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Target and projectile fragmentations in 208Pb-emulsion collisions at 160A GeV
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~Received 20 February 1996!

We present the results of a study performed on the208Pb-emulsion interactions at 160A GeV. In a minimum-
bias sample of 1034 nuclear collisions, charges are assigned to all of the emitted 3431 helium and 1820 heavier
projectile fragments during the breakup of the208Pb beam in emulsion. Multiplicity distributions of the
target-associated slow-moving particles and of the fast-moving projectile fragments are investigated. The polar
angles of a subsample of 337 interactions having at least four projectile fragments of chargeZ>2 are accu-
rately measured and their pseudorapidity distributions are obtained. Multiplicity distributions, two- and three-
body asymmetries, and conditional moments of the fast-moving projectile particles are investigated in terms of
the total charge remaining in bound in the multiply charged projectile fragments. The results are compared with
our existing 10.6A GeV 197Au-emulsion data obtained in experiment No. 875 conducted at the Brookhaven
National Laboratory. Multiplicity distributions of slow particles emitted from the208Pb- and197Au-induced
emulsion reactions are found to be independent of the beam masses and their energies. An insignificant number
of fission events is observed in this work. Some differences in the average yields of helium nuclei and heavier
fragments are observed, which may be attributed to an energy effect or to the limited statistics. However, two-
and three-body asymmetries and conditional moments indicate that the breakup mechanism of the projectiles
over a wide span of energies seems to be energy independent.@S0556-2813~96!01012-6#

PACS number~s!: 25.75.2q, 05.70.Jk, 24.60.Ky, 25.70.Pq
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I. INTRODUCTION

The collisions of heavy ions at relativistic energies of
the right kind of environment to explore a variety of aspe
related to hot and dense nuclear matter to enhance our e
ing knowledge about the nuclear equation of state~EOS!, as
well as the possibility of observing the signatures of an
usual form of matter such as a quark-gluon plasma. Thus
intensive effort has been devoted, during recent years
investigate the formation and decay of highly excited nucl
matter produced in nucleus-nucleus collisions at various
cident energies. Depending upon the target-projectile com
nation and the incoming projectile energy, the excited pi
of nuclear matter decays predominantly by the emission
nucleons, deuterons, tritons, helium nuclei, and charged
ticles with 3<Z<30 commonly known as intermediate-ma
fragments ~IMF’s! and fragments of very heavy charg
Z.31. To understand the dynamics involving the formati
of IMF’s and other multifragments in its final state, nume
ous experiments have been performed at low, intermed
and high energies@1–5#. To explain the experimental resul
on the still debated subject of nuclear multifragmentati
several alternative theoretical approaches@6,7# have been put
forward in which the formation and decay of IMF’s are a
sumed to take place through the statistically fragment
processes or through the dynamical processes such a
Boltzmann-Uehling-Uhlenbeck formalism@8#, the micro-
scopic quantum molecular dynamics~QMD! calculations@9#,
and the role of mass and energy density fluctuations in
phenomena of cluster formation@10#. Thus, more experimen
tal information is clearly required in order to disentang
various existing models on this interesting topic of multifra
mentation.

Very recently, a beam of208Pb nuclei has been accele
ated to an energy of 160A GeV from the CERN Super Proto
540556-2813/96/54~6!/3185~10!/$10.00
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Synchrotron~SPS!. Consequently, it has provided an amp
opportunity to investigate the formation and decay of high
excited nuclear matter under the conditions of extreme d
sity and temperature. In the following discussion, we sh
present,for the first time, a systematic study on the target an
the projectile fragmentations of the208Pb-induced emulsion
interactions at the highest available projectile energy
'33 TeV from the SPS accelerator facility. An attempt
also made to compare these results with our data@3# col-
lected on the197Au beam at 10.6A GeV from the BNL Al-
ternating Gradient Synchrotron~AGS!.

This paper is organized as follows. In Sec. II, we give t
experimental details that include the exposure and scan
of emulsion stacks, different kinds of the produced particl
and the charge determination of the fast-moving projec
fragments. The discussion of the results of the slow-mov
target-related particles is given in Sec. III, and that of the f
moving projectile fragments~PF’s! of chargeZ>2 in Sec.
IV. Section V deals with the discussion pertaining to t
two- and three-body asymmetries of the fast-moving char
particles, and Sec. VI presents their conditional moment
terms of the bound chargeZbound@2#. Finally, the conclusions
of the present experiment are reported in Sec. VII.

II. EXPERIMENTAL DETAILS

A. Exposure and scanning of emulsion stacks

In December 1994, three stacks, each one consisting o
electron-sensitive Fuji nuclear emulsions, were exposed
beam of208Pb ions at 160A GeV in experiment. No. EMU11
conducted at the CERN SPS. The flux of the incomi
208Pb beam was 1000 ions/cm2. The exposure was made i
such a way that these energetic208Pb nuclei remained almos
parallel to the surface of an emulsion pellicle. Thus, the
3185 © 1996 The American Physical Society
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3186 54G. SINGH AND P. L. JAIN
dividual beam tracks were, in general, confined to a sin
pellicle and the following of the primary beam tracks w
done only in one emulsion plate. By employing along-th
track scanning technique under a total magnification
'5503, we followed all of the primary tracks of the208Pb
beam initiating from the entrance edge until they either
teracted or exited from the interacting volume. By followin
a total track length of 58.29 m, a data sample of 1300 nuc
interactions was collected and is considered as the minim
bias sample for the present experiment. The nuclear inte
tion mean-free-path value determined in the present exp
ment islnuc54.4860.12 cm and the corresponding value
its nuclear cross section in emulsion issnuc52826678 mb
@11#. For the present investigation, 1034 nuclear events h
been completely analyzed and discussed. The results
compared with another sample of 1224197Au-emulsion col-
lisions at 10.6A GeV obtained through experiment No. 87
performed at the BNL AGS@3#.

