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HIGH ENERGY NUCLEUS-NUCLEUS STUDIES AT 
THE BERKELEY BEVALAC* 

L.S. Schroeder 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

(Presented at the XVI Cracow School of Theoretical Physics, 
Zakopane, Poland, May 25-June 7, 1976) 

ABSTRACT 

A survey of high energy nucleus-nucleus experiments performed at the 
Berkeley Bevalac Facility is presented. Experimental 'results are divided 
into the general areas of peripheral and central collisions. Results on 
projectile and target fragmentation, total cross-section measurements, pion 
and photon production,and charged particle multiplicities are stressed. 
Recently there have been theoretical predictions concerning the possibility 
of observing new phenomena such as shock waves, pion condensates or col
lasped nuclear matter. Existing data relevant to some of these speculations 
are discussed .. A brief discussion of future developments with high energy 
nuclear beams is also presented. 

* Work done under the auspices of the United States Energy Research and 
Development Administration. 
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INTRODUCTION 

In the last few years high energy nuclear beams have become available 
at several conventional accelerators throughout the world (Berkeley, Dubna, 
Princeton-Penn, Saclay). With these beams one is able to study high energy 
nucleus-nucleus collisions at kinetic energies ranging from several hundred 
to several GeV/nucleon. Recently, high energy deuterons have been accelerated 
in the CERN PS, and t~ansferred and stored in the ISRI. Studies with these 
high energy nuclear beams provide information in such areas as nuclear and 
particle physics, astrophysics, cosmic.rays, and biology and medicine. In 
this survey, I will restrict attention to the physical sciences and will dis
cuss only results obtained at the Berkeley Bevalac Facility2. 

Before proceeding to a discussion of the data, it is useful to list the 
present' experimental parameters which are available at the Bevalac Facility. 
The Bevalac is a marriage of the SuperHILAC at B~rkeley to the Bevatron. 
The SuperHILAC operates as the injector of heavy ions at 8.5 MeV/nucleon into 
the Bevatron. Once in the Bevatron, the beam is accelerated and extracted 
into the experimental hall. Energies of the ions can be continuously varied 
from 0.2 - 2.5 GeV/nucleon (kinetic energy/nucleon). 

Figure 1 shows a plan view of the SuperHILAC/Bevatron complex. Note that 
the SuperHILAC is actually about 150 feet higher in elevation than the Bevatron. 
Table I lists the ions available along with expected beam intensities. 
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TABLE I - TYPES AND FLUXES OF HEAVY IONS AT BEVALAC FACILITY 

ION PARTICLES/PULSE 

'H 4xlO12 

2H 2xl 011 
4He 2xl010 

12C 3xlO'0 
14N 3xl010 
160 3xlO'0 
20Ne 1010 
40Ar 4xl08 
56Fe 5xl05 
84Kr 4xl04 

At present, beams up to Ar are routinely available for experiments and 
recently 56Fe was accelerated and extracted for experiments for the firsL 
time. 
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The experimental results that will be discussed are from experiments 
that have been performed at the Bevalac over the last few years. Where 
appropriate, results from other accelerators will be quoted. To facilitate 
the discussion of experimental results, I have broken the studies into 
two broad classifications: peripheral and central collisions. Although 
this is a convenient division for this talk, it must be remembered that any 
particular reaction can fall into either or both of these areas, depending 
on the kinematical region being studied. When discussing a particular ex
periment, I will attempt to include the following information: motivation 
for experiment, detection techniques, experimental results, possible inter
pretati on of results, and summary. 

PERIPHERAL COLLISIONS 

There are four topics which will be discussed under this general area: 
they include projectile fragmentation, pion production, heavy ion total 
cross-sections, and gamma-ray production. 

A) Projectile Fragmentation: Before turning to a discussion of specific 
experiments, letls first characterize the process of projectile fragmentation. 
It requires relatively little energy transfer (little, compared to the inci
dent projectile energy) to breakup a nucleus. We then expect that the 
following picture would result: 

o~ 
Projectile 

(Fast) Target Fragments (Fast) 

The characteristic angle of emission of these fast projectile fragments 
would essentially be determined by the transverse Fermi momentum/nucleon 
in the incident nucleus and the longitudinal momentum/nucleon of the pro
jectile. For example, a 2.1 GeV/nucleon incident projectile has a longitu
dinal momentum/nucleon, p, of 2.89 GeV/c. Using an average Fermi momentum/ 
nucleon of ~lOO MeV/c, we have: 

.< sin 8f > rag 
PT 
P = ~:~ = 0.048 
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or, 

< Sf > ~ < sin sf > ~ 2.70 
rag rag 

So, we expect the particles emitted in projectile fragmentation processes, 
to be moving fast and highly collimated in the laboratory. Fig. 2 shows an 
example of the fragmentation of an 0.89 GeV/nucleon 12C beam in the LBL 
streamer chamber 3

• In this picture, six charged tracks are seen emerging from 
the interaction region (a lucite target located in the chamber at the position 
of the apparent break of the incident track) and are tightly bunched in a 
narrow cone around the beam direction. Thus, the process of projectile frag
mentation is one which can be used to study the nucleus and its structure 
under the condition of small energy and momentum transfers. 

When discussing some of the experimental results, it will be useful to 
use the parameter, y, which represents the rapidity of a particle. The 
rapidity is defined by: y:: 1/2 ln C(E+PllJ/[E-P11])' where E is the energy 
of the detected particle and Pll its longltudinal momentum. The rapidity of 
a 2.1 GeV/nucleon projectile is about 1.8 units. Therefore, we expect that in 
the projecti 1 e fragmentati on process, fragments- wi 11 emerge with rapi diti es 
near the beam rapidity and at small emission angles. This should be compared 
to the case of target fragmentation, where the fragments are emitted slow . 
(Yfrag ~ 0) and essentially isotropically in the laboratory frame. Whereas 
many of the traditional techniques of high energy physics lend themselves to 
studying projectile fragmentation; low energy nuclear physics techniques are 
best suited to detection of the target fragmentation process. 

