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Heavy low-energy fragments with Z > 4 have been measured in relativistic nuclear collisions, using a large
area ionization chamber telescope. For all events, correlated slow fragments were looked for in five solid
state counters and correlated fragments (E >25 MeV/u) were measured in 80 scintillators coupled to
photomultipliers. Fragment spectra were taken in the energy range of 5-150 MeV E,,. p; was extracted for
fissionlike events. Other nonbinary fragments showed an in-plane correlation with fast charged particles.
Lighter particles (4 < Z < 12) were found to be associated with a high charged-particle multiplicity.
Conflicts with previous views on high-energy proton-nucleus data are pointed out and a qualitative

comparison to hydrodynamical effects is tried.

NUCLEAR REACTIONS U(p, HF) 1.05 GeV; U(p, HF), Au(p, HF) 2.1 GeV;
U(‘He, X), Au(‘He, X) 400 MeV/u, 1.05 GeV/u; Ag(‘He, X) 1.05 GeV/u;
U(*Ne, X), Au(¥Ne, X), Ag(*Ne, X) 400 MeV/u. Measured: o(E, 0), associ-
ated charged-particle multiplicity M(X, €, ¢); dzﬂ/d91dﬂz; X=Be to Mg,

12<Z <26, Z>26; Fission fragments.

[. INTRODUCTION

The commonly adopted picture of a high-energy
proton-nucleus interaction is that of a two-step
process. In the first step the projectile interacts
in a quasifree manner with the target nucleons
producing excited target residues which, in the
second step, deexcite in various possible ways:
i.e., via evaporation of particles, y emission, and
fission. All the experimental studies to date* have
led to the conclusion that the high-energy proton-
nucleus reaction mechanism is not fully under-
stood.

For relativistic nuclear collisions an adoption
of the two-step picture seemed to be very appro-
priate since the apparent success of the fireball
model® supported the separation of a fast process
from a slow process as treated in the participant-
spectator concept. The “slow” decay of the target
spectator was calculated in various ways.** How-
ever, today several experimental results strongly
challenge the validity of clean-cut participant-
spectator based models, at least at Bevalac ener-
gies.®~7 We want to substantiate this challenge
and have developed a much more elaborate exper-
imental setup than ever used in the previous stu-
dies. The goal was to measure spectra of slow
target fragments from Be up to fission-like events,
to look for coincident slow partners of similar
mass, to determine the associated multiplicity of
fast charged particles (known as cascade particles
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in the two-step model terminologies ), and to look
for spatial correlations between slow and fast:
particles. Such a spatial correlation is considered
to be negligible in the framework of the above
mentioned two-step model and would, if detected,
be a strong indication for a collective behavior of
projectile and target nucleons.

In the experimental section the details of the
various counter arrangements are explained and
the data handling and data reduction are described.
The associated charged-particle multiplicity data
is discussed, in particular, the shapes of the dis-
tributions, their mean values, théir spatial distri-
butions with respect to 6 and ¢, and their depen-
dence on the trigger particle. This is followed by
a section on spectra of fragments with Z values
below 26. Finally, the binary events are looked
at and compared with data obtained at very low
incident energies.

. EXPERIMENTAL DETAILS
A. Apparatus

The apparatus used, which is schematically
shown in Fig. 1, consisted of three distinctively
different types of equipment: (1) particle tele-
scope, (2) silicon array, and (3) plastic scintillator
array. The particle telescope and silicon array
were each mounted on independently movable arms
inside the 1 m diam scattering chamber. The
plastic scintillator array was mounted in air out-
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3 mm Al Vacuum
chamber

FIG. 1. Schematic of experimental configuration show-
ing multiplicity array, ion-chamber Si telescope, and Si
array.

side the walls of the chamber.

The particle telescope consisted of a AE gas
ionization chamber and three silicon surface bar-
rier E detectors. The ionization chamber was a
large volume (14.8x9.8x5.3 cm) Frisch grid
chamber with an active cathode repeller plate.
The chamber had a 50 pg/cm? polypropylene en-
trance window and was operated with methane gas
at a pressure of 20 Torr. The three 6 cm? active
area, 100 ym thick E detectors each had an angu-
lar resolution of +2° and their centers were sepa-
rated by an angle of 5.5°. The telescope, which
subtended a solid angle of 11.5 msr, was cali-
brated with **Am and *%*Gd alpha sources as well
as with a #*Cf spontaneous fission source.

The silicon array consisted of five 6 cm? active
area, 100 um thick silicon surface barrier detec-
tors. Three of the detectors were oriented in the
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reaction plane as defined by the target, telescope,
and beam. Each detector had an angular accep-
tance of +5° and their centers were separated by
an angle of 15°. The array subtended a solid angle
of 127.2 msr and was calibrated with **Am and
18Gd sources as well as with a 2Cf spontaneous
fission source.