B. Classification of emitted particles

In general, four kinds of charged particles are observe
the interactions of heavy ions in emulsions:~i! the target-
associated slow-moving particles emitted from the excitat
of an emulsion target nucleus,~ii ! the fast-moving projectile
fragments of chargeZ>2, ~iii ! the projectile fragments o
chargeZ51 emitted from the fragmentation of the208Pb
beam nucleus, and~iv! the singly charged produced particle
~predominantlyp mesons!. At the SPS relativistic energies
first and second classes of particles can be easily dis
guished from their visual characteristics in nuclear emulsi
@11,12#. A great majority of the target-associated partic
have relatively low energies. In the conventional termin
ogy of emulsions@11#, these particles are known as blac
Nb , and grey,Ng , tracks.Nb tracks are charged particle
having a velocityv<0.2c with a residual range ofR,3 mm
in emulsion. Generally,Nb tracks are due to protons of k
netic energy,Ek,20 MeV, and are the fragments evaporat
from the target. Some black tracks are also due to the he
and heavier charges@11#. Ng particles have a velocity
0.2c,v,0.7c with a residual range ofR>3 mm. These
particles predominantly comprise of protons of kinetic e
ergy between 26<Ek<375 MeV and occasionally kaons be
tween 20<Ek<198 MeV and p mesons between
12<Ek<56 MeV @11#. The multiplicity of heavy tracks,
Nh , is generally defined asNh5Nb1Ng . At relativistic en-
ergies, multiply charged fragments withZ>2 emitted from
the breakup of the projectile nucleus essentially travel w
the same speed as that of the parent beam nucleus. T
energetic PF’s are recorded in emulsion with 100% detec
efficiency and this intrinsic feature of emulsion makes i
unique detector among all the particle detectors currentl
use. In each event, we recorded the multiplicity of heliu
tracks, Na , as well as of the projectile fragments wit
Z>3, NPF. However, for the third and fourth categories
particles, it is difficult to make a clear distinction, especia
between the singly charged PF’s and the singly charged
ducedp mesons proceeding in the very forward directio
These particles produce minimum ionizing tracks in em
sion and hence they look alike. In addition, some of
singly charged PF’s can participate during the collision a
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can mix with the producedp mesons emitted at large angle
and thus their separation is not easy. Dealing with mass
ions like 208Pb and 197Au at very high energies, there i
another possibility that some of the target protons
knocked out by the incident projectile nucleus and appea
fast-moving particles, which are hard to distinguish from t
singly charged projectile fragments. However, the numbe
singly charged projectile fragments, in general, can be de
mined from the charge conservation using Eq.~1! as de-
scribed in Sec. IV B.

C. Charge determination of projectile fragments

The grain density of singly charged relativistic trac
(Z51) was determined to be 25–30 grains/~100 mm!. The
grain density of the relativistic helium tracks~with Z52)
was almost 4 times than that of the minimum ionizing trac
and thus the helium tracks were easily recognized by an
perienced observer due to their distinctive grain density. F
thermore, all the helium track candidates were followed
more than 5 cm to ensure that they might not be due to so
grey tracks proceeding downstream in the very forward
rection. Almost 99% of the grey tracks when followed up
5 cm showed a considerable amount of Coulomb scatte
and, with further tracing, they came to the end of th
ranges, but not the projectile helium tracks. The charges
all the PF’s withZ>3 were determined by a combination o
several methods: grain density, gap length,d-ray density,
relative track width, etc., as discussed in our former inve
gation@3#. In Fig. 1, we present the frequency distribution
(d rays!/~100 mm! for the PF’s of charge 3<Z<20. For
d-ray density, more than 200d-rays were counted for eac
track. A well-defined peak corresponding to each individu
charge is an indication of very good charge resolut
achieved up toZ520. The charge resolutions obtained f
the charge groups 2<Z<4, 5<Z<12, 13<Z<20,

FIG. 1. Frequency distribution ofd rays per 100mm of the PF’s
of charge 3<Z<20 in nuclear events of208Pb at 160A GeV.
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TABLE I. The average multiplicity of target-associated black^Nb&, grey ^Ng&, and heavŷNh& particles
emitted in the208Pb- and197Au-induced emulsion reactions at 160A GeV and 10.6A GeV, respectively. The
predictions of a Monte Carlo codeVENUS @13# for the 208Pb data are also included.

Ion Energy Events ^Nb& ^Ng& ^Nh& Ref.
(A GeV!

208Pb 160 1034 5.5860.17 1.9660.06 7.5460.23 This work
208Pb 160 1000 0.46 2.16 2.62 VENUS @13#
197Au 10.6 1224 4.9860.14 2.4160.06 7.4060.21 This work
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21<Z<40, andZ.40 are less than60.4 charge units~cu!,
60.5 cu,61.0 cu,62.0 cu, and63.0 cu, respectively. Fur
ther details on the charge determination of PF’s withZ.20
can be found in Ref.@3#.