One of the first systematic studies of projectile fragmentation was per
formed by Heckman et al. 4 This group has been studying single-particle inclu
sive distributions near 00 at projectile energies of 1.05 and 2.1 GeV/nucleon. 
That is, they have studied: A + B + C + X at 8Lab ~ 00 , where the incident 
projectile A has been 12C,1~N,150, 2°Ne, and 4°Ar, and B the target nucleus 
has been varied over the full range of the periodic table. C represents the 
single fragment detected by their apparatus. The motivation for this work has 
come from three different areas: nuclear structure, particle physics, and 
cosmic rays. In the area of nuclear structure it was felt that the projectile 
fragmentation process would necessarily bias one towards low energy transfer 
processes. In such processes, individual nuclear clusters would be emitted 
into a small angular cone in the forward direction. A measurement of the 
single-particle momentum spectrum would then perhaps serve as a means of 
measuring the internal momentum distribution of particles inside the project
ile before the fragmentation occurred. In effect, providing a IIsnap-shotll 
of the projectile nucleus before the interaction .. The second area of in
terest concerns the usefulness of such data in the area of high energy 
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physics. Certainly, nuclei clearly exhibit a "constituent" nature, since 
they are composed of nucleons. It is then interesting to apply Glauber
type models to an understanding of the fragmentation process. Also at 
energies of 1-2 GeV/nucleon, target and projectile fragmentation regions 
should be well separated. If one can establish a clear separation of the 
fragmentation regions, then it is tempting to determine to what extent the 
concepts of scaling and limiting fragmentation can be applied to these 
nuclear processes. Indeed, perhaps these concepts can be applied at much 
lower energies for some nuclear processes than their elementary particle 
counter parts. Finally, a knowledge of fragmentation cross sections plays 
a vital role in the understanding of the propagation of cosmic rays from their 
source. Thus, these measurements become extremely useful for astrophysical 
purposes. 

Fig. 3 shows a plan view of the spectrometer used to study projectile 
fragmentation. Detectors consisting of plastic scintillators, solid-state 
counters and multi-wire chambers were place at the end of the vacuum tank. 
The individual fragments produced near 00 were identified (mass and charge) 
using a combination of rigidity (momentum/unit charge), time-of-flight and 
energy loss (dE/dX). Two types of measurements have been made by 'this group. 
The first method consists of measuring the cross section for the fragmentation 
of the projectile into various char~es. In Fig. 4 is shown 'atypical 
charge spectrum that results when 4 Ar (Z = 18) bombards a CH2 target. The 
experiment measures the incident charge Z and the "effective ll outgoing charge 
Z* = ~(Zi2)~ . For the example shown, it is clear that a large amount of 

1 
the cross section goes into the production of one large charge (e.g. Z~12-l7) 
in association with one or more smaller charges. However, note that a 
substantial fraction of the cross section is involved with much less charge 
out than was present in the beam. This is partly due to the geometry of the 
apparatus, but also reflects the fact that there can be collisions in which 
very few particles go forward so that most of the available charge is emit
ted into angles outside their detector. This means that there were many 
particles produced in such collisions and that these probably represent amore 
central collision. This point should be .remembered when we come to a discus
sion of central collisions. 

Now let us consider some of the results that have been obtained in their 
studies of projectile fragmentation near 00 . In these experiments, a single 
fragment is detected and identified. Both target and projectile have been 
varied for these studies. However, the general features (e.g. momentum spectra) 
they have studied are found to depend very little on the detailed nature of 
the target or the projectile. Fig. 5 shows a typical momentum spectrum for 
the fragmentation of a 2.1 GeV/nucleon 16 0 beam into carbon isotopes. The 
cross section (in arbitrary units) is plotted against the rigidity (p/Z). A 
number of peaks appear which can be identified as due to specific carbon iso
topes. If one transforms anyone of these distributions into the rest frame 
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of the projectile, it is found to be gaussian in shape, and peaked near zero 
momentum in that frame. Fig. 6 shows such a distribution, this time for the 
fragmentation of a 2.1 GeV/nucleon l2C projectile into lOBe. Again, these 
general characteristics are relatively independent of projectile and target. 
This result was not anticipated and at first was without an adequate explan
ation. 

from these single-particle inclusive studies' the following conclusions 
can be made: 

(1) For the majority of detected fragments, they observe that 
the single-particle momentum distributions are gaussian in 
shape and are peaked near zero momentum in the projectile 
rest frame. These distributions can be parameterized in 
the projectile rest frame as: 

d3a -(pt/2aT
2)e-«Pll-<Pll»2/2a1r) 

- = ce ' , 
dp3 

where PT and Pll are the transverse and longitudinal momen
tum of the fragment, <Pll> is the value of the off-set from 
zero momentum (see Fig. '6), and aT and all are the FWHM for 
the transverse and longitudinal momentum distributions. 
Within their estimated errors of ±lO%, they find that 
aT = all' 

(2) They have investigated the dependence of the gaussian 
momentum distributions on the masses of the fragment, F, 
and the mass cf the projectile, B, averaged over target 
material. In Fig. 7 is shown a plot of an (the FWHM 
for the longitudinal momentum distribution) versus the mass 
of the fragment for the fragmentation of an 16 0 beam. The 
parabolic curve is from a theoretical calculationS which 
employed a "sudden-approximation" along with shell-model 
wave functions. The data points are seen to generally fol
low this parabolic behavior,' which is given by: 

cr2 ex: F (B- F) 
11 82 

(1) 

2 The parabolic dependence of all: on fragment mass 
was first predicted by Wenze1 6

, later by Lepore and Rid
dells, and indirectly by Feshbach and Huang 7 as extended 
by Goldhaber 8

• The parabolic shapes arises when one as-
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sumes: 
(a) 

(b) 

(e) 

Fragm'ent momentum distributions are essentially 
those in the projectile nucleus. 
There are no correlations between the momenta 
of different nucleons,and 
Momentum is conserved. 

(3) The dependence of the fragmentation cross-section is 
found to factor into target and projectile related 
parts. If we write the reaction as, A + B ~ C + X, 
t~en thi s factori za~ on can be expressed as: 

O'AB = fa,"'fB where y depends only on the projectile 
ana the 'detected fra~ment, and"'fB depends onl~ on the 
target material. They have found that YB ~ B~, sug
gesting a peripheral interaction. It is alsQ gossible 
to parameterize the cross-section as "'fB ~ (AI/3+Bl/3_£), 
where £ plays the role of an overlap parmeter. 

