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Target and projectile fragmentations in 2°Pb-emulsion collisions at 168 GeV
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We present the results of a study performed on?flieb-emulsion interactions at 1865eV. 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 th%¥Pb 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 ZbaPgare 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 10.8 GeV %Au-emulsion data obtained in experiment No. 875 conducted at the Brookhaven
National Laboratory. Multiplicity distributions of slow particles emitted from #8Pb- and°’Au-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 indepeh86666-28186)01012-9

PACS numbefs): 25.75-q, 05.70.JK, 24.60.Ky, 25.70.Pq

[. INTRODUCTION Synchrotron(SPS. Consequently, it has provided an ample
opportunity to investigate the formation and decay of highly
The collisions of heavy ions at relativistic energies offerexcited nuclear matter under the conditions of extreme den-
the right kind of environment to explore a variety of aspectssity and temperature. In the following discussion, we shall
related to hot and dense nuclear matter to enhance our exigiresentfor the first time a systematic study on the target and
ing knowledge about the nuclear equation of st&@9, as  the projectile fragmentations of th&®Pb-induced emulsion
well as the possibility of observing the signatures of an undnteractions at the highest available projectile energy of
usual form of matter such as a quark-gluon plasma. Thus, afr33 TeV from the SPS accelerator facility. An attempt is
intensive effort has been devoted, during recent years, talso made to compare these results with our dafacol-
investigate the formation and decay of highly excited nucleatected on the'’Au beam at 10.8 GeV from the BNL Al-
matter produced in nucleus-nucleus collisions at various internating Gradient SynchrotrdAGS).
cident energies. Depending upon the target-projectile combi- This paper is organized as follows. In Sec. Il, we give the
nation and the incoming projectile energy, the excited piec&xperimental details that include the exposure and scanning
of nuclear matter decays predominantly by the emission obf emulsion stacks, different kinds of the produced particles,
nucleons, deuterons, tritons, helium nuclei, and charged pagnd the charge determination of the fast-moving projectile
ticles with 3<Z=<30 commonly known as intermediate-mass fragments. The discussion of the results of the slow-moving
fragments (IMF's) and fragments of very heavy charge target-related particles is given in Sec. lll, and that of the fast
Z>31. To understand the dynamics involving the formationmoving projectile fragment$PF’s) of chargeZ=2 in Sec.
of IMF’s and other multifragments in its final state, numer-1V. Section V deals with the discussion pertaining to the
ous experiments have been performed at low, intermediatévo- and three-body asymmetries of the fast-moving charged
and high energiegl—5]. To explain the experimental results particles, and Sec. VI presents their conditional moments in
on the still debated subject of nuclear multifragmentationterms of the bound chardgg,,,,q[2]. Finally, the conclusions
several alternative theoretical approacf&g] have been put of the present experiment are reported in Sec. VII.
forward in which the formation and decay of IMF's are as-
sumed to take place through the statistically fragmenting
processes or through the dynamical processes such as the Il. EXPERIMENTAL DETAILS
Boltzmann-Uehling-Uhlenbeck formalisrfi8], the micro-
scopic quantum molecular dynami@3MD) calculationg 9],
and the role of mass and energy density fluctuations in the In December 1994, three stacks, each one consisting of 16
phenomena of cluster formatipm0]. Thus, more experimen- electron-sensitive Fuji nuclear emulsions, were exposed to a
tal information is clearly required in order to disentanglebeam of?°%b ions at 168 GeV in experiment. No. EMU11
various existing models on this interesting topic of multifrag-conducted at the CERN SPS. The flux of the incoming
mentation. 20%h peam was 1000 ions/énThe exposure was made in
Very recently, a beam of%Pb nuclei has been acceler- such a way that these energetfPb nuclei remained almost
ated to an energy of 180GeV from the CERN Super Proton parallel to the surface of an emulsion pellicle. Thus, the in-

A. Exposure and scanning of emulsion stacks
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dividual beam tracks were, in general, confined to a single

pellicle and the following of the primary beam tracks was

done only in one emulsion plate. By employing along-the-

track scanning technique under a total magnification of

~550x , we followed all of the primary tracks of th&’®Pb 0r

beam initiating from the entrance edge until they either in- 190 - T

teracted or exited from the interacting volume. By following (O\ 15 172 21-;_m255/~610029v8 30

a total track length of 58.29 m, a data sample of 1300 nuclear r 7 8 g 10 ﬁn 1

interactions was collected and is considered as the minimum- 0

bias sample for the present experiment. The nuclear interac- J

tion mean-free-path value determined in the present experi-

ment is\,,.—=4.48+0.12 cm and the corresponding value of rﬂfl
79 N0 181 172

d-rays/100um

frequency

Frequency

its nuclear cross section in emulsionds,= 2826+ 78 mb

[11]. For the present investigation, 1034 nuclear events have
been completely analyzed and discussed. The results are
compared with another sample of 122%¥Au-emulsion col- 0
lisions at 10.8\ GeV obtained through experiment No. 875 lES
performed at the BNL AG$3]. -
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In general, four kinds of charged particles are observed in d-rays/100um
the interactions of heavy ions in emulsion§) the target-
associated slow-moving particles emitted from the excitation FIG. 1. Frequency distribution af rays per 100um of the PF’s
of an emulsion target nucleu§i) the fast-moving projectile  of charge 3<Z<20 in nuclear events of’®Pb at 16@ GeV.