III. RESULTS ON SLOW PARTICLES

From former studies@12# on the CERN projectiles such a
16O and 32S at ~60–200!A GeV, we have learned that th
yield of target-associated particles is essentially energy in
pendent, which can be understood simply from geometr
concepts. Here, our objective is to investigate this effect
employing the most massive projectiles accelerated from
SPS and AGS. In Table I, we present the average multip
ties of black ^Nb&, grey ^Ng&, and heavy^Nh& target-
associated particles emitted in the interactions of the208Pb
ion at 160A GeV and the197Au ion at 10.6A GeV. It is
interesting to find that the average yields of^Nb& and ^Ng&
for both the beams are different, but their total^Nh& yields
are the same. As the target excitation depends on the
yield of the slow particles,̂Nh&, and not on the individua
yields of ^Nb& or ^Ng& particles, therefore, the target excit
tion is independent of the projectile energies, though the
ergies of the208Pb and197Au ions differ by a factor of more
than 15. In Table I, we also give the predictions of a Mon
Carlo codeVENUS, version 3.05@13#, on the slow-moving
particles produced in the208Pb-emulsion collisions at 160A
GeV. The number of simulated events corresponding to e
target in emulsion was generated on the basis of chem
composition of the emulsion detector@11#. The parameter
interaction radiusr 0 in the code was adjusted to match t
nuclear cross section of the generated sample of 1000 ev
with its corresponding experimental value in emulsion with
'10%. It is observed from Table I that the code is unable
predict correctly the average multiplicities of black^Nb&
and, consequently, of heavy target-related particles. H
ever, the average yield of grey particles,^Ng&, as predicted
by the code agrees very well with the experimental val
From the disagreement between the experimental and
predicted values of̂Nb& particles, we conclude that the cod
needs further refinements.

In Figs. 2~a!, 2~b!, and 2~c!, we present the normalize
multiplicity distributions ofNb , Ng , andNh tracks for the
208Pb and197Au beams. The predictions of a Monte Car
codeVENUS @13# are also shown in these figures by dott
curves. In each of these diagrams, the experimental distr
tions corresponding to the208Pb and 197Au projectiles ex-
hibit quite similar behavior. This indicates that the targ
fragmentation for the208Pb and197Au ions is independent o
the projectile energy and mass. Once again, theVENUSmodel
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explains the results on grey particles quite well, except fo
few data points in Fig. 2~b!. The model is not efficient
enough to produce grey tracks withNg.14, where the sta-
tistics for our experiment is small. However, the code c
tainly fails to explain the multiplicity distribution of black
particles, as one can observe from Fig. 2~a!.

IV. RESULTS ON FAST-MOVING PARTICLES

A. Angular measurements and pseudorapidity distributions

The emission angles of the PF’s withZ>2 were mea-
sured on a Koristka R-4 microscope using a total magnifi

FIG. 2. The normalized multiplicity distributions of the targe
associated particles:~a! black tracksNb , ~b! grey tracksNg , and
~c! heavy tracksNh . The predictions of a Monte Carlo codeVENUS
@13# are presented by dotted curves.
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3188 54G. SINGH AND P. L. JAIN
tion more than 10003. The polar angles (u) of all the PF’s
were computed from the vector directions of the emit
tracks with respect to a noninteracting primary beam tr
found in the vicinity of the interaction vertex as described
Ref. @12#. The accuracy in the angular measurements is
ter than 0.1 mrad for polar anglesu<1 mrad. From the
angular measurements, the pseudorapidity (h lab) of each
track in the laboratory frame can be constructed fr
h lab52 ln tan(u/2). In Fig. 3, we depict the normalize
pseudorapidity distribution of 337 events having at le
NPF>4 of chargeZ>2 emitted in the208Pb-induced emul-
sion collisions at 160A GeV. In this figure, we also show th
h lab distribution of another data set consisting of 378 eve
of the 197Au ion at 10.6A GeV @14# collected under exactly
similar experimental conditions. The distributions for t
208Pb and197Au ions lie in different regions of the pseudo
rapidity phase space, and thus exhibit an energy-depen
effect of the incident projectile.

The ALADIN Collaboration @2# have studied the frag
mentation of the197Au projectiles interacting with targets o
C, Al, and Cu at an incident energy of 600A MeV. Because
of the strong kinematic focusing effects of the ALADI
spectrometer, the projectile fragments withZ>6 were re-
corded with 100% probability. For lighter fragments wi
charge 3<Z<5, this probability starts to decline from

FIG. 3. The normalized pseudorapidity distributio
@(dN/dh lab)/Nev# of the projectile fragments withZ>2. For the
208Pb beam:~i! solid-line histogram is forZ52 and~ii ! dotted-line
histogram is forZ.2. For the197Au data: ~iii ! dashed-line histo-
gram is forZ52 and~iv! dashed- and dotted-line histogram is f
Z.2. A vertical dotted line represents the 95% acceptance limi
the ALADIN spectrometer for the detection of lighter fragmen
with 3<Z<5 @2#. Here,Nev stands for the number of events in
given data set.
d
k

t-

t

s

ent

'100% for Z55 to about 95% forZ53. For Z52 par-
ticles, the detection probability values are'80% for less
violent and'60% in the case of central197Au 1 Al colli-
sions. Since the mean value of charge for several target
ments in emulsion iŝZ&513.22 @11#, which corresponds
very nearly to the charge number of the Al target, therefo
we are justified in quoting the findings of PF’s withZ>2 in
Ref. @2# for the 197Au 1 Al collisions. A vertical dotted line
as shown in Fig. 3 ath lab55.0 corresponds to the 95% ac
ceptance limit quoted by the ALADIN spectrometer array f
the detection of lighter fragments of charge 3<Z<5. It is
obvious from Fig. 3 that the pseudorapidity distribution
Z52 particles extends to lower values ofh lab than that of the
heavier fragments withZ>3, and thus, a substantial numb
of helium particles would have been missed by the acc
tance limit of the ALADIN spectrometer during the recor
ing of the fragmentation of the197Au beam at 600A MeV.
But this is not the case for the PF’s withZ>3. A similar
conclusion has also been reported in recent studies using
emulsion detector in Refs.@3# and@4#. However, the discrep-
ancy as reported above in the ALADIN spectrometer can
taken care of by implementing proper corrections, but su
corrections cannot be included in the data analysis, whic
performed on an event-by-event basis. Thus, this discrepa
would lead to an underestimation of the size of the charg
bound,Zbound, in a cluster withZ>2 produced in individual
events in the analysis of Ref.@2#.

