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Target Fragmentation in Oxygen-Emulsion Collisions at Dubna and SPS Energies
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The experimental results of target fragmentation in oxygen-emulsion collisions at the
Dubna energy (a few A GeV) and the Super Proton Synchrotron (SPS) energy (60-200A GeV)
are reported. The multiplicity distributions of target fragments, the correlations between the
multiplicity distributions and the projectile fragments, as well as the correlations between the
black and grey fragments are given.

PACS. 25.75.–q – Relativistic heavy ion collisions.
PACS. 25.70.Mn – Projectile and target fragmentation.
PACS. 25.70.Pq – Multifragment emission and correlations.

I. Introduction

According to the “participant-spectator model” [1], the interacting system in relativistic
nucleus-nucleus collisions can be divided into three parts: a target spectator, a participant, and
a projectile spectator. The overlapping part of the two colliding nuclei is called the participant
and the other parts are called the target spectator and the projectile spectator, respectively. The
velocity of the participant has a wide distribution from zero to the projectile velocity. The velocity
of the target spectator in the laboratory reference frame is almost zero. The projectile spectator has
almost the same velocity as that of the projectile. It is known that violent collisions happen 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 nucleons and nuclei.

There are relations between the participant and the spectator. It is expected that a quark-
gluon plasma (quark matter) will be formed in the participant at very high incident energies, and
a liquid-gas phase transition will happen in the spectator. Both the participant and the spectator
are relevant for studying the nuclear reaction mechanism. For the purpose of studying the nuclear
reaction mechanism, it is highly important to investigate the spectator fragmentation.

The Dubna energy is a special energy, at which the nuclear limiting fragmentation applies
initially. For oxygen the limiting fragmentation may set in at or below the Dubna energy. At
present the highest energy for studying nucleus-nucleus collisions by a fixed target is the Super
Proton Synchrotron (SPS) energy. To study nuclear fragmentation, e.g., oxygen induced nuclear
fragmentation at the Dubna energy and at the SPS energy, is of great importance.

The characteristics of the nuclear spectator fragmentation can be described by the mul-
tiplicity, angular, mass, and charge distributions and the correlations. The aim of the present
work is to perform a systematic analysis of target fragmentation in oxygen-emulsion collisions at
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3.7A GeV (the Dubna energy) and at 200A GeV (the SPS energy). The second section describes
the experimental materials. The experimental multiplicity distributions of target fragments, the
correlations between the multiplicity distributions and the projectile fragments, as well as the cor-
relations between the black and grey fragments are given in the third, fourth, and fifth sections,
respectively. The last section gives our conclusion.

II. Experimental materials

The nuclear emulsion stacks measured in the experiment were exposed by the oxygen beams
at the Synchrophasotron of the Joint Institute for Nuclear Research (JINR), Dubna, Russia and
at the SPS of the European Organization for Nuclear Research (CERN), Geneva, Switzerland,
respectively. The beam energies are 3.7A and 200A GeV, respectively. The emulsion type is
Russian NIKFI-BR2 and the pellicle size is 10 cm £ 10 cm £ 600 ¹m.

Each interaction was scanned using the “along-the-track” method with the help of a Russian
microscope of the Mbu9 type. We have excluded the events occurring within a 20 ¹m thickness
from the top or bottom surface of the pellicle. Great care has been taken in the identification of
different tracks [2].

Three interaction types are found in the experiment. They are elastic collisions, electromag-
netic dissociations, and nuclear reactions. An elastic 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 dissociation is an interaction
occuring between the projectile and the target due to electromagnetic interactions. The final state
products contain the projectile fragments and/or the target fragments. A nuclear reaction is an
interaction occuring between the two colliding nuclei due to nuclear interactions. The final state
products contain the projectile fragments, the target fragments, the relativistic produced particles,
and a few slow mesons.

We focus our attention on the nuclear reaction in the present work. The data studied in the
present work consist of 266 random nuclear reaction events at 3.7A GeV and 446 random nuclear
reaction events at 200A GeV.

III. Multiplicity distribution of target fragments

The number of final state target fragments in an event is called the multiplicity of target
fragments and denoted by Nh . The track grain density of target fragments in a nuclear emulsion
is greater than 1.4I0 [2, 3], where I0 denotes the experimental minimum value of the track grain
density of a relativistic singly 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 Nb and Ng, respectively. The residual range of black fragments is less than or
equal to 3 mm, and that of grey fragments is greater than 3 mm. For a proton, the kinetic energy
corresponding to a residual range of 3 mm is 26 MeV [3]. We can measure the track grain
densities and residual ranges of all the target fragments. Then, the multiplicity distribution of
each kind of target fragment can be obtained.

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

GeV (dotted histograms) and 200A GeV (solid histograms). The Nb, Ng , and Nh distributions
correspond to Figs. 1(a), 1(b), and 1(c), respectively.