f f ch =2, (i) th jectile f f o .
ragments of charg&=2, iii) the projectile fragments o can mix with the produced mesons emitted at large angles,

chargeZ=1 emitted from the fragmentation of th&%b . oo . . ’
beam nucleus, an@v) the singly charged produced particles gnd thus their separation is not easy. Dealing with massive

Hom 20 197 : ; ;
(predominantly mesong At the SPS relativistic energies, ions like *®Pb and '*’Au at very high energies, there is

first and second classes of particles can be easily disti -nOtT(erd poff)'b'my _thz_a(; s?me_ oft_lthe tzlarget p(;otons are
guished from their visual characteristics in nuclear emulsion nocked out by the Incicent projectiie NUcleus and appear as

[11,12. A great majority of the target-associated particles a_\st-moving particlgs, WhiCh are hard to distinguish from the
have relatively low energies. In the conventional terminol-s!ngly charged pro!ect!le fragments. However, the number of
ogy of emulsiong11], these particles are known as black, singly charged projectile fragments, in general, can be deter-

Ny, and grey,Ng, tracks.N, tracks are charged particles ;nc'rr:gg df:r(:rgetgel\(/:garge conservation using Ef). as de-
having a velocity <0.2c with a residual range dR<3 mm ' '

in emulsion. GenerallyN,, tracks are due to protons of ki-
netic energyE,<20 MeV, and are the fragments evaporated
from the target. Some black tracks are also due to the helium The grain density of singly charged relativistic tracks
and heavier charge$ll]. Ny particles have a velocity (Z=1) was determined to be 25-30 graid€0 xm). The
0.2c<v<0.7c with a residual range o0R=3 mm. These grain density of the relativistic helium tracKsvith Z=2)
particles predominantly comprise of protons of kinetic en-was almost 4 times than that of the minimum ionizing tracks,
ergy between 26 E,<375 MeV and occasionally kaons be- and thus the helium tracks were easily recognized by an ex-
tween 26<E,<198 MeV and w mesons between perienced observer due to their distinctive grain density. Fur-
12<E, <56 MeV [11]. The multiplicity of heavy tracks, thermore, all the helium track candidates were followed for
N, is generally defined al,=Np+ Ng. At relativistic en-  more than 5 cm to ensure that they might not be due to some
ergies, multiply charged fragments wite=2 emitted from  grey tracks proceeding downstream in the very forward di-
the breakup of the projectile nucleus essentially travel withrection. Almost 99% of the grey tracks when followed up to
the same speed as that of the parent beam nucleus. Thesem showed a considerable amount of Coulomb scattering
energetic PF’s are recorded in emulsion with 100% detectioand, with further tracing, they came to the end of their
efficiency and this intrinsic feature of emulsion makes it aranges, but not the projectile helium tracks. The charges of
unique detector among all the particle detectors currently irall the PF's withZ=3 were determined by a combination of
use. In each event, we recorded the multiplicity of heliumseveral methods: grain density, gap lengfhray density,
tracks, N,, as well as of the projectile fragments with relative track width, etc., as discussed in our former investi-
Z=3, Npg. However, for the third and fourth categories of gation[3]. In Fig. 1, we present the frequency distribution of
particles, it is difficult to make a clear distinction, especially (6 ray9/(100 wm) for the PF's of charge 8Z=<20. For
between the singly charged PF’s and the singly charged pras-ray density, more than 208-rays were counted for each
duced mesons proceeding in the very forward direction.track. A well-defined peak corresponding to each individual
These particles produce minimum ionizing tracks in emul-charge is an indication of very good charge resolution
sion and hence they look alike. In addition, some of theachieved up t&Z=20. The charge resolutions obtained for
singly charged PF’s can participate during the collision andhe charge groups R7Z<4, 5<7Z<12, 13<Z<20,

B. Classification of emitted particles

C. Charge determination of projectile fragments
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TABLE I. The average multiplicity of target-associated blddk,), grey(Ny), and heavy(N;,) particles
emitted in the?®®b- and!®’Au-induced emulsion reactions at #6@eV and 10.8. GeV, respectively. The
predictions of a Monte Carlo codenus [13] for the 2°%Pb data are also included.

lon Energy Events (Np) (Ng) (Np) Ref.

(A GeV)
208pp 160 1034 5.580.17 1.96-0.06 7.54-0.23 This work
208pp 160 1000 0.46 2.16 2.62 VENUS [13]
97ay 10.6 1224 4.980.14 2.41-0.06 7.40:0.21 This work

21<7Z=<40, andZ>40 are less thart 0.4 charge unitgcu), explains the results on grey particles quite well, except for a
+0.5 cu,*+ 1.0 cu,*+ 2.0 cu, and=3.0 cu, respectively. Fur- few data points in Fig. @®). The model is not efficient
ther details on the charge determination of PF’s vith20  enough to produce grey tracks with,>14, where the sta-

can be found in Ref.3]. tistics for our experiment is small. However, the code cer-
tainly fails to explain the multiplicity distribution of black
IIl. RESULTS ON SLOW PARTICLES particles, as one can observe from Fi¢n)2
From former studief12] on the CERN projectiles such as IV. RESULTS ON FAST-MOVING PARTICLES

