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The experimental results of target fragmentation in oxygen-emulsion collisions & the
Dubna energy (afew A GeV) and the Super Proton Synchrotron (SPS) energy (60-200A GeV)
are reported. The multiplicity distributions of target fragments, the correlaions between the
multiplicity distributions and the projectile fragments, as wel as the corrdations between the
black and grey fragments are given.

PACS. 25.75.-q — Rdativistic heavy ion callisions.
PACS. 25.70.Mn — Projectile and target fragmentation.
PACS. 25.70.Pg — Multifragment emission and corrdations.

|. Introduction

According to the “participant-spectator modd” [1], the interacting system in reatividic
nucleus-nucleus callisions can be divided into three parts: a target spectaor, a participant, and
a projectile spectaor. The overlapping part of the two colliding nucle is cadled the participant
and the other parts are cdled the target spectator and the projectile spectator, respectivdy. The
veodity of the participant has awide distri bution from zero to the projectile veocity. The ve ocity
of the target spectator in the laboratory reference frameis dmog zero. The projectile spectator has
amost the same veocity as that of the projectile. It is known that violent colliSons hgppen in the
participant, and weak excitations and cascade collisions happen in the spectator. The participant
produces many mesons, nucleons, photons, and lepton pairs, etc., and the spectator fragments into
many nucdeons and nude.

There are rdations between the participant and the spectator. It is expected that a quark-
gluon plasma (quark meatter) will be formed in the participant a very high incident energies, and
a liquid-gas phase transition will happen in the gpectator. Both the participant and the spectator
arerelevant for studying the nudear reaction mechanism. For the purpose of studying the nudear
reaction mechaniam, it is highly important to investigate the spectaor fragmentation.

The Dubna energy is a specid energy, at which the nudear limiting fragmentation gpplies
initidly. For oxygen the limiting fragmentation may set in a or bdow the Dubna energy. At
present the highes energy for studying nucleus-nucleus collisions by a fixed target is the Super
Proton Synchrotron (SPS) energy. To sudy nudea fragmentation, e.g., oxygen induced nudear
fragmentation at the Dubna energy and a the SPS energy, is of greet importance.

The characterigics of the nudear spectaor fragmentation can be described by the mul-
tiplicity, angular, mass and charge distributions and the corrdaions. The am of the present
work is to perform a systematic anaysis of target fragmentation in oxygen-emulsion collisions a
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3.7A GeV (the Dubna energy) and at 200A GeV (the SPS energy). The second section describes
the experimentd materials The experimental multiplicity distributions of target fragments, the
corrdations between the multiplicity distributions and the projectile fragments, as well as the cor-
reaions between the black and grey fragments are given in the third, fourth, and fifth sections,
respectively. The last section gives our conduson.

[1. Experimental materials

The nudear emulsion stacks measured in the experiment were exposed by the oxygen beams
a the Synchrophasotron of the Joint Inditute for Nuclear Research (AINR), Dubna, Russia and
a the SPS of the European Organization for Nudear Research (CERN), Geneva, Switzerland,
respectivey. The beam energies are 3.7A and 200A GeV, respectively. The emulson type is
Russian NIKFI-BR2 and the pdliclesizeis10cm £ 10cm £ 600 *m.

Each interaction was scanned usng the “ dong-the-track” method with the help of a Russian
microscope of the Mbu9 type. We have excluded the events occurring within @20 *m thickness
from the top or bottom surface of the pdlide. Great care has been taken in the identification of
different tracks [2].

Three interaction types are found in the experiment. They are dastic callisions, dectromeg-
netic dissocidions, and nuclear reactions. An dastic collision is an interaction occuring between
the projectile oxygen and the target hydrogen in the emulsion. The final state products are only
the projectile oxygen and the target hydrogen. An electromagnetic dissociaion is an interaction
occuring between the projectile and the target due to electromagnetic interactions Thefind gae
products contain the projectile fragments and/or the target fragments. A nudear reaction is an
interaction occuring between the two calliding nuclei due to nuclear interactions. The final Sate
products contain the projectile fragments, the target fragments, the rdativistic produced particles,
and afew slow mesons.