The plastic scintillator array consisted of 80
Pilot-B plastic scintillators 6 mm thick which
were coupled to RCA 8575 photomultiplier tubes
by means of lucite light pipes. Seventy-six of the
scintillators were arranged in three azimuthal
rings (4, B, and C) which subtended theta angles
of 9°to 20°, 20° to 45°, and 45° to 80°, and accounted
for 67% of the forward 27. The remaining four
scintillators (ring D) were oriented in the reaction
plane and subtended theta angles of 120° to 160° on
both sides of the beam axis. The gains of the pho-
tomultiplier tubes were set with a 2°"Bi electron
source and surveyed with 80 light-emitting diodes
(LED’s) (MV 50).

A monitor telescope was used for relative nor-
malization of each run. The monitor consisted of
three 1 em? phosphorus diffused silicon detectors
and was sensitive to “He ions in the energy range
from 13 to 30 MeV. The monitor AE, E, and E,
had thicknesses of 120, 356, and 360 ym, respec-
tively, and were mounted at a theta angle of 90°
and a phi angle of 45°.

B. Electronics

A block diagram of the electronics is shown in
Fig. 2. A slow coincidence between AE1 (anode)
single-channel analyzer (SCA) and the E1 SCA de-
fined a good event and served as the master gate
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FIG. 2. Block diagram of electronic configuration. PA=Preamplifier, CFD=constant fraction discriminator, LA
= linear amplifier, TAC=time-to-amplitude converter, and LG and S=linear gate and stretcher,
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for the computer. A CAMAC interface was used
to set bits for the three E1 and the five E2 detec-
tors and for the pulser.

A system Busy signal was derived from an OR
of the sum of the outputs of the E1 constant frac-
tion discriminators (CFD’s) (E1 OR), the master
and the analog-to-digital converter (ADC) Busy
signal. The E1 OR was delayed a few ns and
stretched to overlap the leading edge of the mas-
ter and the master was stretched to overlap the
leading edge of the ADC busy signal. The E1 OR
antied by the Busy signal served as the CAMAC
gate. The CAMAC clear was derived from the
trailing edge of the Busy signal.

The anode outputs of the 80 photomultiplier
tubes were sent directly to 80 individual CAMAC
discriminators. The width of the CAMAC gate was
50 ns.

An E1-E2 coincidence was defined by means of
a time-to-amplitude converter (TAC). The
CAMAC gate (derived from the E1 OR) was used
to start the TAC and the OR of the E2 CFD’s
served as the stop. An SCA on the TAC output
produced the E1-E2 gate and this gate was used
to open the E2 linear gate and stretcher.

A chopper pulser system was used to send pul-
ser signals to all silicon detectors and the anode
of the ion chamber. The pulser was externally
triggered by a fraction of the monitor E,; singles
rate. The number of pulser events accepted by
the computer served as a measure of the system
dead time. The LED’s of the scintillator array
were triggered by an 80 output avalanche pulser
which was externally triggered in the same man-
ner as above. The LED’s were only triggered
every other beam burst and this allowed the de-
termination of the accidental (trigger off) and
dead time (trigger on) probabilities for the array.

C. Measurements and data reduction

The reactions studied are listed in Table I. The
2.5x5.1 cm UF,, Au, and Ag targets used had
thicknesses of 699, 1030, and 647 ug/cm’ respec-

tively. The Ag target was self-supporting and the
UF, and the Au targets were prepared by vacuum
evaporation onto 50 ug/cm® polypropylene foils.

The information obtained in this experiment was
fourfold: ‘

(1) d®0/dEdS as a function of laboratory angle,

(2) d%0/d9,dR, as a function of coincidence angle,

(3) Associated charged particle multiplicity,

(4) Azimuthal correlations.

The d®0/dEdS information was obtained, as a
function of the Z of the reaction product, with the:
particle telescope. Figure 3 shows a schematic
AE vs E contour and the lines indicate the soft-
ware windows used to divide the data into eleven
groups as a function of Z. The telescope yielded
individual Z resolution which could be followed up
to a Z of 26, However, due to poor statistics, the
data with 13 < Z < 26 were grouped together. The
d*s/dEdS) for 4< Z <12 were corrected for one-
half the target thickness as seen by the telescope
at each laboratory angle. In all cases, this correc-
tion was less than the energy bin size used in the
data reduction. The absolute normalization of the
data was determined from knowledge of the tele-
scope solid angle, target thickness, and absolute
beam flux., The absolute beam flux was measured
with an Ar filled gas ionization chamber which
was calibrated by the direct counting of beam par-
ticles as described in Ref. 6.