There have been a number of theoretical models which have attempted to 
predict some of the regularities that have been observed for the process of 
projectile fragmentation. Feshbach and Huang 7 have used a statistical model 
in association with "virtual clusters" to explain the earlier data. A. 
Goldhaber 8 showed that a thermodynamic model could be used to explain the 
parabolic shape of an' Lepore and Riddel1 5 employed a quantum mechanical 
model using the sudden approximation and shell-model wave functions to explain 
the gaussian momentum distributions and the parabolic dependence of an' Re
cently HUfner and collaborators 9 have extended an abrasion-ablation maael ori
ginally proposed by Bowman et al. 10 In this model, the fragmentation process 
takes place in two stages. In the first, the abrasion stage, the overlapping 
nuclear matter is sheared away from the projectile and target. The remaining 
pre-fragment has a recoil momentum proportional to the Fermi momentum 9

• This 
pre-fragment is left in an excited state and subsequents decays into nucleons 
and/or nuclear clusters, which is the ablation stage. It is one of these 
fragments which is detected. HUfner et al. 9 use a Glauber-model to treat the 
first or abrasion stage. For the ablation stage they assume thermalization 
of the pre-fragment and compound nucleus decay. Both these assumptions remain 
to be proven, but they at least allow the calculation to be done. Their two
step model reproduces the overall trend of the existing data on projectile 
fragmentation and the isotopic dependence for the widths of the experimental 
momentum distributions. However, they find that 0ll~ aT, but differs by about 
5-l0%,which is of the size of the quoted experimental errors. This model ap
pears to provide a step forward in our understanding of the fragmentation pro
cess. However, it is evident, that much more theoretical work is required. ' 
Also more complicated experiments will be required to distinquish between 
some of the models being proposed. 
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An additional interesting feature of these data has been observed for 
the case where a single nucleon ·is removed from the incident projectile 11 . 
An example of this being, 16 0 fragmenting to 150 (neutron removal) or 15N 
(proton removal). Figure 8 shows the target factor, YT' plotted against the 
mass of the target. The data shown are just for the single nucleon removal 
reactions. The solid curve (Y ) represents the behavior for all other frag
mentation processes. The single nucleon removal data is seen to follow this 
trend for. light targets (up to about Al), but shows str~ng deviations for 
heavier targets which are found to be proportional to Z , suggesting that 
coulomb dissociation plays a major role. A simple model using the Weizsacker
Williams approximation was constructed to explain the single nucleon removal 
data. In this model , the cross section for single nucleon removal is assumed 
to go as: 

crww = f cr(w) N(w) dw, (2) 

where crWW is the cross section of interest, cr(w) is the photo-nuclear cross 
section as a function of photon frequency w, and N(w) is the density of photons 
obtained by using the Weizsacker-Williams techniques. Figure 9 shows the re
sults of their calculation compared to the data. The data and the model are 
in excellent agreement. Thus, both nuclear and coulomb forces are seen to play 
major roles in projectile fragmentation processes 9 ,11. 

Up to this point we have considered the fragmentation of incident beams 
with A ~ 12. We now consider some results from a study of light-ion (d,a,C) 
fragmentation·by Papp et al. 12 . This experiment measured the single particle 
inclusive spectra of particles at 8LAB = 2.50 , produced in the collision of 
1.0-4.2 GeV protons, 1.05 and Z.l GeV/nucleon deuterons and alphas, and 1.05 
GeV/nucleon carbon beams with a variety of nuclear target (Be, C, Cu, Pb). 
~mphasis was placed on the detection of protons, deuterons, tritons, 3He, and 

He using a combination of magnetic rigidity, dEldx, and time-of-flight measure
ments with plastic scintillators as detectors. This group was interesting in 
examining the connection between. the observed momentum spectra of projectile 
fragments and the internal momentum distributions of these particles inside 
the nucleus. In addition, these distributions were studied for their depend
ence on target material and incident energy. Finally, they were interested 
in seeing if the concepts of limiting fragmentation and scaling would apply to 
these light-ion fragmentation processes. 

Data for the production of light nuclei at 2.50 (Lab) by 1.05 GeV/nucleon 
alphas ;s shown in Fig. 10. The Lorentz invariant cross-section, 

2 f icr ) Elk dQdk 
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is plotted versus the rapidity (y) of the detected fragment. These data 
were taken with a carbon target. Substantial peaks are observed for each 
of the fragment distributions shown. These peaks are centered at the rapidity 
of the beam, a result consistent with the finding of Heckman et al. ~ in 
their fragmentation studies. Also from Fig. 10 we can see that there is a 
clear separation between the projectile (y ~ Yb ) and target (y ~ 0) frag
mentation regions. A130 note

3
that for those ca~g~ where there exists overlap

ping data points, the H and He production cross sections agree reasonably 
well as expected for particles from the same iso-spin multiple. 

Since target and projectile fragmentation regions are well separated, can 
we expect that limiting fragmentation might hold? If limiting fragmeritation 
is valid for nuclear fragmentation processes, it is expected to be independent 
of energy and target material in this experiment. It was observed that the 
shapes of the momentum spectra were independent of the target used in the region 
of the projectile fragmentation peaks12. This was also observed by Heckman 
et al. 4 in their studies with heavier beams. The question of the energy de
pendence of the fragmentation peaks is complicated by the fact that these 
measurements were made at a fixed laboratory angle (2.5°), and therefore sample 
a range of transverse momenta. To test limiting fragmentation, one needs to 
compare cross sections for processes like d + A + p + x, where A is some nucleus, 
in the region of the proton fragmentation peaks at 1.05 and 2.1 GeV/nucleon. 
Being at fixed laboratory detection ang,le means that the transverse momenta at 
these peaks are not the same. The next best thing that can be done is to make 
a comparison at the same value of the overall momentum (p = v'P1l2+ PT 2) in 
the projectile rest frame. Fig. 11 (a,b) shows the invariant cross sections at 
1.05 and 2.1 GeV/nucleon for the processes dC + P + x and aC + p + x, versus 
the momentum (p) of the proton in the projectile rest frame. Lack of data 
at p ~ 0 reflects the fact that-the measurements were made at a fixed labora
tory angle. The data are consistent (within the errors) with an energy inde
pendence for these processes at 1.05 and 2.1 GeV/nucleon. This result is not 
undeniable proof of the validity of limiting fragmentation for tnese processes, 
but is certainly consistent with the concept. More detailed measurements 
at fixed PT are required to shed more light on this intriguing possibility. 