160 and ¥°S at (60—200A GeV, we have learned that the
yield of target-associated particles is essentially energy inde- o _
pendent, which can be understood simply from geometrical 'n€ emission angles of the PF’s wilt=2 were mea-
concepts. Here, our objective is to investigate this effect bypUred on a Koristka R-4 microscope using a total magnifica-

employing the most massive projectiles accelerated from the

A. Angular measurements and pseudorapidity distributions

SPS and AGS. In Table I, we present the average multiplici- 5.0~
ties of black (Ny), grey (Ng), and heavy(Ny) target- , L (=) e ZOPE 1
associated particles emitted in the interactions of %&b 7 3.0% ---Venus .
ion at 16(A GeV and the'®Au ion at 10.8\ GeV. It is ~ _fiég _
interesting to find that the average yields(df,) and(N,) > 1.0- :-._%?igiﬁi;gs .
for both the beams are different, but their total,,) yields g Lo Ty,
are the same. As the target excitation depends on the total Z _1.0- a5 i
yield of the slow particles{N;), and not on the individual z ] Hj } |
yields of (N,) or (Ng) particles, therefore, the target excita- PN I i)
tion is independent of the projectile energies, though the en- "0 6 12 18 24 30
ergies of the?”®Pb and%’Au ions differ by a factor of more 5.0 Ny,
than 15. In Table I, we also give the predictions of a Monte Ty e zesEn |
Carlo codevENUsS, version 3.0513], on the slow-moving 3 e © oau
particles produced in thé°®Pb-emulsion collisions at 180 & SOy 1
GeV. The number of simulated events corresponding to each o r giég i
target in emulsion was generated on the basis of chemical % 1.0r ‘if;»@ i
composition of the emulsion detectptl]. The parameter N r § T
interaction radiug o in the code was adjusted to match the % —1.0+- H ) % 7
nuclear cross section of the generated sample of 1000 events ~ - .
with its corresponding experimental value in emulsion within —3.0—+—1 L
~10%. It is observed from Table | that the code is unable to o 4 8N 1z 16 =20
predict correctly the average multiplicities of blag¢k,) 5.0 e
and, consequently, of heavy target-related particles. How- N L (c) e 2OOPD ]
ever, the average yield of grey particl¢dl,), as predicted > 3.0F ....Venus i
by the code agrees very well with the experimental value. ~ éf;;;
From the disagreement between the experimental and the Zﬂ 1ol B |
predicted values ofNy) particles, we conclude that the code o ¥ 2*?* ’333%3’&3; |
needs further refinements. 2 L0 °§ 5@1 |
In Figs. 2a), 2(b), and Zc), we present the normalized 9o %Ii
multiplicity distributions ofNy,, Ny, andNy, tracks for the i ' L |
208ph and 1°7Au beams. The predictions of a Monte Carlo —3.00"% 12 16 24 30 36
code VENUS [13] are also shown in these figures by dotted Ny,
curves. In each of these diagrams, the experimental distribu-
tions corresponding to thé®Pb and *’Au projectiles ex- FIG. 2. The normalized multiplicity distributions of the target-

hibit quite _similar behavior. This ir_1dica_te_s that the targetassociated particlega) black tracksN,, (b) grey tracksN,, and
fragmentation for thé%Pb and'®’Au ions is independent of  (c) heavy tracks\,, . The predictions of a Monte Carlo cogenus
the projectile energy and mass. Once againyvthess model  [13] are presented by dotted curves.
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~100% forZ=5 to about 95% forZ=3. ForZ=2 par-
ticles, the detection probability values are80% for less
violent and~60% in the case of centrdf’Au + Al colli-
sions. Since the mean value of charge for several target ele-
ments in emulsion igZ)=13.22[11], which corresponds
very nearly to the charge number of the Al target, therefore,
we are justified in quoting the findings of PF's wiftx2 in
Ref.[2] for the °’Au + Al collisions. A vertical dotted line
as shown in Fig. 3 ai,,=5.0 corresponds to the 95% ac-
ceptance limit quoted by the ALADIN spectrometer array for
the detection of lighter fragments of chargesZ<5. It is
obvious from Fig. 3 that the pseudorapidity distribution of
_ Z=2 particles extends to lower valuesgf, than that of the

12 heavier fragments witd= 3, and thus, a substantial number

of helium particles would have been missed by the accep-
tance limit of the ALADIN spectrometer during the record-

FIG. 3. The normalized pseudorapidity distributions ing of the fragmentation of thé®’Au beam at 608 MeV.
[(dN/d 7/ Ney] Of the projectile fragments witiZ=2. For the  But this is not the case for the PF's wite=3. A similar
20%pph beamyi) solid-line histogram is foZ =2 and(ii) dotted-line  conclusion has also been reported in recent studies using the
histogram is forz>2. For the ®’Au data: (jii ) dashed-line histo- emulsion detector in Refg3] and[4]. However, the discrep-
gram is forZ=2 and(iv) dashed- and dotted-line histogram is for ancy as reported above in the ALADIN spectrometer can be
Z>2. A vertical dotted line represents the 95% acceptance limit okaken care of by implementing proper corrections, but such
the ALADIN spectrometer for the detection of lighter fragments corrections cannot be included in the data analysis, which is
with 3<Z<5 [2]. Here,N,, stands for the number of events in a performed on an event-by-event basis. Thus, this discrepancy
given data set. would lead to an underestimation of the size of the charge in

