is performed on spectra in chronological 
order, which TAUl preserves, thereby eliminating 
the need for any chronologic sorting in TAU1. 
The code is able to collect the data from up 
to 40 spectra for each of 10 samples, The code 
then generates a new magnetic tape as output 
that contains the gamma-ray intensities sorted 
by energy for each of the samples, The code 
also provides a printed output of all the accepted 
gamma rays for each sample along with the results 
of the least-square estimate of the half-life 

and the identity of the spectrum in which the 
gamma ray was observed, 
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Fig, 1, Typical grunma-ray spectrum observed 
in this work, A gold target was irradiated with 
1140-MeV 136Xe ions and the gamma radiation 
measured directly with a range of 75 to 2000 
keV in a 4096 channel spectrum, 

(XBL 776-8998) 



The next stage of the analysis is to bring 
the measured decay curves for each gamma ray 
together wi th a comp il at i on of the known gamma
ray transitions in order to identify the radio
nuclides present in the sample. For this task 
we have written the computer code TAU2, which 
is an interactive decay-curves analysis program 
that constructs decay curves and also presents 
relevant data on the 20 nearest known gamma-ray 
transitions to facilitate the identification. 
The code has been designed to run on the CDC-
6000 series machines at LBL with a Tektronix 
4014 terminal. Input data for this code are 
the sorted gamma-ray data from TAUI and a listing 
of the updated abridged compilation of Binder 
et al. 4 of the MacMurdo-Bowman gamma-ray tables,5 
both on magnetic tape. The code begins with 
the lowest energy gamma ray observed in the first 
sample and plots a semi-logarithmic decay curve 
(time unit of days) on the CRT of the terminal. 
S<imultaneously, the code searches the gamma-ray 
table for a known gamma-ray transition nearest 
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to the average measured gamma-ray energy. Finding 
the closest known gamma ray, the code presents 
the energy, isotope, half-life, relative intensity, 
and parents (if any) for the 20 gamma rays nearest 
to the measured energy. A typical display is 
shown in Fig. 2. The operator is then able to 
choose any single known line or combination of 
known lines to be least-squares fitted to the 
measured decay curve, or arbitrary half-lives 
may be fit to the data. When an acceptable 
identification of the decay curve has been made 
by the operator, the graphical display is recorded 
on microfiche; the AO value, along with its error, 
energy, and radionuclide identification, is output 
on a punched card. This AO value has the units 
of decays per minute corrected for the abundance 
of the gamma-ray transition and the branching 
ratio of the parent nuclide when necessary. 
Nuclear reaction cross sections are calculated 
on weighted average of all the observed gamma 
rays for each product nuclide after the identifica
tions have been screened for duplicate or erroneous 
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Fig. 2. Graphics terminal display showing the fit of two components 
(solid lines) to the measured decay curve of a 604.4-keV gamma ray 
(open circles). The ordinate ;s the logarithm of the count rate and 
the abscissa the time after the end of bombardment in days. Also shown 
on the CRT display are 20 gamma rays that are nearest in energ<y to the 
measured 604.4 keV from the Binder et al. gamma-ray catalogue.~ These 
entries, numbered 1 to 20, contain information on the energy, chemical 
property, 'j sotope, ha If- 1 He in days, percent abundance of the trans iti on. 
and chemical symbol of the parents, if any. (XBL 776-8887) 



identifications and for self consistency, Once 
a set of partial cumulative and independent yield 
cross sections has been obtained, an iterative 
procedure is used to deduce the mass and charge 
distribution for the nuclear reaction under study, 

We believe that the analysis system we have 
described represents a relatively unique combina
tion of analytical methods and programs for the 
analysis of complex gamma-ray spectra, Because 
this system requires no prior knowledge of which 
radionuclides are contributing to the spectra, 
we hope that it may be applicable to a broad 
range of problems in the field of activation 
analysis and gamma-ray spectroscopy, Most 
important to this analysis system is the interac
tive graphics display program, which makes it 
possible to identify reaction products based on 
their half-lives and known gamma-ray transitions, 
Although this interactive program is presently 
run on a CDC 6000 machine with a Tektronix 4014 
terminal, it could be easily adapted to a smaller 
computer such as the PDP 11, 

Footnotes and References 

*Condensed from LBL-7199, 
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HEAVY ION SPECTROMETER SYSTEM-CONCEPTUAL DESIGN REPORT" 

P.J. Lindstrom, F. Bieser,t R. Wolgast, C. McParland, H. Crawford,t and D. Rothfuss 