B. Average multiplicities of fast-moving particles

In Table II, we display results of the present investigati
on the average multiplicitieŝNp&, ^Na&, and ^NPF& of the
PF’s with Z51, Z52, and Z>3, respectively, for the
208Pb and 197Au ions. For the sake of a comparison, th
results of Cherryet al. @4# for the 197Au beam at 10.6A GeV
are also given in Table II. For the197Au data, there is an
excellent agreement between our results and that of Ref.@4#.
The number of singly charged PF’s,Np , can be obtained
from the charge conservation. In an individual event, it re
resents the number of emitted projectile protons:

Np5Zbeam2Zbound, ~1!

whereZbeam denotes the incident beam charge. The bou
charge is given by

Zbound5 (
Z>2

Zn~Z!, ~2!

where n(Z) is the multiplicity of the projectile fragments
with Z>2. This quantity is a measure of the bound charge

f

TABLE II. The average multiplicity of projectile fragments withZ51, Z52, andZ>3 emitted in the
208Pb- and197Au-induced emulsion reactions at 160A GeV and 10.6A GeV, respectively.

Beam Energy ^Np& ^Na& ^NPF& Ref.
(A GeV!

208Pb 160 33.2261.03 3.3260.10 1.7660.06 This work
197Au 10.6 28.4860.81 4.6360.13 2.0160.06 This work
197Au 10.6 2 4.5360.13 1.9160.06 Cherryet al. @4#
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54 3189TARGET AND PROJECTILE FRAGMENTATIONS IN . . .
a cluster withZ>2 and is complementary to the number
projectile protons@3,14#. One may observe from Table II tha
the emission of PF’s with chargeZ52 andZ>3 from the
208Pb beam at 160A GeV is lower than that for the197Au
beam at 10.6A GeV. Consequently, this decrement of t
fragment yield for the208Pb beam of much higher energ
will lead to a higher emission of the proton yield for th
197Au data of lower energy. However, the differences in t
^Na& and^NPF& values for the two samples may be due to
limited statistics or to an energy effect of the incident p
jectiles.

C. Relative abundances of PF’s withZ>2

The relative abundances of the PF’s with chargeZ>2 are
plotted in Fig. 4 for the data samples of the208Pb and
197Au beams. Each distribution has a stronger peak for
lighter charges between 2<Z<6. Both the distributions are
quite similar in nature. The relative abundance of the P
with Z52 is slightly lower for the208Pb data as compared t
the 197Au data. At higher energy, the emission of heliu
particles seems to be smaller. For the heavier cha
(Z>7), within errors bars, their relative abundances are
most the same~for the sake of clarity, errors are plotted on
for the 208Pb data!. It is interesting to find that both data se
(208Pb and 197Au! do not give any evidence of the occu
rence of binary fission in the charge range of 35<Z<45,
although a significant enhancement of the fission events
observed at lower energies with the197Au projectile, as re-
ported in Ref.@4#. Thus, we do not find significant numbe
of binary fission events with the208Pb and197Au projectiles
obtained from the CERN SPS and BNL AGS, respective
A similar conclusion is also reported by Cherryet al. in Ref.
@4# for the 197Au beam at 10.6A GeV.

D. Correlation betweenNa and NPF

Broad characteristics of the projectile fragmentation c
be explored through the correlation between the multiplic

FIG. 4. The normalized distribution ln@N(Z)/Nev# of relative
abundances of the PF’s withZ>2 emitted in ~i! 208Pb-emulsion
interactions~solid circles! and ~ii ! 197Au-emulsion collisions~open
circles!. Errors are plotted only for the208Pb data for the sake o
clarity. The magnitude of error in each data point of the197Au data
is almost of the same order as in the208Pb data. Here,Nev stands for
the number of events in a given data set.
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of helium particles,Na , and heavier fragments,NPF. Such a
correlation is given in Table III for the208Pb data. From
Table II, one can notice that the number of pure central
teractions, in which the projectile has disintegrated co
pletely into singly charged fragments with no emission
heavier fragments, is very small (1.2%) at the CERN e
ergy. More than 20% of the events haveNa50 and
NPF51. Only 2.5% of the total number of interactions
found withNPF>5 and 0<Na<10. On the other hand, only
2.1% of the total number of collisions is observed wi
NPF,5 andNa.10. No event is observed withNPF>5 and
Na.10. The maximum number of helium fragments o
served isNa515. The maximum number of fragments wit
Z>3 in our sample isNPF57 and that of fragments with
Z>2 is Na1NPF516.

E. Correlation betweenZmax and Zbound

Before we discuss the correlation betweenZmax and
Zbound, a few comments regardingZbound may be in order.
The parameterZbound, which was employed by Hubeleet al.
in Ref. @2#, is related to the size of the projectile spectator
discussed in Sec. IV B. The energy deposited in a given
lision can also be explored throughZbound and it gives a
direct measure of the impact parameter of collision@2,3,14#.