. bound,Zy,ng N @ cluster withZ=2 produced in individual
tion more than 1008 . The polar anglesd) of all the PF's o\ ents in the analysis of RdR].

were computed from the vector directions of the emitted

tracks with respect to a noninteracting primary beam track

found in the vicinity of the interaction vertex as described in

Ref.[12]. The accuracy in the angular measurements is bet- In Table Il, we display results of the present investigation

ter than 0.1 mrad for polar angle$<1 mrad. From the on the average multiplicitiegN,), (N,), and(Npg) of the

angular measurements, the pseudorapidiy,] of each PF's with Z=1, Z=2, and Z=3, respectively, for the

track in the laboratory frame can be constructed from?*®b and*®’Au ions. For the sake of a comparison, the

= —INntan(6/2). In Fig. 3, we depict the normalized results of Cherryet al. [4] for the 17Au beam at 10.8 GeV

pseudorapidity distribution of 337 events having at leas@re also given in Table Il. For thé”’Au data, there is an

Npe=4 of chargeZz=2 emitted in the?*®Pb-induced emul- excellent agreement between our results and that of[REf.

sion collisions at 168 GeV. In this figure, we also show the The number of singly charged PF’bl;,, can be obtained

71ap distribution of another data set consisting of 378 eventdrom the charge conservation. In an individual event, it rep-

of the *°’Au ion at 10.8\ GeV [14] collected under exactly resents the number of emitted projectile protons:

similar experimental conditions. The distributions for the

20%h and%’Au ions lie in different regions of the pseudo- Np=Zpeam™ Zoound: @)

;?frgg;t)éfrmzsiicsigggf ioi)r}gc;ng.s exhibit an energy depende\%ere Zpeam denotes the incident beam charge. The bound
The ALADIN Collaboration[2] have studied the frag- CNarge is given by

mentation of the'®’Au projectiles interacting with targets of

C, Al,and Cu at an inqident energy of 680eV. Because Zbound= E Zn(2), )

of the strong kinematic focusing effects of the ALADIN 7=2

spectrometer, the projectile fragments w6 were re-

corded with 100% probability. For lighter fragments with where n(Z) is the multiplicity of the projectile fragments

charge 3<Z=<5, this probability starts to decline from with Z=2. This quantity is a measure of the bound charge in

197AU 208Pb

B. Average multiplicities of fast-moving particles

TABLE Il. The average multiplicity of projectile fragments with=1, Z=2, andZ=3 emitted in the
20%pp- and*®’Au-induced emulsion reactions at #%@eV and 10.8 GeV, respectively.

Beam Energy (Np) (N,) (Npg) Ref.

(A GeV)
208ppy 160 33.221.03 3.32:0.10 1.76-0.06 This work
DAy 10.6 28.480.81 4.63-0.13 2.01-0.06 This work

9¥7au 10.6 - 4.53+0.13 1.91-0.06 Cherryet al.[4]
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2.0 U R—— TABLE Ill. Characteristics of projectile fragmentation of the
B e 208Pb ] 208py heam through a correlation between the number of helium
L o 197au . particles, N,, and the number of heavy fragmentpr, with
— 0.0r ] Z=3.
1 Ls 1
E —2.0l% ] Events with different numbers o andN,,
~ - & ] N, Npe=0 1 2 3 4 5 6 7
N L %o b
Z —4.0f S ] 0 12 231 20 3 1 0 0 0O
- S ] 1 8 61 26 6 2 0 0 0
E 6.0f L f ] 2 14 51 22 17 3 2 1 0
gt - 3 9 38 26 14 9 3 1 O
i ] 4 7 32 36 26 10 5 1 0
_8.0 TN S N VRS N NN RN N N0 R M U N NN OO S S S |
5 20 40 60 80 5 4 19 28 26 13 6 1 1
Charge, Z 6 3 8 22 13 11 1 0 0
7 3 13 20 18 10 1 1 0
FIG. 4. The normalized distribution IpN(Z)/N,,] of relative 8 1 9 11 14 4 0 0 0
abundances of the PF’s withi=2 emitted in(i) 2°%b-emulsion 9 4 8 8 7 2 6o 1 o0
interactions(solid circleg and (i) **’Au-emulsion collisiongopen 10 1 2 5 3 3 1 0 0
circles. Errors are plotted only for thé°®Pb data for the sake of 11 0 4 7 3 1 0 0 o0
clarity. The magnitude of error in each data point of #i&Au data 12 0 2 1 1 0 0 0 0
is almost of the same order as in tH8Pb data. Here\,, stands for 13 1 0 1 0 0 0 0 0
the number of events in a given data set. 14 0 0 0 0 0 0 0 0
a cluster withZ=2 and is complementary to the number of 15 0 1 0 0 0 0 0 0

projectile proton$3,14]. One may observe from Table Il that

tzr?)gpemission of PF's with chargg=2 andZ=3 fr°£7the of helium particlesN,,, and heavier fragmentslpr. Such a
b beam at 168 GeV is lower than that for the™Au  ;,elation is given in Table Il for theé®®Pb data. From

