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Aim of the Present Work

The aim of this work is to study the inelastic interaction of *Si ions with
emulsion nuclei at 14.6A GeV in order to obtain information about the factors
which may affect on the different mechanisms responsible for producing grey
and black particles in FHS and BHS. It is also aimed to investigate the source for

the emission of grey and black particles. This is achieved through:

» Studying the characteristics of the multiplicity distributions of grey and
black particles emitted from the interactions of *si at 14.6A GeV with

emulsion nuclei.

» Studying the angular distributions of the grey and black particles for the

interaction of %sSi with emulsion nuclei.




ABSTRACT




Abstract

Abstract

This thesis is concerned with analyses of the fast, and slow hadrons
production, in*si -Em interactions at 14.6A GeV. The main motivation is the
search for the effective mechanism responsible for this production. One key is
the dependence of particle multiplicity on the projectile energy. In this species,

*Si -Em interactions at 3.7A GeV is used for comparison.

The normalized multiplicity distributions of grey, black, and the heavily—
ionizing particles are displayed at the two incident energies. The experimental
results suggest that the incident energy is not an effective parameter in the target
fragmentation system, regarding the limiting fragmentation hypothesis beyond 1
GeV.

The percentages of events accompanied by backward emitted grey and black
particles tend to be constant, independently on the projectile size and energy.
The experimental results suggest that these backward emitted particles are
resulted from a decay system in a latter stage of the interaction. The main

effective parameter in these particles production is the target size.

The multiplicities of the grey and black particles, emitted in both hemispheres,
are correlated with the heavily—ionizing particles multiplicity, to form functions
of target size. The system of grey and black particles emission in FHS is
strongly correlated with that in BHS. This correlation is approximated in a linear

relationship.

Basing on the modified Maxwell-Boltzmann distribution, the modified statistical
thermodynamical model can describe the multiplicity and angular characteristics
of the grey and black particles emission systems. The constancy in the
anisotropy factors of these emission systems is utilized in the model

modification to predict their velocities.




Abstract

From the interactions of (p, “He, °Li, 'Li, *C, Mg, and %Si) with emulsion
nuclei at (3.7 — 14.6A GeV), a constancy is observed in the average values of the
emission angles for the grey and black particles. They are found to be

< 0>y~ 64 and < 0>, ~ 80, respectively.
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Introduction

Introduction

In study of nucleon-nucleus and particularly nucleus-nucleus collisions, it is
customary to divide the physics to be studied into different categories
corresponding to impact parameter values. In violent collision region, the
relatively large energy and momentum transfers manifest themselves in
producing particles with large transverse momentum and/or in creating more
particles in that collision . Fragments from central collisions of relativistic
heavy ions may originate from several qualitatively different subsystems of the
overall decaying nuclear system, such as the fireball, the target spectators, or
alternatively, an explosion of the fused target-projectile system . Furthermore,
the central collisions may be considered the most appropriate for studying the
highly excited and compressed hadronic matter and the QGP ® It is very
important to learn as much as possible about all the phenomena which occur in
interaction of high-energy nuclei. This should make easier the observation of the
anticipated signatures of phase transition to QGP on the background of normal
phenomena. Therefore, investigating the fragmentation is important in dealing
with the reaction mechanism at each centrality region. The first experimental
information about the fragmentation of nuclei was obtained in experiments with
cosmic rays . Knowledge of fragmentation characteristics of nuclei is required
for solution of a number of problems of astrophysics, cosmic-ray physics, and
radiation physics. In experiments (5, 6), the fragmentation was studied in the
collision of (**C, *°0, *Ar, and 3Kr) with emulsion nuclei at energy range (50-
220A MeV). At these intermediate energies, there was no chance for
pionization, as well as, the projectiles and target fragments were similar in the
47 space and limited in the shape of nuclear clusters. The selectivity of
centrality degrees in such interactions was not enough on the basis of projectile
or target fragments multiplicity. The fragmentation was directly proportional to
the incident energy, i.e. the target and projectile fragments multiplicity increases

with the incident energy. Hence, at that energy domain the limiting

1
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fragmentation behavior can not be reached. Acceleration of nuclei to relativistic
energies at Berkely and Dubna provided an opportunity to study this
phenomenon in a systematic manner. Bevalac energy and Dubna energy (a few
GeV/A) are special energies, at which the nuclear limiting fragmentation applies
initially *®. The limiting fragmentation hypothesis implies that both target and
projectile are fragmented independently of each other ©. The projectile angular
distribution showed that the limiting fragmentation hypothesis is valid for
peripheral as well as quasi-peripheral collisions. The domain of validity of the
limiting fragmentation hypothesis extends as the energy of the projectile nucleus
increases. The energy independence of fragmentation cross sections had been
indicated in Ref. (10) to hold at energies beyond the (1-2A GeV) region. At
excitation energies comparable with the total binding energy~ 5-8 MeV/nucleon,
the very existence of a long-lived compound nucleus becomes unlikely. In this
situation the evaporation-like decay mechanisms should give way to an
explosion like process leading to the total disintegration of the nucleus and the
multiple emissions of nuclear fragments of different masses **. The fast process
leading to the multi fragmentation final states was first discussed in Ref. (12)
where the name "multifragmentation” was introduced. An active study of
multifragmentation in reactions induced by relativistic protons and a-particles
was continued in Dubna ®®. The high energy hadron-nucleus and nucleus-
nucleus interactions are considered as a two stages process ™. In the first stage,
characterized by a time scale of the order of the light traversal time through the
nucleus, multiparticle production takes place leaving the colliding nuclei in
highly excited states. After a long time, the second stage, i.e. the de-excitation of
the nuclear remnants starts, manifested by the emission of fragments. In target
fragmentation, the target nuclei are usually found to completely disintegrate into
light particles with Z < 3. The geometrical aspects of the fragmentation of
nucleus can be understood in terms of the participant spectator model .