The maximum charge in each collision,Zmax, provides
useful information on the exit channel of that collision. Fi
ure 5~a! shows a scatter plot of the correlation betwe
Zmax and Zbound for individual events of the208Pb data. In
peripheral collisions, the largest fragment contains mos
the total bound charge and in such reactionsZmax may be
identified as the heavy residue of the beam nucleus after
evaporation. For the central events, we observe thatZmax
becomes a smaller fraction ofZbound. By definition,Zbound is
always larger than or equal toZmax, with the result that most
of the data points are situated below the diagonal, which

TABLE III. Characteristics of projectile fragmentation of th
208Pb beam through a correlation between the number of hel
particles, Na, and the number of heavy fragments,NPF, with
Z>3.

Events with different numbers ofNPF andNa

Na NPF50 1 2 3 4 5 6 7

0 12 231 20 3 1 0 0 0
1 8 61 26 6 2 0 0 0
2 14 51 22 17 3 2 1 0
3 9 38 26 14 9 3 1 0
4 7 32 36 26 10 5 1 0
5 4 19 28 26 13 6 1 1
6 3 18 21 13 11 1 0 0
7 3 13 20 18 10 1 1 0
8 1 9 11 14 4 0 0 0
9 4 8 8 7 2 0 1 0
10 1 2 5 3 3 1 0 0
11 0 4 7 3 1 0 0 0
12 0 2 1 1 0 0 0 0
13 1 0 1 0 0 0 0 0
14 0 0 0 0 0 0 0 0
15 0 1 0 0 0 0 0 0
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3190 54G. SINGH AND P. L. JAIN
shown by a dashed line in Fig. 5~a!. As was discussed in Sec
IV C, another notable feature of this figure is that there is
significant evidence for the symmetric fission events occ
ring at Zmax'41 andZbound'82. The 197Au data at 10.6A
GeV also exhibited a similar behavior as was discusse
Refs.@3# and @4#.

In Fig. 5~b!, we present the variation of^Zmax&/Zbeamas a
function of Zbound for the

208Pb data represented by sol
circles and that for the197Au data shown by open circles. T
compare these results for the beams of different mass n
bers, we have normalized the distribution corresponding
each data set with its respective beam chargeZbeam. A sharp
rise of ^Zmax&/Zbeamas a function ofZboundcan be seen from
Fig. 5~b! for Zbound'40–80. ForZbound'2–40, the incre-
ment in the parameter^Zmax&/Zbeamis rather slow. It is inter-
esting to find that both heavy beams fragment in a sim
manner, irrespective of their primary energies. Smaller v
ues ofZboundcorrespond to more violent collisions in whic
a large amount of the projectile energy is consumed in
creation of the shower particles, namely, the pions. Thus,
distribution between̂Zmax&/ZbeamandZbounddefinitely gives
some useful insight into the degree of breakup of the pro
tile nucleus.

In Ref. @3#, we also gave the predictions of statistical@6#
and percolation@15–17# models for the197Au data at 600A
MeV as discussed in Ref.@2#. For the sake of a comparison
we include in Fig. 5~b! the predictions of statistical@6# and
percolation@15–17# models. Within their statistical errors

FIG. 5. ~a! A scatter plot between the correlation of large
chargeZmax andZbound in individual events of208Pb at 160A GeV.
The diagonal is shown by a solid line.~b! A comparison between
^Zmax&/ZbeamandZbound for ~i! the 208Pb data~solid circles! and~ii !
the 197Au data ~open circles!. The predictions of the statistica
model @6# are shown by solid squares and while those of the p
colation model@15–17# are represented by open squares. Errors
given for the208Pb data as explained in the caption of Fig. 4. Ma
nitudes of errors are almost the same for both data sets.
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our results on the197Au at 10.6A GeV and the208Pb data at
160A GeV match reasonably well with the model predi
tions.

F. Correlation between ŠNa‹ or ŠN IMF ‹ and Zbound

In Fig. 6~a!, we plot the average multiplicity distribution
of helium particles^Na& as a function ofZbound for the
208Pb and 197Au projectiles. Within the statistical errors
these distributions depict a similar behavior f
Zbound'2–50 and beyond that an apparent departure
tween them can be noticed for the next four data points. T
shows that over limited regions ofZbound'2–50 and
Zbound.75, the breakup process of the two projectiles hav
different energies is quite similar. However, for the values
50,Zbound,75, the projectile fragmentation may depen
upon the incident beam energy or the small variation may
due to limited statistics.

Further, we study the emission of intermediate-mass fr
ments~IMF’s! with 3<Z<30. This is presented in Fig. 6~b!
through a plot of ^NIMF& and Zbound for the 208Pb and
197Au ions. As in Fig. 6~a!, the ^NIMF& distributions for the
two ions are independent of energy forZbound52–50 and
Zbound.75, and for 50,Zbound,75, the distributions show
deviations from one another. For 50,Zbound,75, the aver-
age yield^NIMF& of lower energy197Au ion is larger than
that of much higher energy208Pb ion. This difference be-
tween the average multiplicities of^Na& and ^NIMF& for the
two ions may be attributed to limited statistics or to an e
ergy effect. Of course, the so-called ‘‘rise and fall’’ of th
multifragment emission is clearly observed in the pres
investigation. In Fig. 6~b!, we compare the experimental re
sults (̂ NIMF& versusZbound) with the predictions of statistica
@6# and percolation@15–17# models as was discussed in Re

r-
e
-

FIG. 6. ~a! For the 208Pb and197Au data samples,̂Na& as a
function ofZbound. ~b! ^NIMF& as a function ofZbound for the IMF’s
of charges between 3<Z<30. For the symbols and error bars, ref
to the caption of Fig. 5. The symbols used for the model predicti
are ~i! statistical ~solid squares! @6# and ~ii ! percolation ~open
squares! @15–17#.
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@3#. Our results are better explained by the predictions of
statistical model@6# rather than those of the percolatio
model @15–17#.