One can see that the multiplicity distributions of target fragments in oxygen-emulsion collisions
at the two different energies are similar. The differences are mainly in the probabilities of events
with Ni = 0 (i = b, g, and h) and the distribution region of Ng.

Table I presents the mean multiplicity, < Ni >, of target fragments produced in oxygen-
emulsion collisions at 3.7A GeV (upper panel) and 200A GeV (lower panel), respectively. The
emulsion nuclei are divided into two parts: the light nuclei (C/N/O, Nh · 8) and the heavy
nuclei (Ag/Br, Nh > 8). One can see that the values of < Ni > at 3.7A GeV are greater than
those at 200A GeV. The differences for light nuclei are smaller than those for heavy nuclei. The
differences between the values of < Nb > are smaller than those of < Ng >.
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TABLE I. Mean multiplicities of target fragments in oxygen-emulsion collisions at 3.7A GeV
(upper panel) and 200A GeV (lower panel). Events are divided into three parts:
C/N/O, emulsion, and Ag/Br.

Target (Nh region) < Nb > < Ng > < Nh >

C/N/O (Nh · 8) 1.6 § 0.1 1.3 § 0.1 2.9 § 0.2
Emulsion (Nh ¸ 0) 5.1 § 0.3 6.4 § 0.5 11.5 § 0.7
Ag/Br (Nh > 8) 9.5 § 0.3 12.6 § 0.7 22.1 § 0.8

C/N/O (Nh · 8) 1.5 § 0.1 1.1 § 0.1 2.6 § 0.1
Emulsion (Nh ¸ 0) 4.1 § 0.2 3.9 § 0.2 8.0 § 0.4
Ag/Br (Nh > 8) 9.3 § 0.3 9.6 § 0.4 18.9 § 0.6

We can explain qualitatively the similarities and differences between the two different
energies. (i) At the two energies, the incident nuclei are the same, and the target nuclei are the
same, too. At the present accelerator energy region, the production of target fragments is mainly
determined by the nuclear geometry. (ii) The impact parameter increases with the increase of the
effect of the electromagnetic interaction between the projectile and target. This means an increase
in the probability of events with low multiplicity. (iii) The target nucleus has a stopping power.
The incident oxygen at 3.7A GeV can penetrate through the light nucleus and cannot penetrate
through the heavy nucleus. But the incident oxygen at 200A GeV can penetrate through both
the light and heavy nuclei. (iv) Target black fragments are mainly produced by the excitation of
the target spectator. The excitation energies obtained by targets at the two incident energies are
almost the same. This means that the difference between the < Nb > are 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
stopping effect. This means that the events with high Ng have a greater probability to appear.

IV. Correlations between multiplicity distributions and projectile fragments

In a nuclear emulsion, the charges of the projectile fragments can be measured by the grain
density and ±-ray counting methods [4], as well as the lacunarity measurement technique [5]. The
track grain densities of projectile hydrogen and helium fragments are I0 and 4I0, respectively.
For projectile fragments with charge Z > 2, we have used the ±-ray counting method due to
a very large track grain density. Let nO and nZ denote the experimental track ±-ray densities
of the incident oxygen nucleus and projectile fragment with charge Z, respectively. We have
Z = 8

p
nZ=nO , where 8 is the charge of the oxygen nucleus. In nuclear emulsion, we can

measure the charges of all the projectile fragments.
Let Q denote the bound system charge [6-8]. For the fragments with Z ¸ 2, we have

Q = § Z (Z ¸ 2). Because Nb, Ng , and Nh are related to the impact parameter, Q is also a
measurement of the impact parameter. The relationship between Ni and Q should be observed.
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FIG. 2. Correlations between the target frag-
ment multiplicities and the bound sys-
tem charge in oxygen-emulsion colli-
sions at 3.7A GeV (open circles) and
200A GeV (solid circles). Correlations
of < Nb > ¡ Q, < Ng > ¡ Q, and
< Nh > ¡ Q correspond to Figs. 2(a),
2(b), and 2(c), respectively.

FIG. 3. The Nb distributions for events with dif-
ferent Q values in oxygen-emulsion col-
lisions at 3.7A GeV (dotted histograms)
and 200A GeV (solid histograms). The
Nb distributions for Q = 0, Q = 2 ¡ 4,
and Q = 5¡ 8 correspond to Figs. 3(a),
3(b), and 3(c), respectively.

Figure 2 gives the correlations between Ni and Q for oxygen-emulsion collisions at 3.7A
GeV (open circles) and 200A GeV (solid circles), respectively. Figures 2(a), 2(b), and 2(c)
correspond to the correlations of < Nb > ¡ Q, < Ng > ¡ Q, and < Nh > ¡ Q, respectively. One
can see that negative correlations between < Ni > and Q are obtained.
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FIG. 4. As for Fig. 3, but showing the results of
Ng distributions.

FIG. 5. As for Fig. 3, but showing the results of
Nh distributions.

