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In this paper, the possible mechanisms, which are responsible for the production of fast
target fragments (gray particles with energy 26 up to 400MeV) that were emitted from
the interactions of 32S nucleus with emulsion nuclei at energy 3.7AGeV, are studied by
the pseudorapidity distribution. The angular distribution of the fast protons (g-particles)

emitted in the interactions of 32S-Em at 3.7AGeV is nicely described by exp (0.96
cos θ), which was observed in proton-induced interactions up to incident energies of
800 GeV. The pseudorapidity distributions of the produced g-particles were investigated
in order to study the characteristics of the emitted system of g-particles for different
target sizes (CNO, Em and AgBr groups of events). In all cases, the pseudorapidity
distributions were parametrized using Gaussian fits. The temperature of the system
emitting g-particles (hot system) is predicated in the light of the proposed statistical
model to be T ≈ 60MeV.

Keywords: 32S-Em interactions; fast target fragments; angular distribution; pseudora-
pidity distribution.

PACS Number(s): 25.75.−q, 25.70.Mn, 25.70.Pq, 29.40.Rg

1. Introduction

The multiplicity and pseudorapidity distributions of final-state particles can often
be used to test various theoretical models and ideas. The rapidity distribution and
the pseudorapidity distribution of charged particles are very important quantities
when studying the mechanism of particle production in high energy nucleon–nucleon
and nucleus–nucleus collisions.
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A deeper insight into particle production mechanisms can be obtained from
particle momenta distributions. Particle momenta are usually decomposed in the
component transverse to the beam axis (pT ) and the one along the beam axis (pL).
In this way, all the information about the velocity of the particle-emitting source
is contained in the longitudinal momentum, while the transverse momentum is free
from kinematic effects and is governed only by the internal characteristics of the
system that emits the particles.1

To study the longitudinal expansion, it is convenient to use the rapidity
y = 1

2 ln E+pL

E−pL
and pseudorapidity η = −ln(tan θ/2) variables, the latter being

the approximation of the rapidity for large momentum particles. Pseudorapidity is
more easily accessed experimentally because it requires the measurement of only
one kinematic quantity for each particle (i.e., the polar angle (θ) with respect to
the beam).

In the target fragmentation region, black (b-) and gray (g-) particles2,3 are
produced. The b-particles evaporate target protons with kinetic energy <30MeV.
The g-particles of interest are mainly recoiling protons knocked out from the
target nucleus in the energy range 30–400MeV. These g-particles are consid-
ered as fast target protons4 produced during or shortly after the passage of the
leading particles. Therefore, they are expected to carry most of the information
from the earlier stages of the collision so the study of the emission characteris-
tics of g-particles is of special significance. Although the process responsible for
the production of these particles is not entirely known, it is generally believed
that these are the low-energy part of the internuclear cascade, which is also
supposed to carry information about the dynamics of the reaction because the
time scale of emission of these particles is the same (≈10−22 s) as shower par-
ticles produced. The investigation of these fragments is very useful for energy
deposition and momentum transfer. The observations that are relevant to the
nuclear limiting fragmentation also come from the experiments on target frag-
ments. Therefore, Abdelsalam5 suggested that the g-particles might be emitted
from a thermalized system, within a short time, just after the earliest stage of
the interaction that is associated with particle creation. In reflection, the cre-
ated particles leave the hot hadronic matter formed in the overlap region between
the projectile and target, as the earliest stage. In the first stage of the target
fragmentation, the residual target part moves towards thermalization, where the
fast target protons are emitted isotropically in the rest frame of the nucleus. In the
second stage, which is the final interaction, the slow target protons are evaporated.
The spectrum of the g-particle is exponential,5 where the system moves towards
equilibrium.

In light of the intranuclear cascade model6–9 for the hadron–nucleus interaction,
the emission of a g-particle may occur from the first strike of the target nucleon
along the path of incidence as a first-generation or from the secondary cascading
collision with lower momentum as a second generation. Therefore, this system also
moves towards thermalization as explained in Refs. 5 and 10. More channels of
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incident nucleons may be expected to result in more cascading through nucleus–
nucleus interactions.