The document summarized here describes in 
detail the Heavy Ion Spectrometer System (HISS), 
which is designed as a multi-user facility to 
allow many different types of multiparticle 
experiments to be performed with minimum overhead, 

The heart of the HISS facility ;s a large 
superconducting dipole magnet described to . 
accommodate experiments that require good momentum 
and spatial resolution and a large solid angle. 
The basic magnet will be augmented by a versatile, 
automated beam preparation system, a powerful 
computer for experiment control, data taking, 
and on-line interactive monitoring, and a large 
cave and staging area to facilitate resource 
sharing, HISS will thus provide many of the 
major components essential to performing the new 
generation of high-energy heavy-ion multiparticle 
experiments, 

The HISS facility will provide the basic 
workbench around which experiments can be 
performed and the structure necessary to coordinate 
resources for sophisticated experiments, Adequate 
manpower will be provided to help interface the 
user with the spectrometer system, A number 
of experimental groups within the Nuclear Science 
Division at LBL plan programs at HISS. which 
will make a wide-ranging pool of expertise 
available to the outside user, 

The equipment used in the HISS project 
includes the following: 

a) The superconducting dipole magnet, which 
has pole tips 2 m in diameter, with a 1-m gap, 
and a maximum central field of 3 T, The magnet 
yoke is of a window-frame type. mounted on a 
rotatable base, The magnet parameters are shown 
in Table 1-

b) A large VAX 11/780 computer, which forms 
a fast back-end analysis system to couple to 
existing front-end data collection systems, 
Experimenter-oriented software will include a 
versatile graphics package and a real-time multiple 
trajectory ray tracing package, 

c) An automated beam transport system 
consisting of tvlO beam 1 ines to allow multiple 
experimental setups. This system can deliver 
clean secondary beams to a number of different 
focal positions, 

d) A large cave area with sufficient 
radiation shielding to accommodate high-intensity 
beams and floor space for multiple experiment 
staging (see Fig, 1), 

e) Beam-line, dipole, and cave area controls 
and monitor equipment, 
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Table 1. Magnet parameters (Ref. Dwg. 18H7966). 

Central field: 

Field in coil region: 

Pole Diameter: 

Magnet Gap: 

Yoke: 

3 T max., dc 

4 T max, 

2 m (83 in.) 

1 m at 3 T 
0.3 m (12 in,) 
at 3.6 T--obtained 
by adding pole 
pieces. 

Window-frame type, 
total steel weight 
511 tons (University 
of Michigan cyclotron 
steel at 300 tons, 
plus added yoke 
pieces) . 

Unobstructed azimuthal angle: 1100 at the front 
and at the back. 

Coil: Superconducting 
Nb-Ti in copper 
matrix, 4,4oK, 
4.6 x 106 ampere
turns two circular 
coil s each wi th 
a cross section 
33 cm radially 
by 30 cm axially, 
overall current 
density may be 
as lQW as 2400 
A/cmt::. 

Magnet energy: 50 MJ at 3 T, 40-in, 
gap, 

Mounting: Rotatable base 

Table 2. HISS Cost Summary. 

Engineering 
(Design liaison, engineering) 

Tech management and administration 

Construction costs 
Magnet 
Facility Implementation 
U. Mich. cyclotron iron 

at crane hook 

Contingency 
(10% of engineering and 

construction costs) 

Total estimated cost 

$ 172,000 

1,073,000 
482,000 

173,000 

$1,900,000 

The project will take 19 months to complete, 
Approximately 67% of the construction costs for 
this project will be spent for outside fabrication 
or purchase and 33% for use of LBL facilities, 
The project is expected to utilize 3.6 man years 
of engineering and 10 man years of fabrication, 
installation, and testing--all provided by LBL 
personnel, The manpower effort is distributed 
among the various LBL facilities and is expected 
to have only a modest impact on LBL staffing, 

The total cost of the HISS project is 
summarized in Table 2, The facility will be 
operational in early 1980, 

Footnotes 

*Condensed from LBL publication PUB-5004, 

tSpace Sciences Laboratory, University of 
California, Berkeley, California 94720, 

EVIDENCE AGAINST COPIOUS THRESHOLD PION PRODUCTION IN 
HEAVY ION COLLISIONS" 