We focus our atention on the nuclear reaction in the present work. The data gudied in the
present work consist of 266 random nudear reaction events & 3.7A GeV and 446 random nuclear
reection events a 200A GeV.

[11. Multiplicity distribution of target fragments

The number of find state target fragments in an event is cdled the multiplicity of target
fragments and denoted by Ny,. The track grain density of target fragmentsin a nuclear emulsion
is greaer than 1.4l [2, 3], where Iy denotes the experimental minimum vaue of the track gran
densty of ardativigic Sngly charged particle We can divide target fragments into two parts
target black fragments and target grey fragments. The multiplicities of black and grey fragments
are denoted by Nj and Ny, respectively. The residual range of black fragments is less than or
equa to 3 mm, and that of grey fragments is greater than 3 mm. For a proton, the kinetic energy
corresponding to a resdud range of 3 mm is 26 MeV [3]. We can measure the track grain
dengties and resdud ranges of all the target fragments. Then, the multiplicity digribution of
each kind of target fragment can be obtained.

Figure 1 presents the multiplicity digributions of target fragments produced in oxygen-
emulsion collisions at 3.7A GeV (dotted higograms) and 200A GeV (solid histograms), respec-
tively. Figures 1(a), 1(b), and 1(c) correspond to Ny, Ng, and Ny, distributions, respectively.
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FIG. 1. Multiplicity distributions of target fragments produced in oxygen-emulsion collisions & 3.7A
GeV (dotted histograms) and 200A GeV (solid histograms). The Ny, Ng, and Ny, distributions
correspond to Figs. 1(a), 1(b), and 1(c), respectivdy.

One can e tha the multiplicity distributions of target fragments in oxygen-emulsion collisions
a the two different energies are amilar. The differences are mainly in the probabilities of events
with Nj = 0 (i =b, g, and h) and the distribution region of Ng.

Table | presents the mean multiplicity, < N; >, of target fragments produced in oxygen-
emulsion collisions at 3.7A GeV (upper pand) and 200A GeV (lower panel), regectively. The
emulsion nucle are divided into two parts: the light nucle (C/N/O, N - 8) and the heavy
nucle (Ag/Br, N > 8). One can see that the vaues of < N;j > at 3.7A GeV ae greater than
those & 200A GeV. The differences for light nucle are smdler than those for heavy nucle. The
differences between the values of < Np > are smdler than those of < Ng >.
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TABLE |I. Mean multiplicities of target fragments in oxygen-emulson callisions at 3.7A GeV
(upper pand) and 200A GeV (lower pand). Events are divided into three parts
CIN/O, emulsion, and Ag/Br.

Target (Nn region) <Ny > <Ng > <N >

C/N/O (Ny, - 8) 168 01 138 01 298 0.2
Emulsion (N, , 0) 518 03 648 05 1158 0.7
Ag/Br (N, > 8) 958 03 1268 0.7 22.18 0.8
C/N/O (N - 8) 15§ 01 118 01 268 01
Emulsion (N, , 0) 418 02 398 0.2 808 04
Ag/Br (Nn > 8) 938 03 968 04 189§ 06

We can explain quditatively the smilarities and differences between the two different
energies. (i) At the two energies, the incident nude are the same, and the target nucle are the
same, too. At the present accderator energy region, the production of target fragments is mainly
determined by the nuclear geometry. (ii) The impact parameter increases with the incresse of the
effect of the dectromagnetic interaction between the projectile and target. This means an increase
in the probability of events with low multiplicity. (iii) The target nucleus has a sopping power.
The incident oxygen at 3.7A GeV can penerate through the light nucleus and cannot penetrate
through the heavy nudeus. But the incident oxygen a 200A GeV can peneirate through both
the light and heavy nude. (iv) Target black fragments are mainly produced by the excitation of
the target oectator. The excitation energies obtained by targets a the two incident energies are
dmost the same. This means that the difference between the < Np > ae small. Target grey
fragments are mainly produced by the cascade collisions in the target spectator and participant.
The contribution of the target spectator is greater than that of the target participant. At low energy,
the participant contribution decreases and the spectator contribution increases due to the target
sopping effect. This means that the events with high Ng have a greater probability to gppear.