Further insight on the production mechanism for particles can be obtained 
by studying the dependence of the production cross section on target mass. 
The data have been parameterized in the form 0" a: An, where A is the atomic mass 
of the target, and n is obtained from a fit to the data. Figure 12 shows a 
plot of the coefficient n versus the momentum of the proton for the two process
es, dA + P+t/3nd aA + p+x at ~.l GeV/nucleon. For high momentun the cross section 
varies at A ,suggesting that the fragmentation process is peripheral. For 
lovJer momentum the cross section shm'Js rapid growth, perhaps suggesting a more 
central collision. 

Before turning to pion production, it is worth summarizing the bulk of the 
existing data on projectile fragmentation: 
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1) Primarily a peripheral (surface) process which dominates 
the cross section for particle production at forward angles 
and high momenta. 

2) Fragments are produced near the beam's rapidity. 
3) Limiting fragmentation appears to be a valid concept for 

certain nuclear processes, such as aA + p + x. 
4) Other processes contribute at forward angles besides pro

jection fragmentation. 
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B) Pion Production: In addition to light-ion fragmentation studies, 
Papp et a1.1J have also studied pion production. The experiment was a 
single particle inclusive study of: 

o 2.5 . 

This experiment measured the single pion inclusive spectra produced by high 
energy proton, deuteron, alpha and carbon beams interacting with a variety 
of targets (Be, C, Cu, Pb). A primary goal for these experiments was to de
termine to what extent very energetic pions, that is, pions with energies con
siderably larger than those which result from simple nucleon-nucleus collisions, 
are produced in the collisions of deuteron, alpha and heavier beams with 
nuclei. Could such high energy pions be explained in terms of nucleon-
nucleon processes in which Fermi motion is included in both projectile and 
target, or are more complicated processes such as 'some cooperative phenomena 
involved? ,Such data can also be used to test whether high energy ideas such 
as scaling14 can be applied to pion production resulting from nuclear colli
sions. 

Figure 13 shows the result of TI- production by 1.05-4.8 GeV protons on 
a carbon target. The spectra are observed to full rapidly at higher pion 
momenta. The sharp cut-off in each spectrum is a result of energy and momentum 
conservation and corresponds to the proton transferring almost all its 
kinetic energy to the creation of a pion. A remarkable feature of these data 
is observed when the invariant cross-section E/k2 (d2cr/dDdk) is plotted against 
the scaling parameter, 

* k 11 
x~ = -- * as shown in Fig. 14a. 

(k 11) 
max 

All the data are seen to lie on a universal curve, suggesting that negative 
inclusive pion spectra scale even at 1 GeV, a somewhat unexpected result. A 
similar feature is observed for each of the target nuclei used. This scaling 
behavior, where the pion yield does not depend on the energy but only on 
the scaling parameter x~ (at fixed k~) is familiar in very high energy 
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elementary particle processes. It must be remembered that this experiment 
was performed at a fixed lab angle of 2.50 , so that k~ was not quite constant. 
This effect l3 is most important near x~ = 1 where it could change the results 
by as much as a factor of 2. Figure 14b shows the invariant cross section 
for producing negative pions by 1.05 and 2.1 GeV/nucleon deuteron and alpha 
projectiles on a carbon target. Again the scaling feature is reasonably satis
fied. Notice that the falloff in x~ increases as the mass of the incident 
projectile increases. This suggests that relatively loosely bound objects, 
like nuclei, do not transfer a large fraction of their kinetic energy to cre
ating individual pions. For the case of rr- production by deuterons, these 
results differ from those of the Dubna grouplS who find that the ratio: 

R(x") = cr(d+Cu-YfT-+x) 
cr{p+CU-YfT-+x) 

at the same total kinetic energy is independent of x'" in the interval 
0.6 ~ x'" :S 1.0. 

Negative pion production cross sections l3 for 2.1 GeV/nucleon proton, 
deuteron, and alphas incident on a carbon target are shown in Fig. 15. The 
following features are evident: 

(1) The heavier the projectile, the larger the cross section (at 
1 GeV/c this ratio is ~10:5:l), 

(2) The maximum energy of observed pions increases as the mass of 
the projectile increas€s. 

The larger production cross sections for deuterons and alphas compared to 
protons is attributed to the presence of neutrons which produce rr-'s more 
abundantly than do protons. 

It is of considerably intere~t to ascertain whether these hig~ energy 
pions are produced in interactions in which several nucleons inside the pro
jectile nucleus participate in a cooperative fashion, or whether a single 
nucleon-nucleus collision with the inclusion of Fermi motion in both project
ile and target is sufficient to explain the observed spectra. A simplified 
calcu"lation was performed in which the pions were assumed to be produced in 
an individual nucleon-nucleus collision with Fermi motion included. The 
form of the single pion production cross section in this model is: 

(3) 
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where WaN = momentum distribution ·of a nucleon in the projectile appropriately 
transformed to the laboratory frame, oTI are measured nucleon-nucleus 
pion production cross sections (thereb~Ataking into account the Fermi motion 
in the target). The model assumed charge symmetry (oTI+ = o~"') to obtain 
neutron-induced cross sections from carbon; and to co~~ect f~r the fact that 
production was at a fixed laboratory angle, the measured cross sections were 
folded with exp[-5IkTI lsin(6kTI- 6p )]. Figure 16 shows the results (solid 
curves) of this calculation for p~on production by deuterons and alphas at 
1.05 and 2.1 GeV/nucleon. The general behavior of the measured cross sections 
for fast pions ;s reproduced quite well. There were no free parameters in
volved in the calculation. These results disagree with the conclusions of 
the Dubna groupl5, who claim to be unable to fit their data with a similar 
model. Their calculations indicate that only about 10% of their cross section 
can be accounted for by Fermi motion and they invoke a collective mechanism 
for the remainder of the cross section. It should be pointed out that for the 
case of production by deuterons, one can not distinguish between a Fermi 
motion model and collective effects, because they amount to the same thing; 
that is, high Fermi momentum components necessarily imply that the two nucleons 
in the deuteron are spatially close together and therefore correlated. This 
suggests that pion production by heavier projectiles (carbon or heavier) would 
be a better choice for comparing the two mechanism (Fermi motion vs. collective 
effect) since a large Fermi momentum for a single bound nucleon would not imply 
as much correlation with other nucleons as is present in the case of the 
deuteron. Measurements of very high energ~ pion production by heavier pro
jectiles is presently underway at Berkeley 6. 