The d’0/d9,dS, information was obtained from
coincidence measurements between the particle
telescope and the silicon array. The particle tele-
scope was sensitive to fragments with Z >4 and to-
tal energies E=5 MeV. The silicon array was
sensitive to any particle that would deposit 6 MeV
or more in a 100 ym thick silicon detector; for
example, the array was sensitive to alpha particles
in the energy range of 6 to 20 MeV. For true bi-
nary events, as in the case of statistical fission,
the d’c/d,dQ, information was used to extract a
value of the most probable linear momentum
transferred to the fissioning nucleus. This infor-
mation was obtained by means of an iterative pro-
cess utilizing the total energy of both fragments,

TABLE I. Table of reactions studied.

Projectile Energy (GeV/u) Target Reaction product *
P 1.05 U HF
2.1 U, Au HF
‘He 0.400 U, Au Z=4 to HF
1.05 U, Au Z=4 to HF
2.1 U, Au, Ag Z=4 to HF
XNe 0.400 U, Au, Ag Z=4 to HF

% HF refers to products with Z<26 and fission fragments. The energy of the products was

5SE<150 MeV.
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FIG. 3. Schematic AE vs E two dimensional contour.
The solid lines indicate the software windows used in
the data analysis.

the coincidence angle between them, and a guess
of the fissioning nucleus which was based upon

the measured charged-particle multiplicity, How-
ever, for a coincidence between 4 < Z < 26 in the
particle telescope and something in the silicon
array, the d’c/d9,dQ, was only useful in deter-
mining whether or not there was evidence of a two
body correlation.

The associated charged-particle multiplicity
information was obtained by measuring the number
of fast charged particles that triggered the scin-
tillator array in coincidence with observing a par-
ticular fragment in the particle telescope. The
low-energy thresholds for observing particular
charged pai'ticles in the plastic scintillators are
given in Table II. One quantitative piece of infor-

TABLE II. Thresholds for charged particles in the
scintillator array.

Particle Energies
7t 10 MeV
P 25 MeV/u
d 17 MeV/u
t 18 MeV/u
He 29 MeV/u
‘He 25 MeV/u

mation that can be extracted from these measure-
ments is the average real associated charged-par-
ticle multiplicity. This average multiplicity was
determined by adopting the standard techniques
developed for y-ray multiplicity measurements,®
correcting for missing solid angle,-coincidence
summing, and accidental and dead time probabili-
ties, assuming uniform azimuthal distributions
and no correlations in particle emission, This
procedure was applied to the multiplicity infor-
mation in each of the four rings, yielding a quan-
tity dM)/d(6). The average real multiplicity
was determined by integrating d (M)/d2(6) from 0
to 7. The accidental and dead time probabilities
were small, of the order of a few percent, in all
cases,

The final piece of information obtained from
this experiment concerns azimuthal correlations
(d%c/dQ,dQ,(¢), where ¢ =|p, — ¢,|) between slow
fragments detected in the particle telescope and
fast particles detected in the plastic scintillator
array. In order to determine if such a correlation
exists, a two particle correlation function was ex-
tracted from the data. In particular, the R func-
tion® which is defined as

d%
_, . d%an,
" E do,do,
as,ds,

1

was used, where oy is the total inelastic cross
section and do,/d®, and do,/dQ, are the single
particle inclusive cross sections for particles 1
and 2 respectively. The advantage of R is that it
measures the fractional correlation and therefore
treats favored and unfavored regions of phase
space equally.

III. DISCUSSION
A. Associated charged-particle multiplicities

1. Shapes of multiplicity distributions

The slope of the observed associated charged-
particle miltiplicity distribution, as measured in
the 80 counter multiplicity array previously de-
scribed, can provide insight into the type of inter-
action that produced the trigger particle. For ex-
ample, if the trigger particle was associated pre-
dominantly with a large multiplicity of fast charged
particles, it would be assumed to come from a
central collision, and low associated multiplicity
would imply a rather peripheral collision.

Figure 4 shows six distinctively different as-
sociated charged-particle multiplicity distribu-
tions from interactions of *°Ne and *He projectiles
with targets of Auand U. The left hand portion of
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FIG. 4. Observed associated charged-particle multi-
plicity distribution as measured with the 80 counter
multiplicity array, plotted as a probability.