V. CHARGED FRAGMENT ASYMMETRIES

In order to facilitate a comparison between the break
processes of different samples, we now investigate the t
body asymmetries between two or three largest fragm
with Z>2 emitted in individual events. We define the tw
body relative asymmetryRas between the first largestZmax1
and second largestZmax2 charges@2,3# in an event as

Ras5
Zmax12Zmax2
Zmax11Zmax2

. ~3!

Similarly, another two-body relative asymmetryRas1 be-
tween the second largestZmax2 and third largestZmax3
charges@2,3# in an event is defined as

Ras15
Zmax22Zmax3
Zmax21Zmax3

. ~4!

For the analysis of two-body asymmetries given by Eq.~3!
and ~4!, we selected the events with at least two and th
fragments ofZ>2, respectively. In Fig. 7~a!, we plot a varia-
tion between̂ Ras& andZbound for the

208Pb and197Au data.
The two-body asymmetrŷRas& variation is quite similar for
both the data samples. Except for the two last data point
the 208Pb ion, this parameter̂Ras& declines monotonically
from its maximum value'0.8 to almost zero as one ap
proaches from extremely peripheral toward more violent c
lisions. The plot between̂Ras1& andZbound is shown in Fig.
7~b!. ForZbound,46, ^Ras1& rises linearly withZbound, except
for one data point atZbound54. ForZbound.46, this param-
eter remains almost constant at^as1&'0.25. Again, it is ob-
served from Fig. 7~b! that for the208Pb and197Au projectiles
of quite different energies, the breakup process is alm
identical. For the comparison between the present exp
ment and the model predictions on two-body asymmetr
we have also presented in Figs. 7~a! and 7~b! the outcomes of
the statistical@6# and percolation@15–17# simulations. Our
experimental results corroborate with the model predictio

We now investigate the breakup process in a more qu
tative manner through another parameter known as the th
body asymmetry. Three-body asymmetry@2# is defined as

Ras25
A~DFA!21~DFB!21~DFC!2

A6^Z&
, ~5!

where

DFA5Zmax12^Z&,

DFB5Zmax22^Z&,

DFC5Zmax32^Z&,

^Z&5 1
3 ~Zmax11Zmax21Zmax3!. ~6!

The parameterRas2has a maximum near unity when there
heavy residue of the projectile spectator and has a zero v
e
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when three projectile fragments of equal size are emitted
the collision. In Fig. 7~c!, we plot a graph between̂Ras2&
and Zbound for events with at least three fragments wi
Z>2. The parameter̂Ras2& rises almost linearly with en-
hancing value ofZbound. These distributions exhibit an al
most identical behavior, which, once again, leads to an
ergy independent effect of the breakup mechanism. T
maximum value of̂ Ras2&'1 for theZbound value very near
to the individual beam charge. The minimum value
^Ras2&'0 atZbound'9. This indicates that in our samples o
the 208Pb and197Au beams, some of the events are alwa
accompanied by the emission of three fragments of eq
size,Z53. For the sake of clarity, errors are plotted only f
the 208Pb data in Figs. 7~a!, 7~b!, and 7~c!. The results of the
three-body asymmetries in Fig. 7~c! are also compared with
the predictions of the statistical@6# and percolation@15–17#
models and they agree reasonably well@6,15–17#.

VI. CHARGED FRAGMENT MOMENTS

It has been suggested by Campi@16# that the method of
conditional moments of the PF’s provides a powerful tool

FIG. 7. For the208Pb and 197Au data samples:~a! A plot of
^Ras& versusZbound, ~b! ^Ras1& versusZbound, and~c! ^Ras2& versus
Zbound. For the definitions of charged particle asymmetries^Ras&,
^Ras1&, and^Ras2&; see Sec. V in text. For the symbols and error b
in these figures, refer to the caption of Fig. 5. The symbols used
the model predictions are~i! statistical~solid squares! @6# and ~ii !
percolation~open squares! @15–17#.
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discriminate between different fragmentation mechanisms
power law has already been observed in the197Au data
@3,18# and has also been predicted in the clustering size
tribution using the percolation models@15–17#. There is no
reason that it should not be observed in208Pb-emulsion col-
lisions at 160A GeV. Following Campi’s@16# suggestion, we
investigated thei th moments of the charge distribution of th
n PF’s using an event-by-event based analysis:

Si5 (
j51

n21

Zj
i nj , ~7!

where the sum is extended over all the fragments excep
largest fragmentZmax1, which is being considered as th
percolating cluster.nj is the multiplicity of different frag-
ments in a given event. The sum in Eq.~7! is computed over
all the fragments excluding the heaviest one produced in
event and is normalized by the beam chargeZbeam. Exclu-
sion of the largest fragment@16# is done in analogy with the
liquid condensation and the percolation cluster and perc
tion phase transitions. The zero order moment@16# is ob-
tained by puttingi50 in Eq. ~7!:

S05 (
j51

n21

nj . ~8!

A variation of zero order momentS0 with Zbound is shown in
Fig. 8~a!. In order to obtain a better insight into the shape
the distribution of fragment sizes, we examine a combinat
of the momentsS2, S0, andS1. The conditional momentg2
is defined as

^g2&5
S2S0
S1
2 . ~9!