IV. Correlations between multiplicity digributions and projectile fragments

In a nudear emulsion, the charges of the projectile fragments can be measured by the grain
dendty and t-ray counting methods [4], as well asthe lacunarity measurement technique[5]. The
track gran dendgties of projectile hydrogen and helium fragments are lp and 4lg, respectively.
For projectile fragments with charge Z > 2, we have used the t-ray counting method due to
avery large track gran dendty. Let no and nz denote the experimentd track *-ray dendties
of the iﬂ:ident oxygen nudeus and projectile fragment with charge Z, respectivdy. We have
Z = 8 nz=np, where 8 is the charge of the oxygen nudeus. In nuclear emulsion, we can
meadure the charges of all the proj ectile fragments

Let Q denote the bound sysem charge [6-8]. For the fragments with Z | 2, we have
Q=8Z (Z, 2). Because Ny, Ny, and Ny, are rdated to the impact parameter, Q is dso a
measurement of the impact parameter. The relationship between N; and Q should be observed.
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The N, distributions for events with dif-
ferent Q values in oxygen-emulsion col-
lisons at 3.7A GeV (dotted histograms)
and 200A GeV (solid histograms). The
N, distributions for Q =0, Q =2 j 4,
and Q =5 8 correspond to Figs. 3(a),

3(b), and 3(c), respectivdy.

Figure 2 gives the corrdations between N; and Q for oxygen-emulsion collisions at 3.7A
GeV (open cirdes) and 200A GeV (s0lid cirdes), respectivey. Figures 2(a), 2(b), and 2(c)
correspond to the corrdations of <N > j Q, <Ng > j Q, and < N;, > j Q, respectively. One
can e tha negative corrdations between < N; > and Q are obtained.
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FIG. 4. Asfor Fig. 3, but showing the results of FIG. 5. Asfor Fig. 3, but showing the results of
Ng distributions. Np, distributions.

The Np, Ng, and N, digtributions for events with different Q regions are given in Figs. 3,
4, and 5, regectively. The dotted and solid higograms correspond to the experimentd data of
oxygen-emulsion collisions a 3.7A GeV and 200A GeV, repectivdy. Figures (a), (b), and (c)
aetherexltsfor eventswith Q =0, Q=2 4, and Q =5 j 8, respectivdy. One can see that
the multiplicity of target fragments has a wide and even didribution at smal Q. The number of
events with low multiplicity increases and the number of events with high multiplicity decreases
with increasing vaue of Q. The multiplicity distribution becomes narrow at great Q.

The mean multiplicities of events with different Q are given in Table 1. The upper and
lower pands correspond to oxygen-emulsion collisions a 3.7A and 200A GeV, respectively. One
can see that the mean multiplicities decrease with increasng value of Q.
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TABLE 1. Mean multiplicities of target fragments in oxygen-emulsion collisions a 3.7A GeV
(upper pand) and 200A GeV (lower pand). Events are divided into three parts: Q
=0,Q =24, andQ=58.

Q region <N,> <Ng > <Np >
Q=0 858 0.6 136 § 10 2218 13
Q=24 498 04 468 05 948 08
Q=58 248 03 168 0.2 408 05
Q=0 658 04 758 0.6 1408 09
Q=24 438 04 39§ 04 828 0.7
Q=58 218 02 128 02 338 03
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FIG. 6. Correlations between < N, > and Nj
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FIG. 7. Corrdations between < Np > and Ng

for events with Nn , 0 (8 and Nn >
8 (b) in oxygen-emulsion collisions at
3.7A GeV (open drdes) and 200A Gev
(solid circles).