The Nb, Ng, and Nh distributions for events with different Q regions are given in Figs. 3,
4, and 5, respectively. The dotted and solid histograms correspond to the experimental data of
oxygen-emulsion collisions at 3.7A GeV and 200A GeV, respectively. Figures (a), (b), and (c)
are the results for events with Q = 0, Q = 2 ¡ 4, and Q = 5 ¡ 8, respectively. One can see that
the multiplicity of target fragments has a wide and even distribution at small Q. The number of
events with low multiplicity increases and the number of events with high multiplicity decreases
with increasing value of Q. The multiplicity distribution becomes narrow at great Q.

The mean multiplicities of events with different Q are given in Table II. The upper and
lower panels correspond to oxygen-emulsion collisions at 3.7A and 200A GeV, respectively. One
can see that the mean multiplicities decrease with increasing value of Q.
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TABLE II. Mean multiplicities of target fragments in oxygen-emulsion collisions at 3.7A GeV
(upper panel) and 200A GeV (lower panel). Events are divided into three parts: Q
= 0, Q = 2-4, and Q = 5-8.

Q region < Nb > < Ng > < Nh >

Q = 0 8.5 § 0.6 13.6 § 1.0 22.1 § 1.3
Q = 2-4 4.9 § 0.4 4.6 § 0.5 9.4 § 0.8
Q = 5-8 2.4 § 0.3 1.6 § 0.2 4.0 § 0.5

Q = 0 6.5 § 0.4 7.5 § 0.6 14.0 § 0.9
Q = 2-4 4.3 § 0.4 3.9 § 0.4 8.2 § 0.7
Q = 5-8 2.1 § 0.2 1.2 § 0.2 3.3 § 0.3

FIG. 6. Correlations between < Nb > and Nh

(a), as well as < Ng > and Nh (b), in
oxygen-emulsion collisions at 3.7A GeV
(open circles) and 200A GeV (solid cir-
cles).

FIG. 7. Correlations between < Nb > and Ng

for events with Nh ¸ 0 (a) and Nh >
8 (b) in oxygen-emulsion collisions at
3.7A GeV (open circles) and 200A GeV
(solid circles).

The negative correlation between Ni and Q is determined by the nuclear geometry. For a
given projectile and target, Ni increases with decreasing the impact parameter. (For Nb, there is
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a saturation effect appearing if the impact parameter is small enough, i.e. Nb does not decrease.)
But the projectile spectator (i.e., the value of Q) decreases with decreasing the impact parameter.
Therefore, there is a negative correlation between the multiplicity and the bound system charge.

V. Correlations between target fragments

The correlations between Nb and Nh (a), as well as Ng and Nh (b), for oxygen-emulsion
collisions at 3.7A GeV (open circles) and 200A GeV (solid circles) are given in Fig. 6. From
Fig. 6 one can see that the value of < Nb > increases with increasing Nh in the region of
Nh · 25, and does not depend on Nh in the region of Nh > 25. The value of Nb has a saturation
effect. For the grey fragments, the value of < Ng > increases with increasing Nh.

Figure 7(a) presents the dependence of < Nb > on Ng for oxygen-emulsion collisions at
3.7A GeV (open circles) and 200A GeV (solid circles). One can see that the value of < Nb >
increase with increasing Ng in the region of Ng · 8, and the saturation effect appears in the
region of Ng > 8. The saturation effect was also observed in proton-emulsion collisions at high
energy [9]. In order to study the saturation effect in detail, Fig. 7(b) presents the correlations
between < Nb > and Ng for the events with Nh > 8. One can see that the value of < Nb > does
not depend on Ng, the experimental data are the same as those in Fig. 7(a) for the events with
Ng > 8. This indicates that the saturation effect is a characteristic of heavy target fragmentation
in nonperipheral collisions. The mean saturation value (< Nb >) in Fig. 7(b) for the 3.7A and
200A GeV oxygen-emulsion collisions are 9:5 § 0:3 and 9:3 § 0:3, respectively.

The target black fragments have a saturation effect, and the grey fragments do not. The
reason is that the black fragments are the results of the target spectator’s evaporation, and the grey
fragments are the results of cascading collisions in the target spectator and participant.

VI. Conclusions and discussions

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 similarities and differences
in the target fragment multiplicities at the above two energies can be explained by the nuclear
geometry characteristic and the nuclear stopping effect. There is a negative correlation between the
target fragment multiplicity and the bound system charge. This negative correlation is 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 fragmentation in nonperipheral collisions.

Nuclear fragmentation is an important experimental phenomenon in high energy nucleus-
nucleus collisions. Nuclear emulsions have been used as a target and a detector in the study 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 experimental data of
nuclear emulsions elsewhere, too [14-16]. In our opinion, in the study of nuclear 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 believed that the nuclear limiting fragmentation should apply in a definite energy range.
The Dubna energy may be the initial energy of the nuclear 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 results with the experimental data of nuclear fragmentation at the Relativistic
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Heavy Ion Collider (RHIC) energies soon.
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