beam at 108 GeV. ngnsequently, this decr_ement of the Taple 11, one can notice that the number of pure central in-
fragment yield for the**Pb beam of much higher energy teractions, in which the projectile has disintegrated com-
Vl‘gy lead to a higher emission of the proton yield for the pietely into singly charged fragments with no emission of
Au data of lower energy. However, the differences in thepeayier fragments, is very small (1.2%) at the CERN en-
<.Nq> and(NpF> values for the two samples may be due to agrgy. More than 20% of the events haw,=0 and
!|m|§ed statistics or to an energy effect of the incident Pro-Npe=1. Only 2.5% of the total number of interactions is
jectiles. found withNp=5 and 0<N,=<10. On the other hand, only
2.1% of the total number of collisions is observed with
Npe<5 andN,>10. No event is observed withp=5 and
The relative abundances of the PF’s with chaZge2 are N,>10. The maximum number of helium fragments ob-
plotted in Fig. 4 for the data samples of tf8%b and served isN,=15. The maximum number of fragments with
197Au beams. Each distribution has a stronger peak for th&=3 in our sample isNpe=7 and that of fragments with
lighter charges between<2Z<6. Both the distributions are Z=2 is N,+ Np=16.
quite similar in nature. The relative abundance of the PF’'s
with Z=2 is slightly lower for the?**Pb data as compared to E. Correlation betweenZ,,., and Zpoung
the %7Au data. At higher energy, the emission of helium ¢ . h lati
particles seems to be smaller. For the heavier chargef Before we discuss the corre ation betwengX and
(Z=7), within errors bars, their relative abundances are alz-bound a few comments regardingpoung May be in order.

most the saméor the sake of clarity, errors are plotted only The param_etezbound, which was employed. by. Hubetst al.
for the 2%8Pb data. It is interesting to find that both data sets in Ref.[2], is related to the size of the projectile spectator as

(2%l and 27Au) do not give any evidence of the occur- discussed in Sec. IV B. The energy deposited in a given col-

rence of binary fission in the charge range of<35<45, Iigion can aiso be explored throughyeyng and .it gives a
although a significant enhancement of the fission events wa(gr?l%t measure of thhe |mp§ct parﬁmehgrp;colllsﬁﬁr&%zl].
observed at lower energies with th&’Au projectile, as re- € maximum charge in each COWISIOLyax, Provides
ported in Ref[4]. Thus, we do not find significant numbers useful information on the exit channel of that collision. Fig-
of binary fission events with th&%Pb and*°’Au projectiles ;re 3 dszhowsfa _sc(jl_tt%r pllot of tthef‘ig;‘ggg‘t')og ?et\iveen
obtained from the CERN SPS and BNL AGS, respectively.Zmax 3N Zpound O INCIvidual events o data. in
A similar conclusion is also reported by Chesyal.in Ref. peripheral collisions, the largest fragment contains most of
[4] for the »*Au beam at 10.A GeV the total bound charge and in such reacti@yg,, may be
| ' identified as the heavy residue of the beam nucleus after the

evaporation. For the central events, we observe gt
becomes a smaller fraction &f,,,q. By definition, Z,,,nqiS

Broad characteristics of the projectile fragmentation caralways larger than or equal #,,,,, with the result that most
be explored through the correlation between the multiplicityof the data points are situated below the diagonal, which is

C. Relative abundances of PF’s withz=2

D. Correlation betweenN, and Npg
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FIG. 6. (@) For the 2%Pb and'®Au data samples|N,) as a
function of Zy,gyng. (b) (Nyye) @s a function o, for the IMF's
. of charges between<8Z=30. For the symbols and error bars, refer
FIG. 5. (a) A scatter plot between thefzggprrelatlon of largest ¢ the caption of Fig. 5. The symbols used for the model predictions
chargeZ g, andZpoungin individual events of ™Pb at 168 GeV. g6 (i) statistical (solid squares [6] and (ii) percolation (open
The diagonal is shown by a solid liné)) A comparison between squares[15-17.
(Zma! Zpeam@Nd Zyounafor (i) the 298P data(solid circles and(ii)

the ®/Au data (open circles The predictions of the statistical 97 20
model[6] are shown by solid squares and while those of the per-Our resuilts on the®’Au at 10.6 GeV and the”*Pb data at

colation mode[15—-17] are represented by open squares. Errors ar&6m GeV match reasonably well with the model predic-
given for the2®Pb data as explained in the caption of Fig. 4. Mag- "

nitudes of errors are almost the same for both data sets.