P.J. Lindstrom, H.J. Crawford,t D.E. Greiner, R. Hagstrom, and H.H. Heckman 

In a recent publication, McNulty et al,l 
reported a charged-pion multiplicity of 2,1 pions/ 
interact1an in the reactions of 280-100 MeV/ 
nucleon 2 Ne in Ilford G,5 nuclear emulsion, 
Bertsch2 has made a theoretical calculation of 
the Charged-pion multiplicity expected in nucleus
nucleus collisions based on an independent particle 
model, which includes the effects of Fermi motion; 
his model predicts a pion multipliCity less than 
2% of that claimed by McNulty et al, Thus, if 
the multiplicity of 2,1 pions/interaction were 
true, it would represent strong evidence for 

the existence of a new cooperative effect in 
nuclear interactions, We have attempted to verify 
this result, but find that in the region we scanned 
the stopping pion multiplicity, at the 95% 
confidence level, is less than 0.06 of that 
claimed by McNulty et al, We shall show that the 
discrepancy can be resolved since the results of 
McNulty et al. 1 were based on a misidentification 
of fast protons as pions, 

We were able to check their experimental 
results directly because we have on hand a stack 
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F'ig. 1. Blob density vs. the product of momentum and velocity presented as Fig. 1 in 
McNulty et al. l Tracks identified by inspection as light tracks (pions) are represented 
as open circ'les and gray tracks (protons) by closed circles. As discussed in the text, 
values of p quoted here must be considered unreliable. 

of Ilford G.5 nuclear emulsion which had been 
exposed to 230 MeV/nucleon 20Ne at the Bevalac. 
We checked the results of McNulty et al. by area 
scanning for stopping charged pions. Based on 
the pion production frequency as a function of 
20Ne energy, the pion energy spectrum, and the 
pion angular distribution claimed by M~Nulty 
et al.,I,3 as well as on our measured ONe beam 
profile, we calculated the stopping pion density 
as a function of distance into our emulsion stack. 

We scanned for stopping pions and muons 
over a volume of I cm3• We should have seen ~ 50 
stopping pions, according to our calculations 
using the data of McNulty et al., but in~tead 
we found no pions that traced back to a ONe 
interaction. Because our scanning efficiency for 
stopping pions is above 90%, we can confidently 
state that the pion multiplicity, in the region 
of pion kinetic energies near 65 MeV, is consistent 
with zero and is, at the 95% confidence level, 
less than 0.06 of that claimed by McNulty et al, 

To obtain a positive identification of the 
light tracks which McNulty et al. claim are pions, 
we quantitatively matched the types of tracks 
seen in the two experiments. We verified their 
event topology by scanning along a strio in our 
emulsion at a depth corresponding to a LONe energy 
of 220 MeV/nucleon and analyzing the first 14 
events we found. The light tracks in our emulsion 
are virtually identical to the light tracks McNulty 
et al. identified as pions. 

From the calibration of our emulsion we 
can calculate the blob density for any particle 
of charge Z and velocity S. We find that any 
proton with energy greater than 100 MeV will 

(XBL 778-2538) 

give a blob density corresponding to a light 
track, that is, less than 40 blobs/IOO ym. 
We also know that any proton emitted from a 20Ne 
interaction with an energy less than 200 MeV 
(-31 blobs/lOO ym) will stop in our emulsion. 
We returned to the 20Ne events and found 10 light 
tracks whose blob densities were between 31 and 
40 blobs/lOO ym. The secondary tracks we followed 
from the 20Ne interactions had blob densities 
indicating that they were caused by protons. 
If they were the tracks of pions their ranges 
would be -1,5 cm; if they were the tracks of 
protons or heavier particles, their ranges would 
be -10 cm or greater. None of these tracks were 
those of pions; all were consistent with protons 
or heavier, Therefore, most tracks classified 
as light tracks (and hence as pions in Ref, 1) 
were actually caused by protons. 

In the work of McNulty et al., both the 
pion energy spectrum and the verification that 
light tracks were pions were extracted from their 
Fig. 1, which is reproduced here as Fig. 1. 
Both axes in Fig. 1 (the blob density, B, a 
function of velocity and charge, and the multiple
scattering parameter, ppc/Z = momentum x velocity/ 
charge) represent experimental measurements by 
McNultyet al. Their pion identification was 
extracted from Fig. I by noting that the gray 
and light tracks form distinct bands and the 
light track band is far from the computed curve 
of B versus pS for protons, and is near the pion 
curve. 