Additional information on the production mechanism for pions can be ob
tained by studYin~ the dependence of the production cross section on target 
mass. As before l , the production has been parameterized in the form: 
o ~ An, where A is the mass of the target. A plot of n as a function of pion 
momentum for 2.1 GeV/nucleon alphas is shown in Fig. 17. For momenta ~l GeV/c 
the dependence of Al,3 suggests peripheral production. For lower momentum 
pions, the dependence is more pronounced, suggesting that slow pions are pro
duced in more central collisions. A similar effect is seen at the lower energy 
(1.05 GeV/nucleon) and in the deuteron data. l3 

For isospin-zero nuclei like deuterons, alphas and carbon charge symmetry 
predicts that in reactions like dC -+ TI± + x the TI+/TI- ratio should be unity. 
This has been tested and found to be good· to the level of ±10% in these data 13 
for deuterons and alphas. More accurate experiments will be required to test 
this further. 

C) Nucleus~Nucleus Total Cross Section Measurements: Jaros, et al. l7 
have made systematic measurements of nucleus-nucleus total cross sections 
for the following target/projectile combinations at 0.87 and 2.1 GeV/nucleon: 
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Ndte that if the kitletic energy/nucleon of the projectile is fixed~ and if we ne
flh:ct nuclear bhldinq energy. then 'interchaY'9'ing target and projectile will 
({!liSe no ch()ngt~ "itl the centel',.,of --mass energy. Ther'efore the total cross 
:;ection, 0T' ",Fin be tho sallle~ 'independent of whether' A is the projectile and 
B the target. or vice versa. 

Glauber multiple scatter"ing theor'ylS has been used to accurately pre
dict nucleon-,nucleus total cro~;s sections 'in the few GeV range. The formalism 
'involves the ,:old'ing of the !Jtlsic nuclE~orHlUc'leon scattering amplitudes with 
the known nue'lear' matter del s t\~'i buti on. The theory has been extended to 
nucleus~nuch~us collisions tC

\ and used to predict total and 'inelastic cross 
se(;~'jon~/3 ThE~ th(;O:~.,/~s e~sl~n~ial~Y geOI~et~ical an? predicts ~hat~ " 
(J'T '), (A tar-get + ,\ ptoJ2rt'lle). OIl(: of the pnmary pUr'po.:>es of these 
lIleCiSUrenlents was to prov; dt: measurements V!hi eft coul d be compared to the theory. 

In a.dditio(J, an obsel~vatlon by Gi"ibov 20 also pi'ovided stimulus for 
thh l~xpel"imenL He noted th,ltif on0: nailfely app1'ied Regge factorization to 
nucleus,·nuclflus conision'~lt \\lould 'lead to a very different A~·dependence for 
0 .. than tha t expE~ctNl from g(~ol1letri cal cons i dera t ions. I f one assumes factori
zAtion ,\nd POirier-OIl dominann~"th\:~n VJG can vJdte that the elastic scattering 
Jmp'!Hude, FqQ, 0: ~~PA 9pf3> \o"fheY'e the SjlS rc:fel~ to th(~ appr'opriate vertex
POlflCY'on coupling (;(m~'.L3.nt$ for nucleus /\ col'l'jding with B. Using the optical 
theorern) ltlhich \"el ates the "j rna.g"i nary pal~t of the e'l asti camp 1 itude to 0T' 
one arrives at the relatiunship: 

0"/ (AB) 

~7F0~~T 
(4) 

Xf \'Je h:t B -- flue'leon ,., p~ imd use fact that cr-, (pA) u: A2/3. we obtain: 

'''A) 'f 4n 01 lfl OL \ ' (5) 
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TA24~', factorization predicts A4/ 3, while a Glauber approach would predict 
/ quite different and easily testable. 

The "good geometry" transmission technique 21 was used to make these 
measurements. The technique consists of measuring the beam particles which 
are scattered by the target with a set of circular counters of increasing 
size. In this way, one can extrapolate the measurements to zero solid 
angle. There are two contributions to the scattering process at small angles; 
coulomb and nuclear scattering. With nuclear beams and targets, the coulomb 
amplitude will necessarily playa larger role. The separation of the coulomb 
and nuclear effects are major theoretical and experimental problems. 

Fig. 18 shows the results of these measurements at 2.1 GeV/nuc1eon. 
The solid and dashed curves are the predictions of Glauber theory and the 
factorization relation, respectively. The data is seen to be in excellent 
agreement with the Glauber prediction for all data points except the CC point 
which lies slightly below the Glauber theory prediction. The fact that the 
factorization prediction is not satisfied could be anticipated, since it 
is only supposed to be valid at energies much larger than those available in 
this experiment. 

D) Nuclear y-Ray Production: The TOSABE group22 has been investigating 
y-ray production from peripheral nucleus-nucleus collisions. Their motivation 
lies in the fact that by observing discrete lines, they hope to select very 
peripheral interactions. By studying photons from known spin-parity and 
;sospin states they may obtain more information on the transferred angular 
momentum in these collisions. Further, by identifying the residual nucleus 
through the detection of well known levels, one can obtain information on 
reaction mechanisms, such as nucleon or alpha knock-out, and neutron evap
oration. Thus, their study can contribute significant information on the dy
namics of the nucleus-nucleus interaction. 

