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Abstract: In this manuscript we have mainly focused our study on the multiplicity distributions of projectile fragments

and slowest target protons (black particles) released during the interaction of 84Kr with emulsion at 1 A GeV and their

dependency on various target groups of the nuclear emulsion. In case of projectile fragments these distributions are

described and have been replicated using a multi-source thermal model. The model makes the premise that collisions

produce a large number of particle sources. Like a radioactive item, each source contributes a multiplicity distribution. The

observations of the present study shows that the theoretical calculations utilising the multi-source thermal model and the

experimental findings are in good agreement. In case of slowest target protons this study reveals a striking relationship

between the target fragmentation processes and collision geometry with multiplicity distributions.
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1. Introduction

Following the prediction of the QGP as a new phase of

matter, physicists worldwide focused much attention on the

nucleus-nucleus (A-A) and hadron-nucleus (h-A) interac-

tions because they offer concise information on properties

of nuclear matter, such as quarks, gluons, and nuclear

matter density [1–6]. High spatial resolution nuclear

emulsion detector (NED) enable the detection of short-

lived particles like charm mesons and other similar parti-

cles [7–9].

The three zones of the interacting systems are based on

the Participant Spectator (PS) model [10, 11]. Figure 1

displays the PS model schematic diagram. The projectile

spectator region comes first. The projectile’s velocity and

the velocity of the projectile spectator zones are virtually

equal. Projectile fragments are the particles created from

the projectile spectator areas and have a charge of Z � 1.

The intended spectator zone comes in second. In the frame

of reference of the laboratory, the velocity of the target

spectator zone is zero. Target fragments are the byproducts

of the target spectator areas. Target and projectile spectator

zones are not interacting with each other. The third is the

participant region, which is the area where the projectile

and the target nuclei intersect. The participant region emits

the newly created particles (like pions, kaons, mesons, etc.)

[10, 11].

Friction is thought to be created on the contact layer in

collisions due to the existence of relative motion between

the participant and the spectator. Due to friction, both the

participant and the spectators get heated in this condition.

As depicted in Fig. 1, the contact layer and the remainder

section, which are separated by heat of friction, are thought

to represent two sources of nuclear fragments with distinct

temperatures. This might cause the entire target spectator

to enter a non-equilibrium state, yet the contact layer and

the remainder of the spectator to remain in a local equi-

librium condition [10]. Grey particles, also referred to as

fast target protons, are released from the target spectator’s

contact layer, while black particles, also known as slow

target protons, are released from the target spectator’s rest

part [10].

Numerous research works have been done on multi-

plicity, including theoretical and experimental ones.

Understanding the multiplicity of secondary charged par-

ticles is essential to comprehending the process of nucleus-

nucleus interactions, since it is one of the most important
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and easily measured factors defining any heavy-ion colli-

sions at high energies [12, 13]. Important details can be

uncovered by comparing the average multiplicity and its

distributions with the theoretical predictions of different

computations.

In this work, we have primarily examined the multi-

plicity distributions of the projectile fragments (PFs)

released during 84Kr emulsion interactions at 1 A GeV and

their dependence on different emulsion target groups.

Using a multi-source thermal methodology, these distri-

butions are characterized and verified. Additionally, we

looked at the black particle multiplicity distribution and

how it was impacted by the interactions between the var-

ious target nuclei in the nuclear emulsion.

2. Experimental details

Germany’s Gesellschaft fr Schwerionenforschung (GSI)

Darmstadt created a NED. Projectiles consisting of 84Kr

nuclei with incidence kinetic energy of 1 GeV per nucleon

and 98–95% of 84Kr with 2–5% impurities were used in the

experiment [8–13]. The investigation used NED with a size

of 9:8� 9:8� 0:06 cm3 [14–16]. Figure 2 displays the

photo of the NED. The Olympus BH-2 binocular micro-

scope was utilized to scan the event of interest. The

binocular microscope’s primary parts include many dry

and oil immersion objectives with magnifications of 10X,

20X, 40X, 60X, and 100X. The air between the NED and

lense was removed using sandal wood oil while utilizing a

100X objective.