Fig. 4 shows the distributions associated with pro-
tons and carbon ions. The distribution associated
with observing a proton (25 < E <200 MeV) at a
laboratory angle of 90° shows a significant amount
of low as well as high multiplicity events, indica-
ting that protons are produced in both violent (cen-
tral) and gentle (peripheral) interactions. In con-
trast to this, the distribution associated with see-
ing a low-energy carbon (5 < E < 140 MeV) at 90°
in the laboratory is characterized by an absence
of zero multiplicity, i.e., a distribution almost
symmetric about the most probable value. This
shape and the magnitude of the multiplicity indi-
cate that low-energy, light fragments (4< Z < 12)
come almost exclusively from central collisions
and are not produced in peripheral collisions.
High-energy proton, heavy emulsion nuclei stu-
dies!®! have also shown that light fragments, in
particular ®Li and °B, are predominantly produced
in interactions with the largest number of charged-
particle prongs, i.e., the most violent proton nu-
cleus reactions. -

The central portion of Fig. 4 compares observed
multiplicity distributions associated with frag-
ments with Z >26 from interactions of *°Ne with
targets of U and Au. The distribution from the U
target exhibits a maximum probability near zero
multiplicitity, with almost no high multiplicity
events. The distribution from the Au target has
two components, a low and a high multiplicity com-
ponent. The difference in the multiplicity distribu-
tions reflects the difference of the nuclear prop-
erties of the two target nuclei. In the case of the
U target, which has a low fission barrier, approx-
imately 90% of the fragments with Z > 26 are pro-

duced by means of a statistical fission process.
On the other hand, less than 10% of the fragments
with Z > 26 come from a statistical fission process
in the case of the Au farget which has a much
higher fission barrier than U. The nature of the
U distribution indicates that these fission events
are produced almost entirely in peripheral inter-
actions with small energy and momentum transfer.
In order to further investigate the two component
distributions associated with fragments with Z
>26 from a Au target, we can look at the multipli-
city distributions associated with all Z>26 events
measured and the distribution associated with ob-
serving two slow moving fragments in coincidence.
As can be seen in the right hand portion of Fig. 4,
if a binary slow fragment event is selected, the low
multiplicity component is enhanced. However,
the high multiplicity component is still present.
The presence of the high multiplicity component,
associated with two slow moving fragments, may
be an indication of a new reaction mechanism. A
mechanism whereby the projectile knocks out a
reasonable amount of the target nucleus and leaves
two rather cold (i.e., low excitation energy) pieces
which are driven apart, without forming a long
neck, by their Coulomb forces. A similar mecha-
nism has been postulated to explain some recent
high-energy-proton nucleus data.'?

2. Angular distributions of average multiplicities

The manner in which the fast charged particles
associated with a given trigger particle are dis-
tributed over 47 can give qualitative information
concerning the nature of the interaction between
the projectile and the target. For example, if the
laboratory distribution of fast charged particles is
strongly forward peaked, this is an indication of
interactions involving very small amounts of trans-
verse momentum transfer, such as in the case of
projectile fragmentation. Therefore, the flatter
the laboratory distribution, the larger the trans-
verse momentum transfer, i.e., a larger fraction
of the initial longitudinal momentum of the pro-
jectile is being damped into transverse degrees of
freedom.

With our multiplicity array, we can look at the
average number of particles associated with a
given trigger particle that populate four regions of
47, Figure 5 shows three different laboratory ang-
ular distributions of average associated multipli-
cities d(M)/dQ. As canbe seen in Fig. 5, the dis-
tribution associated with observing coplanar bi-
nary fission events is extremely forward peaked.
In contrast, the angular distributions associated
with observing protons (25 < E < 200 MeV) are
much flatter, with the distribution associated with
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FIG. 5. Angular distribution of associated charged-
particle multiplicities.

observing an oxygen fragment being the least for-
ward peaked, This information complements what
we learned from the shapes of the associated
charged-particle multiplicity distributions., Name-
ly, fission fragments (as from a statistical fission
process) are produced in relatively gentle, peri-
pheral collisions and low-energy light fragments
(4 < Z <12) are produced in rather violent central
collisions.

These angular distributions of average associa-
ted multiplicities associated with (a) fission pro-
ducts, (b) protons, and (c) light fragments (Fig. 5)
show that in going from (a) peripheral collisions to
(b) near central collisions to (c) predominantly
central collisions, the transverse particle flux in-
creases.
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FIG. 6. Real mean associated charged-particle multi-
plicities plotted as a function of the Z of the trigger
particle for 400 MeV/u **Ne projectiles interacting with
targets of Au and Ag.
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FIG. 7. Real mean associated charged-particle multi-
plicities plotted as a function of the Z of the trigger par-
ticle.

3. Mean associated multiplicities

The integrated area under the curves shown in
Fig. 5 yields the real mean associated charged-
particle multiplicity associated with a given trig-
ger particle. The results of such integrations are
plotted in Fig. 6 as a function of the Z of the trig-
ger particle. One can see from Fig. 6 that frag-
ments with 4< Z < 12 have the highest real mean
multiplicity and that for a given projectile and en-
ergy, the multiplicity scales with the mass of the
target nucleus.