Pseudorapidity distribution is one of the most interesting experimental variables
to investigate the mechanism of multiparticle production in hadronic and nuclear
collisions. It is convenient for us to study the process of producing fast target
fragments (g-particles) in the interactions of 3.7AGeV Sulfur ions with nuclear
emulsion by the pseudorapidity distribution. Based on the angular characteristics
of these target fragments, the statistical thermodynamic model10 is used to examine
the fragmentation system.

2. Experimental Technique

This work is performed using emulsion stacks for 3.7AGeV 32S ions at Dubna
Synchrophastron. To obtain high scanning efficiency, the pellicles were scanned
under 100× magnification by doubly scanning along the beam tracks, fast in the
forward direction and slow in the backward one. The details about the irradiation
and scanning are found in Refs. 11 and 12. Once an interaction is observed, the
incoming track is carefully examined to ensure that it is indeed a beam track. In the
photographic nuclear emulsion, the tracks of secondary charged particles produced
in each interaction can be classified according to their ionization range and velocity
as follows:

(1) Black (b-) particles are those having a range of L < 3mm corresponding to a
proton with kinetic energy ≤26MeV. Most of these are produced due to the
evaporation of the residual target nucleus. The multiplicity of these slow target
protons is denoted by nb.

(2) Gray (g-) particles have L ≥ 3mm. These tracks are mostly due to protons of
kinetic energy in the range 26–400MeV and tracks of deuterons, tritons and
slow mesons. The multiplicity of these fast target protons is denoted by ng.
In each event, the black and gray tracks together are called heavily ionizing
tracks. Their multiplicity is denoted by Nh = nb + ng.

(3) Shower (s-) particles are singly charged relativistic particles. They are mostly
fast pions with a small mixture of kaons and released protons from the projectile
that have not undergone an interaction. Their multiplicity is denoted by ns.

An event-by-event analysis demands the separation of events into ensembles of
collisions of different projectiles with hydrogen (H), light nuclei (CNO) and heavy
nuclei (AgBr). Usually, events with Nh ≤ 1 are classified as collisions with hydrogen.
Events yielding two to seven heavy tracks are classified as CNO events. Events
with Nh ≥ 8 arise from collisions with heavy nuclei, almost definitely belong to
AgBr collisions. The particles produced in each event are also divided into particles
emitted in the forward hemisphere (F ) of the reaction (θ < 90◦) and particles
emitted in the backward one (B) (θ ≥ 90◦).
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3. Experimental Results and Discussions

3.1. Angular characteristics of g-particles

We measured the mean angle of the emitted g-particles in 32S-Em interactions at
3.7AGeV (〈θg〉 = 55.75 ± 2.50). This value is displayed in Fig. 1 with the corre-
sponding values from p, 4He, 6Li, 7Li, 12C, 16O, 22Ne, 24Mg and 28Si projectiles13–16

at nearly the same energy. The dotted line is used as a guideline representing the
average of mean angles at 〈θg〉 ≈ 60◦. From Fig. 1, we can observe that the mean
angle of the emitted g-particles is nearly independent of the projectile mass number.

The angular distribution of the g-particles emitted in the 32S-Em interactions
at 3.7AGeV is shown in Fig. 2. For the sake of comparison, the corresponding
angular distribution of g-particles emitted in the 24Mg-Em interactions15 of the

0 5 1 0 1 5 2 0 2 5 3 0 3 5
1 0

1 0 0

3 2 S

2 8 S i

2 4 M g

2 2 N e
1 6 O1 2 C

7 L i

6 L i

4 H e

P

< θ
g>

A
P

Fig. 1. Mean angle of the g-particles 〈θg〉 emitted in the 32S-Em interactions at 3.7A GeV in
comparison with the corresponding values for different projectiles at 2.1–3.7 AGeV. The dotted
line represents a guideline at 〈θg〉 ≈ 60◦.
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Fig. 2. Angular distributions of the g-particles emitted in the interactions of 32S and 24Mg with
the emulsion nuclei at 3.7A GeV.
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same incident energy is displayed in the same figure as well. From this figure,
one observes that the angular distributions of g-particles have a universal shape
characterized by a forward peak. The numbers of the backward emitted particles
(i.e., θg ≥ 90◦) decrease with increasing θg. The distributions of such backward
angles follow an exponential decay.