The experiments were performed using carbon projectiles at 250 MeV/nucleon 
and 1.05 GeV/nucleon on a variety of targets (12C, 19F, Sr, 207Pb). Fig. 19 
shows a sample spectrum for a 207Pb target (known lines are indicated ). It is 
worth noting the large background under the known lines. A portion of this 
background, which ;s of a "bremstrahlung nature ll

, could be associated with 
more central collisions. Cross sections for the lines that are identifed are 
typically in the range of 10-100 mb. There are early indications in these 
measurements that high spin states of the target are excited in these co11i
sions 22 . This is not observed in experiments at much lower energies (-10 MeV/ 
nucleon). This work has just scratched the surface, ~nd a long term program 
on y-ray detection is developing. 

To summarize the discussion on peripheral collisions, we see that a large 
bulk of the total nucleus-nucleus reaction cross section appears in peripheral 
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collisions. Included in this category are the phenomena of projectile frag
mentation, and a port'ion of pion and y-ray production. Experiments to-date 
have been almost exclus;ve'ly of the slngle-particle inclusive type. Theoretical 
calculations are just now starting to be refined enough to aid in explaining 
some of the observed features of peripheral interactions. Much work, both 
theoretical and experimental remains to be done. In particular, the next ex
perimental step will involve correlation studies, calling for the detection 
of two or more particles in the final state. 

CENTRAL COLLISIONS 

We now turn our attention from the area of peripheral collisions to a 
consideration of collisions where there is a substantial overlap of nuclear 
material in the projectile and target nuclei. One of the interesting questions 
that has arisen in studies of high energy nucleus-nucleus collisions is whether 
energetic nuclei can deposit more energy and momentum in a target nucleus than 
other forms of hadronic probes such as pions or nucleons. Zebelman et al. 23 

have recently measured the energy and angular distributions of fragments (He 
to B) produced by 4.9 GeV protons and 2.1 GeV/nucleon deuterons and alphas 
striking a uranium target. Relative cross sections for the production of 4He 
and 7l.i fragments at 900 in the laboratory plotted against the kinetic 
~nergy of the fragment are shown in Fig. 20. Also included in Fig. 20 are 
Inore recent data 24 from 2.1 GeV/nucleon 12C and 2°Ne runs. From these data 
we see that incident deuterons do not appear to produce significantly more 
fragments than do high energy protons. However, in the interaction of a, C, 
and Ne with uranium there is a definite indication of larger fragment yields, 
suggesting a larger deposition energy. Thus, high energy nuclei perhaps pro
vide a more effective tool for depositing large amounts of energy and momentum 
in a nucleus. What happens to this deposited energy and momentum serves as the 
basis for the remainder of this talk. 

Under what conditions would we expect large energy and momentum deposit
ions to occur? What experimental signatures might arise that would allow us 
to sel(~ctively study these particular' processes? Certainly, if two nuclei 
collide in a central fashion there is a large overlap of nuclear matter. The 
probability for interaction would be increased for this condition, and one 
expects that these events present the best change for depositing large amounts 
of energy and momentum. For a central collision, where the nuclei are not 
transparent to each other, we would expect that the deposited energy and mo
mentum would go into liberating large numbers of particles. So a large multi
plicity of particles acts as one possible signature for a central co11ision. 25 

An illustration of this is seen in Figure 21, which shows the collision of a 
1.8 GeV/nucleon 4°Ar nucleus with a lead-oxide target located inside the LBL 
streamer chamber 3

• In th·;s spectacular event, a large number of positive and 
negative ch~rged particles were produced over the whole solid angle, with no 
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large mass remnants of the projectile appearing from the interaction. This 
should be contrasted to the picture showing projectile fragmentation (Fig. 
2), where all the particles were produced in a very small solid angle about 
the beam direction. 

There has recently been a good deal of theoretical interest in heavy ion 
collisions at high energies. The most exciting speculations have involved the 
possiblity of observing new phenomena associated with the central collisions 
of these energetic nuclei. Included among these are: abnormal nuclei 26

, 

highly excited nuclear'matter27
, nuclear shock waves 28

, and pion condensates 29
• 

These speculations have been greeted by intense experimental activity which I 
now want to review. This review will include: search for shock waves in 
nuclear matter and studies of particle multiplicities using the streamer 
chamber. 

A) Search for Shock Waves in Nuclei: In 1959 G1assgold et al. 30 suggested 
that shock waves might be set-up in a nucleus by the passage of a high energy 
nucleon. This speculation remained somewhat dormant for a number of years. 
Recently28,31,32, predictions of nuclear shock waves carrying large amounts 
of transverse energy and momentum have been put forth. It has been suggested 
that shock waves might be produced in the central collision of two nuclei 
when the projectile velocity exceeds the nuclear sound velocity, v ~ 0.2 c. 
If a shock wave were produced and propagated through the nuclear medium, upon 
impacting the surface it would eject particles. These particles would be 
numerous and have energies ~ 10-20 MeV/nucleon. Some predictions 33 suggest 
that particle emission by these shock waves will occur in a narrow band (-20 -
450 ) of angles. This angular band would move to backward angles as the pro
jectile energy is increased (an experimental feature to look for). A hydro
dynamic mode1 32 suggested that the angular range for emission would be larger. 
A possible key to the detection of nuclear shock waves would be the presence 
of peaks in the angular distribution of light nuclear fragments. 

One of the first experiments to produce results on shock waves was the 
Frankfurt group33 using Ag-Cl detectors exposed to carbon and oxygen beams. 
The technique used was to optically scan the processed Ag-Cl detectors for 
recoil tracks. No particle identification is made, but the detectors are 
sensitive to protons less than 28 MeV (6 ~ 0.24) and He nuclei less than 
200 MeV/nucleon (6 ~ 0.57). To select central collisions, they choose only 
so-called "star events"; those exhibiting a large number of prongs. After 
this event selection, they observed peaks in the angular distribution 
(N(e) = do/de) of fragments at several projectile energies and conclude that 
the particles in their angular distributions were dominantly due to protons 
and He nuclei. Fig. 22 shows their angular distributions, for "star events", 
from 16 0 and 12C bombardment of their detector. Note that they plot do/de 
rather than dcr/d~(do/d8 = 2nsin (do/dn)). In each of the angular distributions 
a relatively narrow peak (~20-400) is present. which shifts to backward angles 
with increasing projectile energy. The solid curve represents their estimate 
of particles evaporated from the target (a background process to the shock 
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wave phenomena). Using these 33 and later data 34 , they conclude that they 
have positive evidence for nuclear shock wave. 