Figure 7 shows a new and very interesting phe-
nomenon: For a given target nucleus, the real
mean associated charged-particle multiplicity
scales with the total energy of the projectile, not
with the projectile velocity. This new information
indicates for the first time that the total energy
brought in by the projectile is an important vari-
able to look at in trying to understand the mecha-
nisms involved in relativistic nuclear collisions.

The scaling of the multiplicity with the total en-
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FIG. 8. Angular distribution of associated charged-
particle multiplicities.
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ergy of the projectile does not tell the entire story,
as can be seen in Fig. 8. There, a comparison is
made of d(M) /49 for *He + Au and 2°Ne + Au where
the projectile energy is approximately the same,
namely 8 GeV. One sees that the angular distribu-
tion for the 400 MeV/u 2°Ne + Au reaction is slightly
more forward peaked than for the 2100 MeV/u

“He + Au reaction. This observation indicates a
kinematical effect that is associated with the total
incoming momentum rather than the momentum
per nucleon of the projectile.

B. Azimuthal correlations

Figure 9 shows several two particle correlation
functions between slow moving light and heavy
fragments detected at ¢ =0°and 6=90° in the de-
tector telescope and fast moving (E= 25 MeV/u)
charged particles detected in rings A and B of the
multiplicity array. If one compares the three
lower frames of Fig. 9 (400 MeV/u 2°Ne + Au), one
can see an increasing enhancement in the corre-
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FIG. 9. Azimuthal correlations between fast charged
particles detected in ring A and ring B, and slow moving
fragments detected in the telescope (see Fig. 1).

lation function at ¢ =180° as the Z of the correlated
slow fragment increases. That is, the correlation
function between Z =6 and fast charged particles is
nearly isotropic, whereas for fragments with Z
>26 (from a Au target) there is approximately a
factor of 2 enhancement in the correlation at ¢
=180° in both rings A and B.

The top frame of Fig. 9 shows the correlation
functions for 400 MeV/u *Ne+U~Z =26+ X, It
can be seen that, unlike the Au target, there are no
statistically significant correlations between fast
charged particles and Z >26 fragments for the U
target. This lack of correlation can be understood
by recalling that (a) the smallest theta angle cov-
ered by the multiplicity array is §=9° and (b) that
90% of the yield in the Z>26 group from a U tar-
get comes from a statistical fission process,
which at these bombarding energies, are predom-
inantly a result of a gentle, peripheral interaction
as shown by their multiplicity distributions. One
might expect to see some asymmetry in the phi
distributions of correlated fast charged particles
in regions of theta less than 9°, since projectile
fragmentation studies’® have shown that there are
small amounts of perpendicular momentum trans-
ferred in such interactions.

The phi symmetry of the fast charged particles
that are correlated with slow moving fragments
with 4 < Z < 12 and the phi asymmetry associated
with Z = 26 fragments (from targets such as Ag
and Au) can be seen in Fig., 10, This figure shows
two typical events as measured by the multiplicity
array in coincidence with an oxygen fragment (up-
per half) and a Z =26 fragment (lower half).

The lower half of Fig. 10 is especially interest-
ing since the momentum of the Z =26 fragment is
approximately 2 GeV/c, (Since the Z =26 frag-
ment is detected at a laboratory angle of 90°, this
momentum is essentially the perpendicular
momentum of the fragment.) With a projectile
velocity of 400 MeV/u, it is impossible to trans-
fer this amount of momentum (p , =2 GeV/c) per-
pendicular to the beam direction in a single nu-
cleon-nucleus collision. Therefore, such events
(lower half of Fig. 10) indicate a cooperative inter-
action mechanism between many nucleons of the
projectile and the target.

This observed asymmetry obviously indicates
conservation of momentum, and since the momen-
ta are smaller for the light fragments, the asym-
metry may also be smaller, However, remember
an in-plane correlation between a large number of
fast charged particles and one heavy intact nucleus
is observed. The mechanism for this observed
momentum balance, coupled with small excitation
of a substantial portion of the target, is very in-
triguing and worth understanding. It was pointed
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FIG. 10. Sample multiplicity patterns as detected in
the 80 counter array in coincidence with an oxygen frag-
ment (upper half) and a Z=26 fragment (lower half).

out® that first results of hydrodynamical calcula-
tions**!7 look very encouraging, since they pre-
dict for nonzero impact parameter collisions an
in-plane 180° correlation between fast fragments
and very slow ones with velocities close to our
measured ones of 0.07¢ to 0.04c.