In Fig. 3, the angular distribution of the g-particles emitted in the 32S-Em
interactions at 3.7AGeV can be fitted successfully using Gaussian distribution.
Parameters and χ2/DoF value of the Gaussian fit are shown in Table 1. In Fig. 3,
our experimental data are also fitted by the predictions of Maxwell–Boltzmann
statistics (MBS)10 using the following relation:

dN

dθ
α sin θ(F/B)cos θ, (1)

where F/B (= 3.76± 0.23) is the ratio of the number of g-particles in the forward
hemisphere (F ) to that in the backward one (B). This anisotropic factor leads one
to investigate the target fragmentation system responsible for emitting g-particles
in the framework of the statistical model that is based essentially on MBS. It is
found that the MBS model predictions can reproduce the experimental data with
slight underestimations (χ2/DoF value equals 0.65).
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0
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32S-Em 
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 MF
 Gaussian

Fig. 3. Angular distribution of the g-particles emitted in the interactions of 32S-Em at 3.7AGeV
fitted with Gaussian distribution and the predictions of MBS and MF models.

Table 1. Parameters and χ2/DoF values of the Gaussian fit of angular
distributions of g-particles measured for different target groups of events.

〈θg〉 Width Peak Central value χ2/DoF

CNO 50.15 ± 5.04 44.65 ± 5.72 14.20 35.25 ± 2.35 0.25
Em 55.75 ± 2.50 50.26 ± 3.78 11.92 41.37 ± 1.48 0.07
AgBr 57.14 ± 2.86 53.11 ± 4.29 11.76 43.43 ± 1.68 0.08
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We also compare our data in Fig. 3 with the corresponding data at 3.7A GeV
generated by the modified FRITIOF (MF) code.17,18 The theoretical predictions
of the MF model underestimate the data. Thus, it fails to describe the particle
creation system for g-particles. The observed underestimation may be due to the
probabilities of interactions with different components of the emulsion according
to Glauber’s approach.19 Hence, the difference in model predictions is governed by
different mechanisms of the multiparticle production process. However, a modern
approach20 in describing nuclear cascading may lead to better results.

To fulfill the investigation of the target size dependence, the present data are
divided into two groups of events according to the accompanied Nh values. The
angular distributions for g-particles emitted in the interactions of 32S with (a) CNO
and (b) AgBr at 3.7A GeV are shown in Fig. 4. The experimental data are fitted
successfully using the Gaussian model for both groups of events. The parameters
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(b)

Fig. 4. Angular distributions for g-particles emitted with two different impact parameters
(a) CNO and (b) AgBr in the 3.7A GeV 32S-Em interactions. Data are fitted with Gaussian
distribution and MBS model predictions.
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of the Gaussian fit are the width, the peak (the height of the curve’s peak) and the
central value (the position of the center of the peak) of the distribution. Parameters
and χ2/DoF values of the Gaussian fit for CNO and AgBr groups are shown in
Table 1. The experimental data are also fitted by the prediction of the MBS model
using the relation (1) for both groups (CNO and AgBr) with χ2/DoF equal to 0.87
and 1.36, respectively.