In Fig. 8~b!, we plot a variation of̂ g2& as a function of
Zbound for those events with at least two PF’s withZ>2.
Moreover, we excluded the singly charged projectile fra
ments in this analysis. The value of^g2& increases rathe
slowly in the range of 2<Zbound,50. The maximum value
of ^g2&'1.4 at Zbound'50, and then decreases fo
Zbound.50. Some fluctuations in̂g2& can be seen in this
region for the 197Au data. For the lower values o
Zbound<14, ^g2&51, and this portion of the graph corre
sponds to the subsample of events in which the projec
fragments of the same size are emitted. In this subsam
there are two categories of events: One category is w
lighter evaporated fragments~after excluding the larges
charge! and the other one is with fragments emitted duri
the total disassembly of the nuclear system. A large valu
^g2&'1.4 indicates that the charges in the events are wid
distributed. For an infinite nuclear system, the scaling the
of critical phenomena predicts that at the critical pointg2
diverges at a rate that depends on the critical indices of
phase transition@16#. For a finite nuclear system,g2 is pre-
dicted to show a smooth behavior@16#. From Fig. 8~b!,
roughly a smooth increase of^g2& up to Zbound'50 for the
208Pb data and up toZbound'60 for the 197Au sample, and
then a decrease in their^g2& values for higher values o
Zboundcan be noticed. In each case, a broad peak rather
a singularity is due to the finite size of the nuclear syste
A
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The predictions of the statistical@6# and percolation@15–17#
models, as discussed in Ref.@3#, are also included in Fig
8~b!. One may notice from Fig. 8~b! that our experimenta
results on^g2& vs Zbound are in agreement with the mode
predictions@6,15–17#.

The coexistence of liquid-vapor phase@16# can also be
explored by studying a variation of another second con
tional momentS2 as a function ofZboundor the reduced mul-
tiplicity of the projectile fragments emitted in an event.
Fig. 8~c!, we plot a graph between̂lnS2& andZbound for the
208Pb and197Au beams. In the analysis of Fig. 8~c!, singly
charged projectile fragments have been excluded. Within
statistical errors, both the distributions show a similar beh
ior. As discussed above in Fig. 8~b!, each distribution has a
broad peak in place of a singularity, which is due to the fin
size of the nuclear systems employed in this investigatio

VII. CONCLUSIONS

In the present experiment, we have studied, for the fi
time, the properties of the target- and projectile-associa

FIG. 8. ~a! Correlation betweenS0 andZboundfor the
208Pb data

at 160A GeV. For the 208Pb and 197Au data samples:~b! ^g2&
versusZbound and ~c! ^ lnS2& versusZbound. For the symbols and
error bars in~b! and~c!, refer to the caption of Fig. 5. The symbo
used for the model predictions are~i! statistical~solid squares! @6#
and ~ii ! percolation~open squares! @15–17#.
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particles emitted in interactions of the208Pb ions accelerated
at an energy of 160A GeV from the CERN SPS. The resul
are compared with another sample of the197Au ions at
10.6A GeV obtained from the BNL AGS@3#. From their
comparison, the following important conclusions can
summarized.

~i! The average multiplicities of the black^Nb& and grey
^Ng& particles are different for the208Pb and197Au projec-
tiles ~Table I!, but not the average multiplicities of heav
tracks,^Nh&. The latter fact indicates that the target exci
tion does not seem to depend either on the beam energ
on its mass. The behavior of the normalized multiplicity d
tributions of theNb , Ng, andNh particles also shows a
energy independent effect: See, for example, Figs. 2~a!, 2~b!,
and 2~c! in Sec. III. The Monte Carlo codeVENUS @13# ex-
plains, in a reasonably good manner, the results on the a
age multiplicity ^Ng& of grey particles~Table I! and their
normalized multiplicity distributions@(dN/dNg)/Nev# as
shown by a dotted curve in Fig. 2~b!, whereNev represents
the number of events in a given data sample. However,
code is not adequately efficient to explain the average yie
of black ^Nb& and heavŷ Nh& target-related particles~Table
I!. This is also valid for the normalized multiplicity distribu
tions of Nb and heavyNh particles as shown by dotte
curves in Figs. 2~a! and 2~c!.

~ii ! The normalized pseudorapidityh lab distributions of
helium and heavier projectile fragments are observed to
dependent upon the incident beam energy, and thus foun
lie in different regions of the pseudorapidity phase spa
Because of the 95% acceptance limit in the ALADIN spe
trometer, a substantial number of projectile helium partic
has been missed in Ref.@2#. A recent study by Cherryet al.
in Ref. @4# supports our results on the197Au beam at 10.6A
GeV.

~iii ! The average multiplicities of the fast-moving proje
tile particles such aŝNa&, ^NPF&, and^Np& seem to depend
upon the mass and energy of the incident projectile~Table
II !. This effect could be due to a limited statistics employ
in this work. The multifragment emission is a dominant r
in
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action channel when investigated from the distributions
^Na& and^NIMF& as a function ofZbound. These distributions
are peaked atZbound'30–40 and'42 for the 207Pb and
197Au projectiles, respectively. ForZbound'2–50 and
Zbound.75, the distributions almost overlap within their st
tistical errors and some deviations are observed in the ra
of 50,Zbound,75. The partial universal behavior of th
^Na& or ^NIMF& for Zbound'2–50 andZbound.75 suggests
that the excitation energy of the projectile nucleus is ind
pendent of the beam energy and its mass.

~iv! Two- and three-body asymmetries are explor
through the distributions of̂Ras&, ^Ras1&, and ^Ras2& as a
function ofZbound for the

208Pb and197Au ions. Within sta-
tistical errors, the distributions show almost similar behavi
which indicates that the breakup mechanism for both d
sets is almost identical. From these observations, once ag
we conclude that the excitation of the projectile nucle
seems be to energy independent, which is also predicte
the statistical@6# and percolation@15–17# models with low
energy197Au data in Refs.@2,3#.