C. Fragment spectra

In high-energy proton-nucleus reactions low-
energy fragments from targets like uranium ex-
hibit the following features': (a) There are peaks
in the spectra which shift towards higher energy
as the atomic numbers of the fragments increase.
They are interpreted in a simple two step model
as a reflection of the Coulomb barrier at the emis-
sion point. (b) This apparent Coulomb barrier is
one half or less of the composite system (moving
with a given 8, and 8, =0). (c) The slope of the
spectra at 90° in the above mentioned two-step
model reflects the temperature of the emitting
source, and values as high.as 10 to 30 MeV have
been reported.

Later studies'® with incident deuterons and alpha
particles showed a further decrease of the appa-
rent Coulomb barrier and an increase in the ap-
parent temperature. It was pointed out that the
complex particles apparently deposited more en-

ergy in the target nucleus than did the protons.
Finally in the studies'''® it was pointed out that
all the data were more forward peaked in intensity
than could be explained by this simple model of a
forward moving source of a certain temperature
emitting fragments isotropically in its rest frame.
In this experiment these low-energy fragments
were found to be associated with high multiplici-
ties, substantiating the earlier conclusions (Sec.
III A 1) that these fragments indeed come from
very violent reactions where a large amount of en-
ergy is dissipated in the target nucleus. Figure 11
shows the 90° spectra of fragments of Z=6 to Z
=11 from 1.05 GeV/u *He on Au. As in high-en-
ergy proton-nucleus reactions, the peak energy
shifts towards higher values with increasing atom-
ic number (Table III). As the incident energy is
increased, as shown in Fig. 12, the peak position
for carbon fragments is shifted to a lower energy
by approximately 6 MeV. Since we measured in
this experiment the associated charged-particle
multiplicity, we find in the comparison that for
carbon produced by the interaction of 8.4 GeV *‘He
+ U there are, on the average, 22 fast charged par-
ticles observed whereas for 4.2 GeV “He + U, car-
bon fragments are associated with only 13 fast
charged particles. Therefore, at 8.4 GeV incident
“He on U the remaining system has on the average
al least nine charges less than at 4.2 GeV and thus
has a lower effective Coulomb barrier. A look
at the slope of the spectra indicates a flatter spec-
trum at the higher energy, corresponding to an
“apparent higher temperature” of the excited nu-
clear system.
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FIG. 11. Laboratory kinetic energy spectra taken at
i, =90° for 6< Z<11.
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TABLE III. Peak energies * of light fragments.

z Epeak (600) Epeak (900)

1050 MeV/u “He + Au

6 44.5 38.5
7 47.5 41.5
8 51.0 44.0
9 54.0 46.0
10 57.0 48.0
11 59.5 50.5
12 62.5 52.0
2100 MeV/u *He + Au
6 40.0 32.5
7 44.5 35.5
8 46.0 37.0
9 51.0 40.0
10 53.5 43.0
11 56.5 44.5
12 59.5 46.0
400 MeV/u 2Ne + Au
6 55.0 34.0
7 58.0 36.0
8 62.0 38.0
9 66.0 40.0
10 70.0 42.0
11 74.5 45.0
12 78.0 47.0

# Peak energies defined by a least-square fit to the data
assuming a Maxwellian distribution. Typical accuracy
+0.5 MeV.

Since a lower limit of the amount of charge re-
moved from the composite system has been mea-
sured in this experiment, one can try to see whet-
her this explains the apparent reduction of the
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FIG. 12. Laboratory kinetic energy spectra for car-
bon ions at 0,,=90° for the interaction of 1050 and 2100
MeV/u ‘He+ Au.

Coulomb barrier in the emission of light frag-
ments. Using the peak energies of carbon and
neon fragments and the slope of the spectra for
the apparent temperatures, and assuming that the
emitting source is the same for carbon or neon
emission, then the apparent second body in the
carbon emission at 8.4 GeV has an atomic number
of about 42 and a reduced Coulomb radius of 7,
=2.0 fm. This is low compared to the upper limit
of 65 which is the sum of Z, ;+ Zr, = Zcarpon — M-
Part of that difference may be explained by the
missing particles with energies below 25 MeV/u,
part may be due to doubly charged clusters of en-
ergy larger than 25 MeV/u. The large apparent
Coulomb radius for a Z =42 nuclear system, how-
ever, indicates a very high deformation of the
emitting system.

The second body was looked for in the coinci-
dence detectors which has a lower threshold of 6
MeV. Because of this threshold and pulse height
defect of the detectors we were not able to mea-
sure the coincident fragment (if any existed) from
the U target, since the heavy coincident particle
would produce a signal below this threshold. For
the Ag target, however, there are lighter m, mass-
es involved yielding higher recoil velocities, but
we observed no correlation between light frag-
ments in the ionization chamber telescope and the
coincidence counters. Figure 13 shows the car-
bon—anything above 6 MeV correlation from 187°
to 116°. Compare its flat shape with that of binary
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FIG. 13. Heavy/light carbon fragment two particle
correlation function.
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FIG. 14. Laboratory kinetic energy spectra for carbon
ions at three laboratory angles.

fission-like fragments shown in Fig. 17.