In an effort to study the possibility of shock wave emission of light 
nuclear fragments with larger statistics, Poskanzer et al. 24 in a single 
particle inclusive counter experiment (solid state detectors using E-~E 
techniques, in conjunction with a scintillator counter) measured the energy 
(E ~ 50 MeV/n) and angular distribution of 3He and 4He fragments from silver 
and' uranium targets bombarded by protons, alphas and 16 0 ions. Figure 23 
shows their angular distribution (do/dn) for 3He and 4He fragments with energy 
cuts to simulate as closely as possible the conditions of the Ag-Cl experiment 33 . 
These distributions are seen to be smoothly varying. No narrow peaks are seen 
in either this angular distribution or the one shown in Fig. 24 where the data 
is plotted as do/de to compare with the Ag-Cl experiment. This experiment 
attempted to reproduce as closely as possible the experimental conditions of 
the Ag- Cl \'1ork, but had no mu lti p 1 i city capabil ity. Presently an experi ment is 
underway which includes the capability of measuring multiplicities associated 
with single fragments registering in their detector system. 

In an emulsion experiment, Otterlund et al. 35 have looked for evidence 
of shock waves produced by 0.2 and 2.0 GeV/nucleon 16 0 ions. They have made 
cuts on charged particles with energy loss greater than that expected for an 
11 MeV proton. They have observed statistically significant narrow peaks 
in their angular distributions. 

At present, there does not appear to be any overwhelming evidence for the 
IP existence of nuclear shock waves. On the one hand, the Frankfurt group 

observes narrow peaks (for high multiplicity events), but needs to greatly 
improve their statistics, as well as demonstrating that their detector sensi
tivity does not introduce unwanted biases. The high statistics experiment 
of Poskanzer et al. 24 measuring only the single particle angular distribution, 
observes no peaks; but has no multiplicity cuts which can help select central 
collisions. Emulsion work 35

, where multiplicity cuts can be made observes no 
peaks, but could use an improvement in statistics. 

B) Streamer Chamber Experiments - An Early Look: Except for a few detectors 
like emulsions or the Ag-Cl detectors of the Frankfurt group, visual techniques 
have not been used to study high energy nuclear collisions at the Beva1ac. 
Recently. the LBL streamer chamber has been put to work studying nuc1eus-
nucleus collisions by a U,C. Riverside/LBL collaboration 3

• The streamer 
chamber is a large gas filled volume (1.1 m x 0.6 m x 0.3 m) which is placed 
in a large magnetic field. Charged particles traversing the gas of the 
chamber produce ionization; a high voltage pulse (15 nanoseconds in duration 
and 500-750k volts) when applied causes a series of streamers to develop. 
These streruners are photographed and indicate the path of the charge particle 
through the gas. Thus, the streamer chamber is a unique tool which provides 
~41f geometry for detection and with the ability to be selectively triggered 

" , 
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by electronic counters located either inside or outside the chamber. In 
this experiment, four non-conducting targets (LiH, NaF, BaI2' Pb304) were 
placed in the chamber and exposed to a beam of 1.B GeV/nucleon Ar nuclei. 
One of these interactions resulted in the spectacular event shown in Fig. 21. 
It is worth noting that in this particular event, the incident Ar nucleus 
appears to have been reduced to its basic constituents (nucleons and perhaps 
other light fragments). Large numbers of particles are seen at all angles, 
inQicating that a large amount of energy and momentum can be transferred in 
these ~ollisions. Also note the absence of any large fragments of the project
ile in the forward direction. 

An additional piece of information becomes readily apparent when scanning 
Fig. 21; namely, the task of extracting all the information available in 
such pictures is enormous. Pictures with up to 125 charge tracks have been 
found. It is too much to expect that one could measure (with high efficiency) 
that many tracks in a single event. So how does one go about obtaining infor
mation from thes~ pictures? First, a simple scanning of the film will reveal 
the multiplicity for charged particles. Figure 25 shows preliminary multi
plicity distributions for light and heavy targets. From these it is evident 
that there is a large cross section for high multiplicity events with the 
heavy target. The broad peak appearing at lower. multiplicities can be associ
ated with projectiie fragmentation .processes. Additional things to study are: 
negative tracks, which are presumably TI-1S (up to 15 have been observed in a 
single event), emission of light fragments at backward angles and correlations 
between various tracks. In the near future, additional exposures will be 
made so that a series of systematic studies (as a function of projectile 
mass and energy for both light and heavy targets) will exist. 

The studies of phenomEna which arise as a result of the head-on collisions 
of two nuclei will be playing a larger and larger role at the Bevalac. 
In these collisions, new and'exotic states of nuclear matter might be found. 

FUTURE DEVELOPMENTS 

Two major improvements are presently planned which will substantially 
extend the capabilities of the Bevalac to explore the regime of nucleus
nucleus collisions at high,·energy. The first modification consists of the in
stallation of a new liner inside the Bevatron1s present vacuum chamber. This 
wil~ improve the pressure from its present level of 5xlO-7 torr to around 
10- torr. This reduction in pressure will allow the acceleration of much 
heavier ions. In addition, by accelerating lower charge states of a given ion. 
this will allow experimental programs with beam energies 'as low as 50 MeV/ 
nucleon. A third injector added to the SuperHILAC will be required to obtain 
heavier beams (up t6 Pb or U). Figure 26 compares .the capabilities of the pre
sent facility (SuperHILAC and Bevalac) with those of the proposed facility. It 
is hoped that funding for this project will become available by FY 1978.with 
operation by FY 1980. These new facHities will not require any major stoppage 
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of the nuclear science programs at either machine. 

An additional request has also been made for the funding of a new Heavy 
Ion ~ectrometer ~stem (HISS)36. HISS features a large solid angle, large 
magnetic volume, with good energy and spatial resolution. The proposal calls 
for a superconducting dipole (-2 meter diameter, and up to a meter gap) and 
quadrupoles. A central justification for HISS lies in the fact that it will 
serve as a basic facility for carrying out new generations of physics experi
ments at the Beva1ac. It is designed to operate with heavy-ion beams of 250 
Mev/nucleon to 2.1 GeV/nucleon and typical resolutions of ~p/p - 10-3. If 
approved, it ;s hoped that construction would begin by 1978, with approximately 
a two year construction period before completion and operation. 