Zbound

F. Correlation between{N,) or (N,ue) and Z,,,nq

shown by a dashed line in Fig(d. As was discussed in Sec. In Fig. 6(a), we plot the average multiplicity distributions
IV C, another notable feature of this figure is that there is noof helium particles(N,) as a function ofZ,, g for the
significant evidence for the symmetric fission events occur?®b and *Au projectiles. Within the statistical errors,
rng at Zya~41 andZ,,,n~82. The °7Au data at 10.8  these distributions depict a similar behavior for
GeV also exhibited a similar behavior as was discussed iZpound=2—50 and beyond that an apparent departure be-
Refs.[3] and[4]. tween them can be noticed for the next four data points. This
In Fig. 5(b), we present the variation ¢ .0/ Zpeamas @ Shows that over limited regions 0, ,~2-50 and
function of Z,o,ng for the 2°%Pb data represented by solid Zyoung™ 75, the breakup process of the two projectiles having
circles and that for thé®’Au data shown by open circles. To different energies is quite similar. However, for the values of
compare these results for the beams of different mass nun®0<Zp,n¢<75, the projectile fragmentation may depend
bers, we have normalized the distribution corresponding taipon the incident beam energy or the small variation may be
each data set with its respective beam chatigg,. A sharp  due to limited statistics.
rise of (Zmay!Zpeamas a function ofZ,,,,qcan be seen from Further, we study the emission of intermediate-mass frag-
Fig. 5(b) for Zyoung=40-80. ForZ,,ns~2-40, the incre- ments(IMF’s) with 3<Z<30. This is presented in Fig(i®
ment in the parameté a0/ Zpeamis rather slow. Itis inter-  through a plot of (Nye) and Zyoung for the 2°%Pb and
esting to find that both heavy beams fragment in a similar*®’Au ions. As in Fig. a), the (N,ye) distributions for the
manner, irrespective of their primary energies. Smaller valtwo ions are independent of energy fBpq,n—2-50 and
ues ofZ,,,nqgcorrespond to more violent collisions in which Zyoung> 75, and for 568<Zy,,< 75, the distributions show
a large amount of the projectile energy is consumed in theleviations from one another. For §@,,,,< 75, the aver-
creation of the shower particles, namely, the pions. Thus, thage yield(N,,e) of lower energy®’Au ion is larger than
distribution betweerZ ma/Zpeamand Zyoungdefinitely gives  that of much higher energg®®Pb ion. This difference be-
some useful insight into the degree of breakup of the projectween the average multiplicities oN,) and(Nyr) for the
tile nucleus. two ions may be attributed to limited statistics or to an en-
In Ref.[3], we also gave the predictions of statistifd]  ergy effect. Of course, the so-called “rise and fall” of the
and percolatiof15—17 models for the!®’Au data at 608  multifragment emission is clearly observed in the present
MeV as discussed in Reffi2]. For the sake of a comparison, investigation. In Fig. &), we compare the experimental re-
we include in Fig. %) the predictions of statisticib] and  sults (Nyr) versusZ,,,,9 with the predictions of statistical
percolation[15—17 models. Within their statistical errors, [6] and percolatiofil5—17 models as was discussed in Ref.
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[3]. Our results are better explained by the predictions of the

statistical model[6] rather than those of the percolation 12—+ 117
model[15-17. Lol e ok ]
- m[6)] B 1" T —@ _
V. CHARGED FRAGMENT ASYMMETRIES po O-Bp Blem17) fﬁ'ﬂ
2 L i =1
In order to facilitate a comparison between the breakup & 0.6r Té}fl ) -
processes of different samples, we now investigate the two- V' o.ap !g'?:}g =
body asymmetries between two or three largest fragments 0.2l HQWE@ N ]
with Z=2 emitted in individual events. We define the two- Tlos 1
body relative asymmetrR,; between the first largedna 0.0 51T 25 63 Ba
and second large&,..» chargeqg2,3] in an event as 0.8+ T T+ T T
- ® 208PDb -
Zmaxl_zmaxz 0.5 ) o 187Au 4
R=—-——7—. - m [6] 4
8 Z maxat Zmaxz (3) A O.4r O [15-17] N—
- r, T7 —
. . 2 o.3f - 1
Similarly, another two-body relative asymmet,s; be- w L Oég LR
tween the second largest.» and third largestZ, . V. o o.2-m= im55?% t ;o 7
chargeqd2,3] in an event is defined as o.1- B!oég ]
lo?d i
Z _Z 0.0 I—\ﬁsl [T VUSSR N IR NN S B |
= max2_Tmax3 (4) 0 21 42 63 84
Zmax2+ Zmax3 1 -2 \( I) T T T T T T T T T
F (c)® 208Pb 7
For the analysis of two-body asymmetries given by E3). t.or . ‘E 6‘]97A“ T TI:
and (4), we selected the events with at least two and three A 0.8 O [15-17] -g J
fragments oZ=2, respectively. In Fig. (&), we plot a varia- B 0.6l Tmagse ]
tion between R, and Z,,,qfor the 2°Pb and**’Au data. o L ] ééﬁ ]
The two-body asymmetryR,¢ variation is quite similar for Vo o0.4r _55@ .
both the data samples. Except for the two last data points of o.2L 'gjﬁa i
the 2%Pb ion, this parametefR,y declines monotonically o .
from its maximum value~0.8 to almost zero as one ap- 003722 63 84

proaches from extremely peripheral toward more violent col-
lisions. The plot betweefiR sy andZyy,nqis shown in Fig.

7(0). For Zpoyng<46,(Rqsy) rises linearly withZy,,,4, €Xcept FIG. 7. For the?*%Pb and'®’Au data samplesta) A plot of

for one data point aZpound=4. FOr Zyoung> 46, this param- (R, versusZuoung, (b) (Rasy VErsusZpoung, and(c) (Rasy Versus
eter remains almost constant(as}~0.25. Again, it is ob- 7, For the definitions of charged particle asymmetiigs,),
served from Fig. ) that for the?°Pb and'®’Au projectiles  (R,sy), and(Rasy; see Sec. V in text. For the symbols and error bars
of quite different energies, the breakup process is almosh these figures, refer to the caption of Fig. 5. The symbols used for
identical. For the comparison between the present experthe model predictions arg) statistical(solid squaregls[6] and (ii)
ment and the model predictions on two-body asymmetriespercolation(open squargd15-17.