In Fig. 14 the double differential cross section
is increasing with decreasing emission angle.
This enhancement is usually described as being
due to the forward motion of the isotropically
emitting hot source and forward velocities in the
vicinity of 0.04c¢—0.06¢ have been extracted.

Since the light fragments discussed here are
earmarked by their high associated charged-par-
ticle multiplicity to come predominantly from
central collisions, those findings together with the
indicator of large deformation effects suggest that
one should drop the simple two-step model in
these reactions and turn to models with more com-
plex dynamics in the emitting systems. Whereas
the cascade model predicts residues to recoil into
finite angles,'® hydrodynamical calculations, on
the other hand, predict that for central collisions
a nuclear system expands, strongly oriented with
respect to the incident path of the projectile,
causing a polarization of the exploding sys-
tem.14'17’18

In the latter case it can easily be seen that large
differences in Coulomb repulsion occur for clus-
ters frozen out at different polar angles. Thus an
extraction of a parallel velocity is very difficult
because of the strongly varying Coulomb force as
a function of polar angle.

In this context we would like to point out once
more that there is a large amount of high-energy
proton-nucleus data which could never be fully
explained consistently at all angles, since the data
were always more forward peaked. Perhaps this
is also an indication for strong deformation effects
as described by hydrodynamics.
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FIG. 15. Laboratory fission-fragment kinetic energy
spectra.

D. Fission

Sample fission-fragment kinetic energy spectra
from the fission of U induced by projectiles of “He
and *°Ne are presented in Fig. 15. As can be
seen, the spectra are symmetric in shape. This
symmetry is characteristic of a fissioning nucleus
with-an excitation energy E*=50 MeV.!°

The right half of Fig. 15 shows fission kinetic
energy spectra at laboratory angles of 90° and 30°,
The increase in yield between 90° and 30°is consi-
tent with a 1/sin6 shape, indicating that some
amount of angular momentum has been imparted
to the fissioning nucleus. A more quantitative
analysis of this anisotropy allows one to estimate
a lower limit of angular momentum.'® Since a
complete fission-fragment angular distribution was
not measured, we can not extract from the data
the mean amount of angular momentum imparted
to the fissioning nucleus. However, we can obtain
an estimate of (1) by comparing the measured fis-
sion-fragment anisotropy ratio, do/dQ (30°)/do/dS
(90°) =1.31, for the 400 MeV/u ?°Ne + U reaction
with anisotropies measured® for *He + U at pro-
jectile energies between 7 and 35 MeV/u where
values of (/) are reasonably well known. The
anisotropy of 1.31 agrees with the anisotropy mea-
sured®® for 11 MeV/» *He + U, Since the value of
() is 13 for 11 MeV/u “He+U () =% I,,.), we can
conclude that the average amount of angular mo-
mentum imparted to the fissioning nucleus by the
interaction of a 400 MeV/u 2°Ne projectile with a

‘U target is at least 13%. This value is in the vi-

cinity of an angular momentum value of 187 ex-
tracted from knowledge of the linear momentum
transferred to the fissioning system (Table V)
assuming a large impact parameter of a periphe-
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TABLE IV. Fission and total inelastic cross sections.

Reaction 04(mb) or(mb) 2
400 MeV/u ‘He +U 1460 £ 140 2330
1050 MeV/u ‘He +U 1050 100 2500
2100 MeV/u ‘He +U 920+ 90 2500
400 MeV/u ®Ne +U 1620+ 160 4100

2 Calculated using soft sphere model of Ref. 21.

ral reaction., This value is small compared to an
() ~ 4207 which is allowed for the 400 MeV/u ?°Ne
+ U reaction, indicating that interactions which
lead to fission of the target nucleus are rather
gentle. However, the fact that an angular momen-
tum of 137 is transferred does indicate that fission
is induced in reactions with a reasonable amount
of projectile-target interaction.