In the present study, an Olympus BH-2 binocular

microscope was utilized to scan the event of interest from

the NED utilizing the two most popular scanning tech-

niques: line scanning and volume scanning. Tracking the

events is necessary for line scanning until they interact or

depart off the NED. Having scanned the events strip by

strip during volume scanning, we will be able to scan low

energy events using this scanning technique. After detect-

ing the events through volume scanning, we follow the

event tracks to ascertain their velocity. As background

events might interact anyplace on the NED, we must pay

close attention to what is going on there. They have,

however, vanished, leaving no discernible mark on the

NED, as we discover when we return to look for their tail

[11–15]. We used every effort to confirm that the projectile

engagements with the emulsion target were the source of

the occurrences, hence confirming their authenticity. Due

to the manual, non-automatic nature of the scanning pro-

cess and the age of the NED, we have added 2% of sys-

tematic error in our study. These two scanning techniques

have yielded 700 occurrences, which will be subjected to a

more thorough physics study. The events scanning was

carried out at the BHU, Varanasi, India. Important events

are compiled, and based on their features, they are cate-

gorized into different groupings. Target fragments are

classified into three main types based on their relative

range (L) on the NED, relative velocity (b), and normalised

grain density ðg�Þ [14–18]. 2.1. Grey particles; It is rep-

resented by Ng and has L[ 3 mm, 0:3� b\0:7, and

1:4\g�\6:8. It is also known as fast target proton [16].

2.2. Black particles; It is represented by Nb and has L� 3

mm, g� � 6:8, and b\0:3. It is also known as slow target

proton [14, 16]. 2.3. Shower particles; It is represented by

Ns and has b� 0:7 and g� � 1:4 [14, 18]. Heavily ionizing

charged particles (Nh) indicates the total number of black

and grey particles [14–18].

3. The multi-source thermal model

The multi-source thermal model, which is mostly

employed in the descriptions of transverse flows in A-A

collisions, particle emission angles and azimuthal angles

serves as the foundation for the physics picture of the

present analysis [19–21]. The fundamental presumption of

Fig. 1 An illustration of the PS model [11]

Fig. 2 An illustration of the NED [11]
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the model is that many sources of producing particles and

fragments are assumed to form in high-energy collisions

[19–21]. Based on this model the experimental event

sample has been separated into l groups (sub-samples)

based on impact parameters and reaction mechanisms

including evaporation, absorption, spallation, multi-frag-

mentation etc [19–21]. The multi-source thermal model

generates a multi-component Erlang distribution in the

multiplicity distribution that describes many types of par-

ticles as well as fragments [20–22]. Let’s assume that the

jth group has bj sources. The multiplicity distribution is

expected to take an exponential from each source. As a

result, the multiplicity aij distribution that the ith source in

the jth group provided is as follows:

PijðaijÞ ¼
1

\aij [
exp � aij

\aij [

� �
ð1Þ

where the ith source in the jth group contributes to

\aij [ , the mean multiplicity, which is unrelated to i. The

jth group contributed a multiplicity distribution that is an

Erlang distribution [23].

Fig. 3 The Np normalized multiplicity distributions in the interaction

of the 84Kr projectile with (up) CNO, (mid) Em and (bottom) AgBr

targets respectively. The curves indicate the theoretical findings using

the model

Fig. 4 The Na normalized multiplicity distributions in the interaction

of the 84Kr projectile with (up) CNO, (mid) Em and (bottom) AgBr

targets respectively. The curves indicate the theoretical findings using

the model
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PjðaxÞ ¼
a
bj�1
x

ðbj � 1Þ!\aij [
exp � ax

\aij [

� �
ð2Þ

It is the folding result of bj exponential functions and ax ¼
R
bj
i¼1aij and x denotes Np;Na, and Nf respectively. The sum

of the l group contributions is weighted to create the final

multiplicity distribution. Then we have,

PðaxÞ ¼
1

N

dN

dax
¼ Rl

j¼1kiPjðaxÞ ð3Þ

where ki and N stand for the weight factor and the number

of particle fragments, respectively. The weight factor ki is

obtained by the geometrical weight of the impact parameter

[20, 21]. In the present analysis the value of ki is taken as 1.

Let Rij stand for random numbers between 0 and 1 when

using the Monte Carlo method. Then Eqs. (1) and (2) result

in,

aij ¼ �\aij [ lnRij ð4Þ

and

Fig. 5 The Nf normalized

multiplicity distributions in the

interaction of the 84Kr projectile
with (up) CNO, (mid) Em and

(bottom) AgBr targets

respectively. The curves

indicate the theoretical findings

using the model
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ax ¼ �R
bj
i¼1\aij [ lnRij ð5Þ

Finally, a statistical method is used to determine the

multiplicity distribution in accordance with various kj
[24, 25]. The mean multiplicities that the jth group and the

l groups contributed are given by,

\ax [ ¼ bj\aij [ ð6Þ

and,

\ax [ ¼ Rl
j¼1kjbj\aij [ ð7Þ

4. Results and discussion

We have classified the NED nuclei into three groups,

AgBr, H and CNO in order to examine the multiplicity

behavior of emerged fragments. This is because we are

aware that the NED is a mixed target detector. The Nh

value for AgBr is more than 8 and less or equal to 1 for H.