~v! A comparison of the conditional moments such
^g2& for the 208Pb and 197Au beams also proves that th
breakup mechanisms involved for the projectile fragme
are nearly the same@Fig. 8~b!#. A broad peak rather than
singularity in Fig. 8~b! for the 208Pb and197Au data samples
indicates that the nuclear systems employed in the pre
investigation have finite size. A similar inference is also o
tained from Fig. 8~c!, where we have plotted̂lnS2& as a
function of Zbound for the

208Pb and 197Au data sets. The
experimental results of the conditional moments^g2& versus
Zbound agree quite well with the predictions of statistical@6#
and percolation@15–17# models.

ACKNOWLEDGMENTS

We are thankful to the CERN SPS technical staff in
excellent exposure and to Prof. G. Romano for the deve
ment of our emulsion stacks. This research work was p
tially supported by the U.S. DOE and partially by the R
search Foundation, SUNY at Buffalo.
,

ys.

v.
.

@1# Y. D. Kim et al., Phys. Rev. Lett.63, 494~1989!; Blumenfeld
et al., ibid. 66, 576 ~1991!; E. Piaseckiet al., ibid. 66, 1291
~1991!; D. R. Bowmanet al., ibid. 67, 1527~1991!.

@2# C. A. Ogilvie et al., Phys. Rev. Lett.67, 1214~1991!; K. Ha-
gel et al., ibid. 68, 2141~1992!; J. Hubeleet al., Z. Phys.340,
263 ~1991!; J. Hubeleet al., Phys. Rev. C46, R1577~1992!;
P. Kreutzet al., Nucl. Phys.A556, 672 ~1993!.

@3# P. L. Jain, G. Singh, and A. Mukhopadhyay, Phys. Rev. C50,
1085 ~1994!; G. Singh and P. L. Jain,ibid. 49, 3320~1994!.

@4# M. L. Cherryet al., Phys. Rev. C52, 2652~1995!; C. J. Wad-
dington, Int. J. Phys. E2, 739 ~1993!.

@5# D. G. d’Enterriaet al., Phys. Rev. C52, 3179 ~1995!; W.
Heinrich, E. Winkel, G. Rusch, J. Dreute, and B. Wiegel,
Proceedings of the Interactions Workshop XXII, 1994~unpub-
lished!.

@6# D. H. E. Gross, Rep. Prog. Phys.53, 605~1990! and references
therein; H. R. Jaqaman and D. H. E. Gross, Nucl. Phys.A524,
321 ~1991!; B. A. Li, A. R. DeAngelis, and D. H. E. Gross
Phys. Lett. B303, 225 ~1993!; D. H. E. Gross, Z. Xia-ze, and
X. Shu-an, Phys. Rev. Lett.56, 1544~1986!.

@7# H. W. Barz, J. P. Bondorf, R. Donangelo, and H. Schulz, Ph
Lett. 169B, 318, ~1986!; J. Bondorfet al., Nucl. Phys.A444,
460 ~1985!.

@8# G. F. Bertsch and S. Das Gupta, Phys. Rep.160, 189 ~1988!;
H. Stocker and W. Gneiner, Phys. Rep.137, 277 ~1986!; P.
Schucket al., Prog. Part. Nucl. Phys.22, 181~1989!; W. Baur,
C. K. Gelbke, and S. Pratt, Annu. Rev. Nucl. Part. Sci.42, 77
~1992!; P. Danielewicz and G. F. Bertsch, Nucl. Phys.A533,
712 ~1991!.

@9# G. Peilertet al., Phys. Rev. C39, 1402 ~1989!; J. Aichelin,
Phys. Rep.202, 233 ~1991!.

@10# A. Aranda, C. O. Dorso, V. Furci, and J. A. Lopez, Phys. Re
Lett. 52, 3217 ~1995!; S. Ayik and C. Gregoire, Nucl. Phys
A513, 187 ~1990!; J. Randrup and B. Remaud,ibid. A514,



ys
.

ett.

3194 54G. SINGH AND P. L. JAIN
339 ~1990!; Ph. Chomaz, G. F. Burgio, and J. Randrup, Ph
Lett. B 254, 340 ~1991!; G. F. Burgio, Ph. Chomaz, and J
Randrup, Nucl. Phys.A529, 157 ~1991!; Phys. Rev. Lett.69,
885 ~1992!.

@11# C. F. Powell, P. H. Fowler, and D. H. Perkins,The Study of
Elementary Particles by the Photographic Method~Pergamon
Press, London, 1959!.

@12# P. L. Jain, K. Sengupta, and G. Singh, Phys. Rev. C44, 844
~1990!.

@13# K. Werner, Phys. Lett. B208, 520 ~1988!.
.@14# P. L. Jain, G. Singh, and A. Mukhopadhyay, Phys. Rev. L
74, 1534~1995!.

@15# W. Bauer, Phys. Rev. C38, 1297 ~1988!; W. Baueret al.,
Annu. Rev. Nucl. Sci.42, 77 ~1992!; J. D. Desbois, Nucl.
Phys.A466, 724 ~1987!.

@16# X. Campi, J. Phys. A19, L917 ~1986!; Phys. Lett. B208, 351
~1988!.

@17# D. Stauffer, Phys. Rep.54, 1 ~1979!.
@18# P. L. Jain and G. Singh, Nucl. Phys.A591, 711 ~1995!.