The cross sections for fission, o;, determined
in this work, are listed in Table IV along with
calculated® values of 6. The values of o, for
“He + U at projectile energies of 400, 1050, and
2100 MeV/u are compared with measured o, val-
ues between 7 and 35 MeV/u (Refs. 20,22) in Fig.
16. As can be seen, there is a decrease in o, of
more than a factor of 2 between 35 MeV/u and
2100 MeV/u. Also shown in Fig. 16 are mea-
sured®?? (18 and 35 MeV/u) and calculated (400,
1050, and 2100 MeV/u) values of the total inelastic
cross section o,. It can be seen that at 35 MeV/u
and below, o, =0 (Ref. 22), and that above 400
MeV/u o, appears to be constant and roughly
equivalent to the value at 35 MeV/u. It is inter-
esting to note that, even though o is constant, o,
is decreasing rather rapidly between 400 and 2100
MeV/u. This divergence between o, and o, shows
that as the projectile energy is increased a larger
fraction of the projectile-target interactions are
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FIG. 16. Cross sections for fission, oy, and total in-
elastic cross sections og for the interaction of ‘He+ U.
B: o; this work; O: oz, calculated using model of Ref.
22; @: o; from Ref. 21; A: oy from Ref. 21.

violent. That is, larger amounts of energy are
deposited in the target making it impossible for the
target to undergo equilibration followed by a sta-
tistical fission decay.

A sample fission-fragment correlation function
is shown in Fig. 17, If there was no linear mo-
mentum transferred to the fissioning nucleus, a
narrow peak would be observed (whose width and
shape would be determined by the number of neu-
trons that were evaporated from the fission frag-
ments) centered at a A6=180°. As can be seen in
Fig. 117, the correlation function is peaked at a A6
slightly less than 180°, indicating that some linear
momentum was transferred to the fissioning nu-
cleus. It is of interest to note that the correlation
function is skewed toward decreasing values of
Af, showing that some fraction of the fissioning
nuclei receive rather substantial amounts of linear
momentum,

The fission-fission correlation data was used to
extract a most probable value of the linear momen-
tum (p,) transferred to the fissioning nucleus,
utilizing the procedure outlined in Sec. IIC. The
results of this calculation are tabulated in Table
V. As can be seen, the values of p, range from
220 to 500 MeV/c. To put these values in the
proper perspective, studies'® have shown that p,
transferred in projectile fragmentation reactions
are of the order of 100 MeV/c. Therefore, the in-
teractions leading to fission can be considered
slightly more violent than interactions that lead to
the low excitation energy breakup of the projectile.
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FIG. 17. Fission-fragment fission-fragment angular
correlation function.
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TABLE V. Most probable values of p .

Reaction iy (MeV/c)
400 MeV/u ¥Ne +U 500
400 MeV/u ‘He+U 480
1050 MeV/u *He+U 430
2100 MeV/u *He+U 220

IV. CONCLUSION

From the shapes of the associated charged-par-
ticle multiplicity distributions it became evident
that—as expected—fission fragments from rela-
tivistic nuclear collisions are predominantly pro-
duced in low multiplicity events. However, a com-
ponent with high multiplicities has been found, in-
dicating that even in violent reactions binary frag-
ments are produced, possibly via an interesting
new mechanism.

The low-Z fragments are originating from
events with high multiplicity, as was expected
from earlier high-energy proton-nucleus data.
However, the strong lack of low multiplicity events
contributing to this channel is a surprising result
and makes these low Z fragments, in the absence
of multiplicity counters, an excellent indicator of
a very violent collision.

The puzzling apparent reduction of the Coulomb
barrier for emitted light fragments from heavy
target nuclei bombarded by high-energy protons is
also observed here in relativistic nuclear colli-
sions with heavy target nuclei. However it was
found that the apparent Coulomb barrier decreases
as the total incident kinetic energy increases.
Furthermore, it could be shown by measuring
simultaneously the associated charged-particle
multiplicity of fast particles (E=> 25 MeV/u) that
apparvent Coulombd barrier (peak position in the
spectra), apparent temperature (inverse slope of
the spectra), and the average charvged-particle
multiplicity are all related to the incident total
kinetic enevgy. For heavier fragments of nonbi-
nary nature a strong 180° in plane correlation

was found with many fast particles. This in-plane-
180° correlation between slow and fast particles
strongly questions the old two-step picture for a
high-energy projectile-nucleus interaction and
definitely links the fast particles to the bulk motion
of the target remains. The hydrodynamical mod-
els invite one to understand all these features.
For central collisions these calculations predict
strong absorption of the total kinetic energy by
the target nucleus and, further, an expansion lead-
ing to shapes that appear to account for the Cou-
lomb effects observed. In violent peripheral reac-
tions the calculations agree with the velocities
observed for the heavy particles and with their in-
plane-180° correlation with fast charged particles.
The fission cross section from uranium de-
creases rapidly as the bombarding energy increa-
ses. At low energies (35 MeV/u) the uranium
nucleus had essentially a 100% chance to undergo
fission even for central collisions.?® As the pro-
jectile energy increases the collisions get more and
more violent, and only in more peripheral colli-
sions is the excitation low enough for a statistical
fission process to occur. However, as the studies
with a Au target have shown, there is a binary
fragmentation process associated with violent col-
lisions.
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