While for CNO it is in the range of 2–8 [26].

The PFs having charge Z� 1 are divided into three main

categories. First of them is called singly-charged PFs ðNpÞ
having charge 1. Second is doubly-charged PFs ðNaÞ which
have double charge. And third is multiple-charged PFs ðNf Þ
having charge more than two [24].

The normalised multiplicity distributions of the PFs

Np;Na, and Nf in
84Kr contacts with various target groups

of emulsion at 1 A GeV are shown in Figs. 3, 4 and 5. The

curves indicate the theoretical findings using the multi-

source thermal model, whereas the data points represent

observed experimental data. In every instance, the com-

puted results and the observed experimental data corre-

spond fairly well.

The singly charged PFs, multiplicity distribution with

different emulsion targets is shown in Fig. 3. It can be

noticed, from all these figures, that the emission probability

Fig. 6 The Nb normalized multiplicity distributions in the interaction

of 4He [29], 7Li [29], 12C [28], 16O [28], 28Si [30], 84Kr [present

work], 84Kr [29], 139La [29] with emulsion

Fig. 7 The Nb normalized

multiplicity distributions in the

interaction of 12C [31], 16O

[28], 28Si [31], 84Kr [present
work] with (up) CNO (down)

AgBr target of NED
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of single charge PFs decreases as we move lower to higher

numbers and this decreasing behaviour is changing sharply

as we move from light nuclei to heavy nuclei. As a result,

protons become less numerous as target nuclei’s mass

increases.

Figure 4 shows the multiplicity distribution of doubly

charged PFs with different emulsion targets. From Fig. 4

we can see that these distributions have the same trend as in

Fig. 3 for light nuclei, intermediate nuclei and Em, while in

case of heavy nuclei it is little bit difference, this behaviour

show that the higher number of doubly charged PFs

emitted within this interaction. Such type of behaviours in

case of doubly charged PFs are also observed by other

experimental observations [19, 27].

Figure 5 shows the multiplicity distribution of multiple

charged PFs with different emulsion targets. From Fig. 5

we can see in every time, there is a reasonable correlation

between the computed results and the experimental data

collected.

Figure 6 shows the comparison between the normalized

multiplicity distributions of Nb produced in the interaction

of the projectiles 4He (2.1 A GeV), 7Li (2.2 A GeV), 12C

(3.7 A GeV), 16O (3.7 A GeV), 28Si (3.7 A GeV), 84Kr (1 A

GeV), 84Kr (1.52 A GeV), 139La (1 A GeV) with emulsion.

The normalized data presented in Fig. 6 show a similar

pattern in Nb production, indicating that the emission of

these particles is likely to be caused by a single isotropic

process. These particles emit isotropically, regardless of

projectile mass, by an evaporation process from the ther-

malized target nucleus.

Figure 7 shows the comparison between the normalized

multiplicity distributions of Nb produced in the interaction

of the projectiles 12C (4.5 A GeV), 16O (3.7 A GeV), 28Si

(14.6 A GeV), 84Kr [present work] with CNO and AgBr

target of NED. From Fig. 7 it is clear that the emission rate

of Nb particles is higher with AgBr-target interaction as

compared to CNO-target interaction for different projec-

tiles having various incident kinetic energy, which

demonstrate that the emission of Nb not depending on the

projectile mass while strongly depending on the target

mass.

5. Conclusions

When 84Kr interacts with an emulsion at 1 A GeV, several

target nuclei’s constituent parts are studied to determine the

multiplicity properties of the PFs released. These findings

have been contrasted with the current computations, which

are based on a multi-source thermal model. According to

this study, the multi-source thermal model and the

observed experimental data show a reasonable amount of

consistency. The typical multiplicities of PFs for a given

projectile depend on the target mass.

Moreover, the fact that the Nb particle emission in

projectile impacts at different energies is identical indicates

that a single isotropic process is responsible for the emis-

sion of these particles. Regardless of their projectile mass

number, the isotropic emission of these particles is iden-

tified as an evaporation process from the thermalized target

nucleus.
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