we havg ajso presented in F|g_$a)7and b) t_he ochomes of when three projectile fragments of equal size are emitted in
the statistical6] and percolatiorf15—17 simulations. Our the collision. In Fig. Tc), we plot a graph betwee(R,<)
experimental results corroborate with the model predictions i L asd.
. : . and Zyoung for events with at least three fragments with
We now investigate the breakup process in a more quaI'Z>2, The parametefR,.) rises almost linearly with en-
tative manner through another parameter known as the thr =

_ _ €Rancing value ofZ,.,,q These distributions exhibit an al-
body asymmetry. Three-body asymmefi#} is defined as gt identical behavior, which, once again, leads to an en-

ergy independent effect of the breakup mechanism. The
_V(DFA)?*+(DFB)*+(DFC)? ®) mgzimumaalue of Rasp~1 for theZboundF\)/alue very near

asz V6(2) ’ to the individual beam charge. The minimum value of

(Ras2)=~0 atZyouns~9. This indicates that in our samples of

where the 2%%Pb and'°’Au beams, some of the events are always
accompanied by the emission of three fragments of equal
size,Z=3. For the sake of clarity, errors are plotted only for
the 2°%b data in Figs. @), 7(b), and 7c). The results of the
three-body asymmetries in Fig(cJ are also compared with
the predictions of the statisticB] and percolatiof15—17
models and they agree reasonably WéllL5-17.

Zbound

DFA= Zmaxl_<z>v
DFB=ZmaX2—<Z>,
DFC:Zmax3_<Z>v

(Z)=3(Zmaxa+ Zmaxz™ Zmaxd - (6) VI. CHARGED FRAGMENT MOMENTS

The parameteR,5, has a maximum near unity when there is It has been suggested by Canipb] that the method of
heavy residue of the projectile spectator and has a zero valwnditional moments of the PF’s provides a powerful tool to
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discriminate between different fragmentation mechanisms. A

84Jlllll\llll

power law has already been observed in tHéAu data [T
[3,18] and has also been predicted in the clustering size dis- [, (@) 20°PD ]
tribution using the percolation moddl$5—17. There is no 631 .
reason that it should not be observed®##Pb-emulsion col- o I ]
lisions at 16@ GeV. Following Campi’§16] suggestion, we w4z 1
investigated théth moments of the charge distribution of the i 7
n PF's using an event-by-event based analysis: 211 ]
n—-1 - i,
S=2 Zjn;, (7 % 21 42 63 84
=1 2.28
. L (b)*® =z08pp t i
where the sum is extended over all the fragments except the 2.00} o 19744 4
largest fragmentZ,,,.1, Which is being considered as the 195l ; fe] T
percolating clustern; is the multiplicity of different frag- AL (15-17] j
ments in a given event. The sum in K@) is computed over J 1.500 4
all the fragments excluding the heaviest one produced in an v 1250 om |
event and is normalized by the beam chafgg,,. Exclu- . H
sion of the largest fragmef16] is done in analogy with the 1.008e
liquid condensation and the percolation cluster and percola- 0781 1 v L L

tion phase transitions. The zero order momgl] is ob- 0 21 42 63 B84

. . o - . 6-5 T T T T T T T T T T T
tained by putting =0 in Eq. (7): (o) s zoomn ]
n-1 5.5: o 187Au :
= n;. 8 A 4.5 °_o B
SO jzl J ( ) [\ L iii;?% 2o 4
L 1 iﬁ Hi o |
A variation of zero order momerg, with Zy,,nqis shown in g o5l } HH}:
Fig. 8@). In order to obtain a better insight into the shape of % _P o7
the distribution of fragment sizes, we examine a combination 1.5¢ .
of the momentsS,, S;, andS;. The conditional momeny, ol v vy
is defined as 0 21 42 63 84
Zbound
S5
(y2)= = (9) FIG. 8. (a) Correlation betwee®, andZy,,qfor the 2°%b data

at 160A GeV. For the 2%b and %Au data samples(b) (v,)
VersusZyoung and () (InS,) versusZyo,g. For the symbols and
error bars in(b) and(c), refer to the caption of Fig. 5. The symbols
used for the model predictions afie statistical(solid squares[6]
and (ii) percolation(open squareq 15—17.

In Fig. 8b), we plot a variation ofy,) as a function of
Zpound for those events with at least two PF's wie=2.
Moreover, we excluded the singly charged projectile frag-
ments in this analysis. The value 6¥,) increases rather
slowly in the range of ZZ,,,,¢<50. The maximum value o o )
of (y,)~1.4 at Zyon~50, and then decreases for The predictions of the statisticE§] and percolatiofi15-17
Zboung>50. Some fluctuations ify,) can be seen in this models, as discussed in R¢8], are also included in Fig.
region for the °Au data. For the lower values of 8(b). One may notice from Fig.(8) that our experimental
Zoouni<14, (y,)=1, and this portion of the graph corre- results on(yz) vs Zpoung are in agreement with the model
sponds to the subsample of events in which the projectil@redictions[6,15-17.