In Ref. 21, it was found that the angular distribution in proton-induced inter-
actions in the energy range 2–400GeV has been parameterized as e(0.96 cos θ). A fit
to 800GeV proton data22 gives the same exponent. In Fig. 5, the angular distribu-
tion for the g-particles emitted in the interactions of 32S at 3.7AGeV with emulsion
nuclei is plotted together with the line from Ref. 21 which represents the parameter-
ization form above. Noticeably, our experimental results are reasonable as indicated
by the line drawn where the χ2/DoF value is 0.02. As a result, we can comment
that the angular distributions of g-particles have an exponential universal shape.
As noted in Ref. 23, the angular distribution of the g-particles in terms of emission
angle appears independent of the variation of projectile mass, primary energy and
target mass. In this regard, Adamovich13 commented “this is predicted in a simple
picture where each participant nucleon in the target on the average gives the same
contribution of g-particles independent of each other ”.

In Fig. 6, the angular distribution for the gray tracks emitted in the interactions
of 32S-Em at 3.7AGeV is compared with the corresponding experimental distribu-
tions with different Nh groups. The experimental data are well fitted by exponential
function having the following form:

1
N

dN

d(cos θg)
∼ Ce(D cos θg). (2)

-1.0 -0.5 0.0 0.5 1.0

1E-3

0.01

0.1

1

(d
N

 / 
dc

os
 θ

g) 
 / 

N

cos (θ
g
)

Fig. 5. Angular distribution of g-particles emitted in the interactions of 32S-Em at 3.7AGeV in
comparison with the line from Ref. 21.
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os
 θ

g) 
 / 

N

Fig. 6. Angular distributions of the g-particles emitted in the interactions of 32S with CNO, Em
and AgBr at 3.7AGeV.

The value of D is determined by the amount of re-scattering in the target
spectator.24 In the absence of re-scattering, most recoil protons would go in the
forward direction (cos θg = 1) and almost none in the backward direction (cos θg =
−1). Thus, the slope D would be higher. Consequently, if there were significant
re-scattering, the slope value would be lower. From the fitted curves, the values of
D for Em, CNO and AgBr are calculated as 1.21 ± 0.25, 1.48 ± 0.24 and 1.14 ±
0.26 with values of χ2/DoF 0.84, 1.39 and 0.75, respectively. One can notice that
the D value for AgBr target is smaller than that for CNO and emulsion targets.
Hence, in collision with heavy target (AgBr), g-particles suffer more re-scattering
processes when compared to in collision with light ones (CNO). This may be due
to the increase of cascading (secondary collisions) in the heavier target. It may be
further concluded that gray tracks are emitted largely in the forward direction. The
values of the F/B ratio of the angular distribution of g-particles are calculated and
presented in Table 2. For comparison, the F/B ratios for different projectiles are
also shown in the same table. A slight increase in the value of the F/B ratio with
the projectile mass number is observed. This may be due to the increase in the
number of primary collisions with increasing projectile size. On the other hand, the
F/B ratio decreases with the target size (increasing cascading) which means that
B increases relative to F .25

3.2. Pseudorapidity distribution of g-particles

Pseudorapidity distribution of the secondary particles emitted in high-energy
nucleon–nucleus and nucleus–nucleus interactions contain significant information
of the target and projectile fragmentation. The η values are quasi-invariant and
easily defined (η = −ln tan θ/2) in the emulsion experiment via the polar angle (θ).
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Table 2. The ratio F/B of angular distributions of
g-particles for different projectiles.

Projectile Energy A GeV F/B Ref.

p-Em 3 3.36 ± 0.20 26
4He-Em 3.7 3.00 ± 0.10 26
12C-Em 3.7 4.69 ± 0.18 27
28Si-Em 3.7 5.29 ± 0.24 27
32S-CNO 3.7 8.00 ± 0.81 This work
32S-Em 5.65 ± 0.25
32S-AgBr 5.25 ± 0.26

Now, the pseudorapidity distribution of g-particles emitted in the interactions
of 3.7AGeV 32S with nuclear emulsion is shown in Fig. 7. The distribution is fitted
with a Gaussian function. The half-width value of the distribution obtained from the
Gaussian fit is 0.69± 0.04. The pseudorapidity distribution has a peak at η = 0.84,
0.04.