The negative corrdation between N; and Q is determined by the nudear geometry. For a
given projectile and target, N; increases with decreasing the impact parameter. (For Ny, thereis
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a saturation effect appearing if the impact parameter is smdl enough, i.e. N does not decrease)
But the projectile spectator (i.e, the value of Q) decreases with decreasng the impact parameter.
Therefore, there is a negative corrdation between the multiplicity and the bound system charge.

V. Correlations between target fragments

The corrdations between Ny and Nj, (a), as well as Ng and Ny, (b), for oxygen-emulsion
collisions a 3.7A GeV (open cirdes) and 200A GeV (s0lid crdes) are given in Fig. 6. From
Fig. 6 one can e tha the value of < N, > increases with incressing N, in the region of
Nj - 25, and does not depend on Ny, in the region of Ny, > 25. Thevalue of N, hasa sauration
effect. For the grey fragments, the value of < Ng > increases with incressing N.

Figure 7(a) presents the dependence of < N > on Ny for oxygen-emulsion collisons a
3.7A GeV (open circles) and 200A GeV (solid cirdles). One can see that the value of < N, >
increase with increasing Ny in the region of Ny - 8, and the saturation effect gppears in the
region of Ny > 8. The saturation effect was aso observed in proton-emulsion collisions & high
energy [9]. In order to study the saturation effect in detail, Fig. 7(b) presents the correlaions
between < N, > and Ng for the events with N, > 8. One can seetha the value of < Ny, > does
not depend on Ng, the experimentd data are the same as those in Fig. 7(a) for the events with
Ny > 8. Thisindicates that the saturation effect is a characteristic of heavy target fragmentation
in nonperipheral callisions. The mean saturaion vaue (< N, >) in Fig. 7(b) for the 3.7A and
200A GeV oxygen-emulson collisions are 9:5 8 0:3 and 9:3 § 0:3, respectivdy.

The target black fragments have a saturation effect, and the grey fragments do not. The
reason i sthat the black fragments are the reaults of the target spectator’ s evgporation, and the grey
fragments are the results of cascading collisions in the target spectator and participant.

VI. Conclusions and discussons

To conclude, the target fragment multiplicity distribution approximately does not depend on
the incident energy in the energy range from 3.7A to 200A GeV. The Smilarities and differences
in the target fragment multiplicities at the above two energies can be explained by the nuclear
geometry characteristic and the nudear stopping effect. Thereis a negative correlation between the
target fragment multiplicity and the bound system charge. This negative corrdation i s determined
by the nuclear geometry. There is a saturation effect in the target black fragment multiplicity.
This saturation effect is a characteristic of heavy target fragmentati on in nonperipheral collisions.

Nudear fragmentation is an important experimenta phenomenon in high energy nudeus
nucleus coallisions. Nuclear emulsons have been used as a target and a detector in the sudy of
high energy collisions. We have studied the nuclear fragmentation in the energy range from the
Dubna energy to the SPS energy in our previous work [10-13], and used the experimentd data of
nuclear emulsions sewhere, too [14-16]. In our opinion, in the study of nucear fragmentation,
the Dubna energy region is more important than the SPS energy region, because the nuclear
limiting fragmentation may set in at the Dubna energy region.

It is beli eved that the nuclear limiting fragmentation should gpply in adefinite energy range.
The Dubna energy may be the initid energy of the nucdlear limiting fragmentation. But we do not
think the SPS energy to be the highest energy of the nuclear limiting fragmentation. We hope to
compare the present resul ts with the experimental dataof nuclear fragmentation & the Rdativistic
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Heavy lon Collider (RHIC) energies soon.
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