fragments of the same size are emitted. In this subsample, The coexistence of liquid-vapor phape6] can also be
there are two categories of events: One category is witlgXplored by studying a variation of another second condi-
lighter evaporated fragmentgfter excluding the largest tional moments; as a function 0Zponq0r the reduced mul-
charge and the other one is with fragments emitted duringliPlicity of the projectile fragments emitted in an event. In
the total disassembly of the nuclear system. A large value ofig- 8c), we plot a graph betweefinS,) and Zyonqfor the
(y2)~1.4 indicates that the charges in the events are widely PP and'®’Au beams. In the analysis of Fig(a, singly
distributed. For an infinite nuclear system, the scaling theongharged projectile fragments have been excluded. Within the
of critical phenomena predicts that at the critical pojpt  Statistical errors, both the distributions show a similar behav-
diverges at a rate that depends on the critical indices of thior- As discussed above in Fig(i8, each distribution has a
phase transitiofil6]. For a finite nuclear systemy, is pre- ~ Proad peakin place of a singularity, which is due to the finite
dicted to show a smooth behavipt6]. From Fig. 8b),  Size of the nuclear systems employed in this investigation.

roughly a smooth increase ¢fy,) up to Zyns~50 for the
201 ~ 197
%b data and up t@ pouns~ 60 for the A_u sample, and VIl. CONCLUSIONS
then a decrease in the{ry,) values for higher values of
Znoung€an be noticed. In each case, a broad peak rather than In the present experiment, we have studied, for the first
a singularity is due to the finite size of the nuclear systemtime, the properties of the target- and projectile-associated
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particles emitted in interactions of tf&Pb ions accelerated action channel when investigated from the distributions of
at an energy of 168 GeV from the CERN SPS. The results (N,) and(N,yg) as a function ofZ,,,,4. These distributions
are compared with another sample of th¥Au ions at are peaked aZp,unr~30-40 and~42 for the 2°’Pb and
10.6A GeV obtained from the BNL AG$3]. From their  '°’Au  projectiles, respectively. ForZpg,~2-50 and
comparison, the following important conclusions can beZbound™ 75, the distributions almost overlap within their sta-
summarized. tistical errors and some deviations are observed in the range
(i) The average multiplicities of the blagiN,) and grey  Of 50<Zpoung<75. The partial universal behavior of the
(Ng) particles are different for théPb and'®’Au projec-  {Na) OF (Niw) fOr Zoound~2-50 andZygyng>75 suggests
tiles (Table ), but not the average multiplicities of heavy that the excitation energy of the prOJecuIe nucleus is inde-
tracks,(Np). The latter fact indicates that the target excita—pen.dent of the beam energy and its mass.
tion does not seem to depend either on the beam energy Oﬁ (V) Two- gnc_j three—body asymmetries are explored
on its mass. The behavior of the normalized multiplicity dis-'rough the dlstr|but|onszog|iRas>, <1Fégsl>' and(R,sp as a
tributions of theN,, Ny, and Ny, particles also shows an function of Zyongfor the b and™Au ions. Within sta-

; . ; tistical errors, the distributions show almost similar behavior,
Zggr%)é)l?g ?:Cﬁdlﬁlj]t-rﬂge%bﬁfeegg:lgxcinggéel\iuig[?é]z (:))(,_ which indicates that the breakup mechanism for both data
plains, in a reasonably good manner, the results on the avep€ts is almost identical. From t.hese observatlpns_, once again,
age multiplicity (Ng) of grey particles(Table ) and their we conclude that thg excitation of t.he _prOjectlle npcleus
normalized multiplicity distributions[ (AN/ANG)/N,,] as ~ SCETS be to energy independent, which is also predicted by
shown by a dotted curve in Fig(t9, whereN,, represents e statistical6] and percolatiorf15—17 models with low

197
the number of events in a given data sample. However, thgn?\:?yA c,:Ac\)l:ndztSSlc?nR;fS:[Ezés}:.on ditional moments such as
code is not adequately efficient to explain the average yield?y p

20 197
of black (Ny) and heavyN;) target-related particle@able b 2) kfor the hspp and Alu k()je?msthalso prO\t/_(las fthat thet
). This is also valid for the normalized multiplicity distribu- Pr€@KUp mechanisms involved for the projectie iragments

; : are nearly the sami=ig. 8b)]. A broad peak rather than a
ggrfe:EnNFbigin%)hgﬁ\éygg particles as shown by dotted singularity in Fig. 8b) for the 2°Pb and!®’Au data samples

(i) The normalized pseudorapidity,,, distributions of indicates that the nuclear systems employed in the present

helium and heavier projectile fragments are observed to bglvestigation have finite size. A similar inference is also ob-
gined from Fig. &), where we have plottedInS;) as a

dependent upon the incident beam energy, and thus found t )

lie in different regions of the pseudorapidity phase space.uncm.)n Of Zyouna for the **Pb "?‘F‘d P'Au data sets. The
Because of the 95% acceptance limit in the ALADIN Spec_experlmental rgsults of the cond|t|ongl _momem@} Versus
trometer, a substantial number of projectile helium particlegbound agree quite well with the predictions of statisti¢él
has been missed in RéR]. A recent study by Cherrgt al.  and percolatioi15-17 models.

in Ref.[4] supports our results on th€’Au beam at 10.4
GeV.

(iii) The average multiplicities of the fast-moving projec- We are thankful to the CERN SPS technical staff in an
tile particles such agN,), (Npg), and(N,) seem to depend excellent exposure and to Prof. G. Romano for the develop-
upon the mass and energy of the incident projecfilable  ment of our emulsion stacks. This research work was par-
II). This effect could be due to a limited statistics employedtially supported by the U.S. DOE and partially by the Re-
in this work. The multifragment emission is a dominant re-search Foundation, SUNY at Buffalo.
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