To study the characteristics of the emitted system of g-particles concerning
different target sizes, the present data are then divided into two groups of events
according to the accompanied Nh values. Events with 2 ≤ Nh ≤ 7 and Nh ≥ 8
are taken to be due to interactions with CNO and AgBr groups, respectively. The
events with Nh ≤ 1 classified as interactions with hydrogen are not included in
data analysis. Because the hydrogen nucleus has only one proton, its fragmentation
results in an emission of one proton at most, as gray or black particles. Consequently,
the multiplicity channels in the interactions with H are restricted to Nh = 0 or 1
only. The corresponding pseudorapidity distributions together with their Gaussian
fitting are drawn in Fig. 7. The Gaussian peak is positioned at η = 1.03 ± 0.03 for

-3 -2 -1 0 1 2 3 4
0

5

10

15

20

25

30

 CNO
 Em
 AgBr

η

dN
/d

η

Fig. 7. Pseudorapidity distribution of g-particles emitted in 32S interactions with CNO, Em and
AgBr at 3.7A GeV.
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CNO group and 0.78± 0.04 for AgBr group. The half-width values are found to be
0.63 ± 0.02 and 0.70 ± 0.05, respectively.

From Fig. 7, the main features characterizing the pseudorapidity distributions
are as follows:

(1) The peaking shape, where the peak occurs in the forward pseudorapidity region.
(2) The well-fitting by Gaussian distributions.
(3) The pseudorapidity ranges are from −2.5 to +3.5.

From the present data, one can notice the following:

(1) The half-width measured in all pseudorapidity distributions has approximately
the same value. This may be due to the fixed energy range for the g-particles
(30 < E < 400MeV), which results in the same angular spread for all groups
of interactions.27,28

(2) The shift of peak position to the zero-point pseudorapidity distributions
decreases with increasing Nh. This may be due to the increase of cascading
collisions in the heavier target.

(3) The ratio F/B seems to decrease with increasing the target size. This could be
because the larger the target size, the more cascading collisions leading to the
increase of the emission of g-particles in the backward direction relative to the
forward one (F/B ratio decreases).

In light of the statistical model,10 based on the modification of MBS model,29

the g-particles emitting system can be distinguished by main parameters, such as
the mean longitudinal velocity of the center of mass of the particle emitting system
(β//), the characteristics spectral velocity of the fragmentation system of g-particles
(βo), and the temperature (T ) associated with the emission system. In the rapidity
curve, the value of β// is found from the peak position shift for the zero-point
rapidity distribution. βo can be obtained from the half-width (σ) of the rapidity
distribution, where σ2 = β2

o/2. The temperature T in units of MeV can be found
as T = Mnσ2, where Mn is the nucleon rest mass.

In Ref. 5, Abdelsalam concludes that the standard deviations σ for all
g-particles’ rapidity distributions are the same within experimental errors with an
average value σ = 0.25 ± 0.01 (i.e., σ is independent of the target and projectile
size). Besides, the rational value of the velocity χ = β///βo appears to be constant,
independent of projectile mass and energy of the fragments according to limiting
fragmentation hypothesis.

It was also pointed out in Ref. 30 that the F/B ratio represents the rational value
of the velocity χ0 = β///βo of the angular distribution31 and was determined as

χ01 = β///βo ≈ (
√

π/4)ln(F/B). (3)

The F/B ratio is also related to the angular distribution of the emitted
g-particles fitted by the MBS model (Eq. (1)). The rational velocity values can
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Table 3. Rational velocity and longitudinal velocity for different tar-
get groups of 32S-Em interactions at 3.7A GeV.