We must explain the bimodal nature of their 
data to completely resolve the conflicting results. 
The low correlation between pp and ionization 
measurements shown in Fig. 1, the failure of 
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these data to predict our stopping pion density, 
and our observation that the bulk of the light 
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tracks are protons lead us to examine the informa
tion contained in the blob density distribution 
alone. The bimodal feature of Fig. 1 is contained 
in the blob density distribution alone. If we 
assume that all the tracks are protons, we can 
convert the blob density distribution into a 
proton energy spectrum, as shown in Fig. 2. 
This conversion is done by using standard nuclear 
emulsion relations and the emulsion calibration 
values given in Ref. l--minimum grain density 
gmin ~ 18.5 grains/IOO ym and mean grain diameter, 
a = 0.6-0.7 ym. The low blob density events convert 
into a shoulder in the proton energy spectrum 
between 100 and 300 MeV, as shown in Fig. 2. 
Thus, the light tracks are compatible with beam 
velocity protons (fragments of the projectile), 
The bimodal feature of the blob density distribution 
is a consequence of the nonlinear relation between 
blob density and proton kinetic energy in nuclear 
emulsion. 

Footnotes and References 

*Condensed from Phys, Rev. Lett. 40, 93 (1978). 

tSpace Sciences Laboratory, University of California, 
Berkeley, California 94720. 

L P. J, McNulty, G. E. Farrell, R. C. Filz, 
W. Schimmerling, and K. G, Vosburgh, Phys, Rev. 
Lett. 38, 1519 (1977). 

2, G. F. Bertsch, Phys. Rev. C~, 713 (1977). 

3. p, J. McNulty, private communication: pion 
angular distribution. 
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ATOMIC X~RAY PRODUCTION BY RELATIVISTIC HEAVY IONS 

John G, Ioannou 

(L.BL-7133) 

The interaction of heavy-ion projectiles with the electrons of target atoms gives rise to the produc
tion of K-, L- or higher shell vacancies in the target, which are in turn followed by the emission of . 
characteristic x rays. The calculation of the theoretical value of the K- and k-shell vacancy productlon 
cross section has been carried out for heavy-ion projectiles of a~y energy. 

It was found that the total vacancy production cross section for any inner shell could be subdivided 
into two parts--the longitudinal cross section and the transverse cross section. The longitudinal cross 
section comes from the instantaneous Coulomb interaction of the projectile-target system whereas the 
transverse cross section is due to the virtual photon or radiation field interaction of the same system. 
The longitudinal part is dominant at lower projectile energies whereas the transverse part contribute~ 
appreciably to the total cross section, especially for heavier elements, only at relativistic projectlle 
energies. In this work the transverse component is calculated for the first time in detail and extensive 
tables of its numerica'J value as a function of its parameters are also given. 

STUDY OF THE ROLE OF COMPLETE FUSION IN THE REACTION OF 49Ca AND s6Fe WITH 
CERIUM AND TERBIUM 

David J, Morrissey 

(L.BL-7713) 

48Ca and 56Fe beams from the SuperHILAC accelerator were used to irradiate thick metal foils of 
cerium and terbium. Product gamma-ray activities were detected offline and individual products were 
identified by half-l ife, gamma-ray energy and gamma-ray abundances. The production cross sections were 
iteratively fit to charge and mass dispersions to allow correction for parent decay and calculation of 
mass yields. From the mass yield curves, contributions from quasielastic transfer, deep inelastic transfer, 
and complete fusion reaction mechanisms were inferred. Complete fusion was made up of contributions 
from both evaporation residue and fusion-fission products for the 48Ca-induced reactions. However, only 
fusion-fission products were detected in the 56Fe-induced reactions. 

Critical angular momenta for fusion were found to be 82 ± 8 h for 48Ca + 159Tb and 34 ± 5 h for 
56Fe + 140Ce, which can be compared with 53 ± 8 h for 12C + 197Au (Natowitz, 1970) and 86 ± 5 h for 
40Ar + 165Ho (Hanappe, 1973). All of these reactions lead to essentially the same compound nucleus and 
seem to show the dramatic decline in complete fusion for heavy ions larger than 40Ar. The prediction 
of this decline was found to be beyond the model calculations of Bass and the critical distance approach 
of Glas and Mosel. 

EQUILIBRATION IN THE REACTION OF 175m AND 252~MeV ~oNe WITH 191Au 

James B, Moulton 

(LBL-7717) 

The highly inelastic nuclear reaction of 197Au with 20Ne at 175- and 252-MeV laboratory energies 
is studied. Energy, elemental, and angular distributions for atom'ic numbers 5 to 30 (175 MeV) or 34 
(252 MeV) are presented. 

The means and widths of the kinetic energy spectra for detected elements are compared with a theore
tical calculation. The calculation postulates thermalization of the incident projectile kinetic eneroy 
and includes one shape-vibrational degree of freedom and rigid rotation of the reaction complex. The

J

' 

effect of particle evaporation is considered. Good agreement of the experimental mean energies with 
the theory is obtained. Poorer agreement of the kinetic energy widths with the theory may be due to 
a low-temperature quantal effect. 