CONCLUDING REMARKS 

The early stages of nucleus-nucleus studies at high energies have been 
of a survey nature. Single-particle inclusive studies have led the way 
in the study of peripheral, and to a large extent, the area of central col
lisions. Often, only the grossest features of these interactions have been 
investigated (e.g., momentum distributions). Now that the period of initial 
survey is largely behind us, second and third generation experiments will 
start to look for corr~lations between fragments and will provide data which 
can unravel some of the dynamics of processes such as projectile fragmen
tation. The evolution of the experimental program at the Bevalac Facility is 
akin to explorers charting unknown lands. First one outlines the gross 
features such as mountains, rivers and valleys. From there one can then 
proceed with greater assurance to explore the areas in the mountains and 
valleys which appear particularly interesting. 

The area where the Bevalac will probably make its most profound impact 
is in the possibility of creating new nuclear phenomena such as shock waves, 
pion condensates, or abnormal nuclear matter in head-on collisions. Prof. 
T.D. Lee 37 has pointed out that particle physicists for years have been put
ting larger and larger energies into smaller and smaller volumes. Using 
high energy nuclear beams provides us with the first opportunity to put a 
large energy into a large volume (the nucleus), with the possibility of ex
citing new consequences. 
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FIGURE CAPTIONS 

Plan view of the Beva1ac Facility at Berkeley. 

Fragmentation of 0.87 GeV/nucleon 12C projectile on lucite target 
located inside LBL streamer chamber. Six charged particles are 
visible. 

Plan view of magnetic spectrometer used to study projectile frag
mentation near 00 . 

Fragmentation of 4°Ar beam into different final charge states. 

Data of Ref. 4 showing the fragmentation of an 160 beam at 2.1 
GeV/nuc1eon into carbon isotopes. Cross section (arbitary units) 
versus momentum/unit charge (rigidity). 

Data of Ref. 4 on the fragmentation process l2C + Be + lOBe + x 
at 2.1 GeV/nucleon. Cross section versus longitudinal momentum in 
the projectile rest frame. 

Target averaged width, Gp of the 'projectile frame longitudinal 
II 

momentum'distribution (MeV/c) versus observed fragment mass for a 
2.1 GeV/nucleon 16 0 beam. Data from Ref. 4. 

Target factor YT versus target mass. Data are for single nucleon 
removal reactions involving 16 0 and 12C beams at 1.05 and 2.1 GeV/ 
nucleon. 

Experimental data of Ref. 11 for single nucleon removal reactions 
compared to results of model calculation using coulomb dissociation. 

Fig. 10 Data of Ref. 12 for the fragmentation of 1.05 GeV/nuc1eon alphas by 
a carbon target. Individual fragments, detected at SLAB = 2.5°, 

Fig. 11 
(a,b) 

are indicated. 

Lorentz invariant cross section for (a) deuteron or (b) alpha beam 
fragmenting to a proton versus the proton momentum. Incident energies 
are 1.05 and 2.1 GeV/nucleon. 

Fig. 12 Dependence of deuteron and alpha beam fragmentation to protons on 
target mass at 2.1 GeV/nuc1eon. Data for various targets was fit 
(least squares) to the form: G cr An, A = mass of target. 
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Fig. 13 Cross section for negative pion production at 2.50 (lab) by 1.05 
to 4.8 GeV protons from a carbon target versus the pion momentum, 
k'IT' . 

Fig. 14 Invariant cross section (Ref. 13) for negative pion production at 
(a,b) 2.5 (Lab) (a) incident protons (1.05-4.2 GeV), (b) incident deuterons 

and alphas (1.05-2.1 GeV/nucleon). 

Fig. 15 Laboratory cross section (d2a/dndk) for n- production (Ref. 13) at 
2.50(Lab) for 2.1 GeV/nuc1eon~, d, a on carbon target versus pion 
momentum. 

Fig. 16 Invariant cross section for negative pion production at 2.s0(Lab) 
at 1.05 and 2.1 GeV/nucleon by (a) deuteron and (b) alpha beams. 
Solid line represents the prediction of model described in Ref. 13. 

Fig. 17 Dependence of pion production on A. Cross section assumed to have 
the form: a ~ An, A = target mass. 

Fig. lS Measured total cross sections (aT (AA» compared with predications 
of factorization and Glauber models. Data taken at 2.1 GeV/nucleon. 

Fig. 19 Example of y-ray spectrum produced at 127.50 (lab) by 250 r·1eV/ 
nucleon carbon ions on 207Pb. Known lines are indicated. Lines 
referred to by small letter designation are due to material in vic
inity of target area. 

Fig. 20 Relative cross sections (Ref. 23-24) for the ~roduction of ~He and 
7Li fragments at 900 in the lab from a uranium target bombarded by 
various energy p, d, a, C, and Ne beams. . 

Fig. 21 1.S GeV/nucleon ~oAr projectile interacting with a thin Pb304 target 
inside LBL streamer chamber. Positive particles bend down in magnetic 
field of chamber, and negative p~rticles bend up. 

Fig. 22 Data from Ref. 23. Left-hand colulnn contains their angular distribu
tions requiring a large multiplicity of prongs. Right-hand column 
contains angular distributions after background subfraction. 2.1 
and 0.S7 GeV/n data are for 160 projectiles, 0.25 and 0.11 GeV/n data 
are for 12C projectiles. 

Fig 23 Angular distributions of 3He and ~He fragments obtained by bombarding 
Ag and U targets with 4He and 160 projectiles. 
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Fig. 24 Differential cross sections/unit angle, da/de, of He fragments 
emitted in various energy windows between 20 and 150 MeV/n from 160 
on Ag collisions at 1.05 GeV/n. 

Fig. 25 Preliminary multiplicity distributions for positive and negative 
fragments produced by 1.8 GeV/n 40Ar projectile on LiH (upper ~raph) 
and Pb304 (low graph) targets. 

Fig. 26 Comparison of the present (lower graph) and future (upper graph) ca
pabilities of the SuperHILAC and Bevalac in terms of projectile mass 
and energy. 
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