F/B 〈θg〉 χ01 χ02 β//1 β//2

CNO 5.59 ± 0.69 50.15 ± 5.04 0.750 0.641 0.263 0.224
Em 3.76 ± 0.23 55.75 ± 2.50 0.586 0.563 0.205 0.197
AgBr 3.41 ± 0.19 57.14 ± 2.86 0.544 0.543 0.190 0.190

also be calculated from the experimental value of the mean emission angle 〈θg〉 in
Ref. 32

χ02 = β///βo ≈ cos〈θg〉. (4)

The rational velocity values for 32S interactions with CNO, Em and AgBr cal-
culated from Eqs. (3) and (4) are shown in Table 3. The χ0 values can be compared
with the experimental ones obtained from the rapidity curve15 for 24Mg. The χ0

values for 24Mg interactions with CNO, Em and AgBr are 0.715, 0.597 and 0.567,
respectively. Knowing that βo (≈0.35) is constant,33 the values of longitudinal veloc-
ity β// for 32S with CNO, Em and AgBr are calculated and displayed in Table 3.
This table illustrates the values of F/B, 〈θg〉, χ0 and β// for our data. From this
table, one can notice that:

(1) The χ0 values deduced from Eq. (4) using the experimental values of the mean
emission angle show a good agreement with the values deduced using the F/B

ratios. The χ0 values from the rapidity distributions of 24Mg agree with our
experimental data.

(2) The longitudinal velocity of the g-particle emitting system β// decreases with
increasing the target size. This idea may be due to the increase of cascading
collisions in the heaviest target.

(3) Based on the predictions of the modified statistical model, Abdelsalam et al.5

found that the longitudinal velocity of the g-particle emission system was in
the range of β// = 0.16–0.23 using the rapidity distributions. This result corre-
sponds to the current values of β// obtained experimentally by F/B ratios and
〈θg〉 values.

Based on the above, the temperature of the emitting system can be calculated
from the equation

T = Mnσ2 ≈ Mn(β2
o/2). (5)

Knowing that βo ≈ 0.35, the temperature of the g-particle emission system is
T ≈ 60MeV. This value is consistent with those obtained before.29,33

4. Conclusion

In this work, the possible mechanisms which are responsible for the production of
fast target fragments (g-particles with energy 26 up to 400MeV) that emitted from
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interactions of 32S nucleus with emulsion nuclei at energy 3.7A GeV are investi-
gated. Based on the results of this study, let us summarize our main results as
follows:

(1) The inspection of the mean angles of the emitted g-particles from different
projectiles at Dubna energy reveals that the mean angle is nearly independent
of the projectile mass number.

(2) The angular distribution for the fast protons emitted in the interactions of 32S-
Em at 3.7AGeV is nicely described by exp (0.96 cos θ), which was observed in
proton-induced interactions up to incident energies of 800GeV. This observa-
tion reveals that the angular distribution of g-particles is energy independent
and seems to be independent of the projectile.

(3) The experimental angular distributions of g-particles at different Nh groups
are well fitted by an exponential function and have the form 1

N
dN

d(cos θg) ∼
Ce(D cos θg), where the value of D is determined by the amount of re-scattering
in the target spectator.

(4) The D value for collisions with heavy targets is found to be smaller than
its value for collisions with light targets. So, in collisions with heavy targets,
g-particles suffer more scattering processes as compared to light ones. This may
be due to the increase of cascading in the heavier target.

(5) The pseudorapidity distribution of the emitted g-particles is fitted with a
Gaussian function, having a half-width equal to 0.69 ± 0.04 and peak at
η = 0.84 ± 0.04.

(6) The pseudorapidity distributions of the produced g-particles is investigated also
to study the characteristics of the emitted system of g-particles for different
target sizes (CNO and AgBr groups of events), revealing that the Gaussian
peak is positioned, respectively, at η equal to 0.84 ± 0.04 and 0.78 ± 0.04. The
half-width values are found to be 0.63 ± 0.02 and 0.70 ± 0.05, respectively.

(7) The χ0 values deduced from the mean emission angle show good agreement
with the values deduced from the F/B ratios. The χ0 values from the rapid-
ity distributions of g-particles induced by 3.7AGeV of 24Mg agree with our
experimental data.

(8) The longitudinal velocity of the g-particle emitting system β//, decreases with
increasing the target size. This may be due to the increase of cascading collisions
in the heaviest target.

(9) The temperature of the system emitting g-particles (hot system) is predicated
in the light of the proposed statistical model to be T ≈ 60MeV.
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