The relative elemental yields are analyzed for their degree of equilibration, based on a model of 
diffusive nucleon exchange as described by the master equation. A similar degree of equilibration is 
observ~d for both reaction energies. The absolute elemental yields are reproduced qualitatively by 
emploYlnCj an advanced diffusion code, coupled w'ith calculation of the subsequent fission of heavy reaction 
products including the compound nucleus. . 

The angular distributions are analyzed with a simple model to estimate the reaction lifetime of 
selected elements. 
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THE DEPENDENCE OF DEEPalNElASTIC PROCESSES ON ENTRANCE CHANNEL 
ASYMMETRY AND ENERGY 

Richard P. Schmitt 

(LBL-7168) 

The dependence of deep-inelastic processes Qn entrance channel asymmetry and on excitation energy 
has been investigated. Thin targets of natAt. 159Tb. 181Ta, and 197Au have been bombarded with 620-MeV 
86Kr ions. Additional measurements have been performed on the reactions natAg + 86Kr and 197Au + 86Kr 
at 506 and 732-MeV incident energy. Projecti le-l ike fragments from these react'ions were detected with 
particle telescopes consisting of gas ionization 6E detectors and solid-state E detectors. The energy 
spectra, charge distributions, and angular distributions of these fragments were measured. 

At 620 MeV, the energy spectra show that the distinction between quasi-elastic and deep-inelastic 
processes diminishes as the target mass is increased. The charge distributions, which are oeaked at 
symmetry for natAg, tend to become increasingly asymmetric for the heavier systems. Likewise, the angular 
distributions exhibit a stronq dependence on the entrance channel asymmetry. For the 1 ightest system, 
natAg + 86Kr, the angular distributions are essentially forward peaked, aside from a separable quasi
elastic component. For the heaviest system, 197Au + 86Kr, the angular distributions are side-peaked. 
The transition between these two regimes occurs smoothly with increasing target mass. 

EMISSION OF HEAVY CHARGED PARTICLES IN RELATIViSTIC 
NUCLEUS~NUCLEUS COLLISIONS 

John D. Stevenson 

(LBL-7192) 

The energy and angular distributions of nuclei produced in interactions of 500-MeV/nucleon 40Ar pro
jectiles with an Au target have been investigated. Nuclei with charge 3 ~ Z < 11 were observed. Single 
particle inclusive spectra have been obtained at angles between 350 and 850, in the energy range 20-
to 60-MeV/nucleon. 

The spectra decrease monotonically with the increasing energy, angle, and chargeo The distributions 
are consistent with an isotropically emitting source recoiling with an average velocity of ~0.08 c in 
the beam directiono Thermal model fits to the data yield temperatures, T, of about 60 MeVo The low recoil 
velocity and high temperature are shown to be in conflict with energy and momentum conservation. Two 
non-thermal models of emission involving expansion or rotation are exploredo Although neither of these 
models gives good quantitative fits to the data, they do much better than the thermal model if it is 
constrained to be energy and momentum conserving. 

The data for all energies, angles and species may be simply parameterized. When transformed into 
a recoiling source frame with Bo ~ 0.08, all data points lie near (±4x) a common curve, for which the 
invariant cross section, f ::: l/p d2(J/d~dE, falls exponentially with increasing momentum, f ex e-P/Pc, 
with a characteristic momentum Pc ~ 340 MeV/co 

THE NUCLEAR AND ATOMIC PHYSICS GOVERNiNG CHANGES IN THE 
COMPOSITION OF RELATiVISTIC COSMIC RAYS 

Lance W. Wilson 

(LBL-7723) 

Many quantitative studies of relativistic cosmic ray propagation exist in which "standard" values 
for the input quantities are adopted in an uncritical manner. In contrast, the major emphasis of this 
study is on developing the proper set of formulae and error for each of the atomic and nuclear processes 
that 90vern the composition of the cosmic rays between lithium and nickel. In particular, it is shown 
that (1) errors of approximately a factor of two exist in the standard (Bohr) cross sections for stripping; 
(2) the correction function from high-energy photoionization needs to be introduced into the standard 
cross section for radiative attachment; and (3) because of the half-life of a neutral atom, several 
laboratory-based values need correction. The framework used to assemble and correct these quantities 
is a matrix formalism for the leaky box model similar to that used by Cowsik and Wilson in their "nested 
leaky box" model. It is shown that once the assumption of species-independent leakage is introduced, 
the matrix formalism becomes virtually identical with the standard exponential path length formalism. 
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