According to this model, at finite impact parameter, three regions are produced
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after a collision between two nuclei. The participant region, the projectile
spectator and the target spectator. The projectile spectator decays mainly into
nuclear clusters since very little momentum transfer is required to form these
fragments. The projectile fragments may thus be useful in determining the
momentum distribution of a nuclear cluster inside the projectile nucleus. At
relativistic energies, the separation in rapidity between projectile and target
fragments is large > 1 unit of rapidity. At such high energies, the target and
projectile fragmentation regions are well separated in the rapidity. The physics
of the two regions are believed to be similar. Consequently, no correlations exist
between projectile and target nucleus and the modes of fragmentation are
independent of target mass. The fragmentation cross sections can thus be
factorized into a target and projectile related parts. In the context of many
experiments at high energy, the distribution of target residues becomes
approximately energy independent. The cross sections for a specific near target
fragment produced in proton-or light-ion-induced reactions differ only by a
constant factor that is close to the ratio of the total reaction cross sections °.
The target fragmentation region is classified according to the emulsion
nomenclature into two main groups of particles namely the black (T, < 26 MeV
for protons) and grey particles (26 < T, <400 MeV for protons), where T, is the
Kinetic energy. The emission of the black particles has been well explained in
terms of the statistical evaporation model “”, where complete thermalization is
believed to occur in the final stages of reaction. Owing to the relatively high
energy of the grey particles they are thought of as being liberated in the early
stages of the reaction. In the present work the statistical model will be applied to
the grey particles region as well as for the black particles, to examine its validity
in both regions. The grey particle (fast hadrons) and black particle (slow
hadrons), produced in relativistic heavy-ion reactions are a quantitative probe of
the cascading processes in the spectator parts of the target nucleus “®. On the

other hand, in free nucleon—nucleon collision, the backward proton emission
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(Biap > 90°) is strictly forbidden. Therefore, the production of such protons may
reflect nuclear effects such as: the internal motion of nucleons inside the
nucleus, short range correlation between nucleons or multiple nucleon—nucleon
collision effects “%. Therefore the study of the characteristics of the energetic
protons emitted in the backward direction through the heavy ion collisions
supplies effective information on nuclear effects “?. In view of this, reported
here is a detailed study on the production of protons (from the target) in forward
and backward hemispheres, (FHS and BHS), in the interaction of #Si with

emulsion nuclei at 14.6A GeV.
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Chapter | Theoretical Review

Chapter |
Theoretical Review on Experimental Results

Of Nuclear Collisions at High Enerqgy

(1 -1) Introduction

Since the half of the 20"century, the research in the field of elementary
particle nuclear physics has been concerned with the nature of nuclear matter at
/or near equilibrium. With the discovery of heavy nuclei in primary cosmic rays
in 1948®, studies of the nucleus-nucleus interaction at high energies became
available. The recent availability of relativistic nuclear beams at several
conventional accelerators around the world, makes it possible to study various
aspects about nucleus-nucleus interactions at high energies and opens a new area
of investigations in the field of research for relativistic nuclear physics®*?.
Among these accelerators are, the Lawrence National Berkeley laboratory
Bevalac, JINR Synchrophasatron at Dubna and RHIC at BNL. Recently, LHC at
CERN permits a great opportunity to discover the new physics in hadron —

hadron and nucleus — nucleus collisions in center of mass system.

The first experimental search for quark — gluon plasma in nuclear collisions was
performed at the end of 1986 at CERN. The successful acceleration of oxygen
(*°0) to 60 and 200 A GeV, as well as, sulfur (*’S) ions to 200A GeV at CERN
SPS and *°O beam to 14.6A GeV at Brookhaven opens up a totally new area in

the field of heavy ion interaction.

(I - 2) Definitions
(I —2.1) Target Separation:

Nuclear emulsion is a composite medium composed of H, CNO, and AgBr
nuclei. It is a difficult task to separate interactions on different classes of targets.
Although, there are many correlations between the measured parameters that

give information regarding the target nuclei, it is impossible to find certain
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separation criteria that give no admixture between those classes. Depending
upon the target break—up, one uses the heavily ionizing particles multiplicity Nj,
as a parameter representing the impact parameter in experiment. Hence, the
N;, — integral distribution method which is described explicitly in Ref. (24, 25) is
used to select from the inelastic interactions samples of those with hydrogen H,
light CNO, and heavy AgBr targets. According to this method, all events with
N, > 8 are considered to be due to interactions with AgBr group. The events
with N, < 8 are attributed to interactions with the H, CNO, and peripheral

collisions with AgBr.

(I - 2.2)_Impact Parameter:

The impact parameter, b of a nucleus — nucleus collision is classically defined
by the distance between the straight line trajectories of the centers of the two
nuclei before their interaction, as shown in Fig. (I-1a). the impact parameter is
not directly measurable. It is thus necessary to find an observable strongly
correlated with it. The multiplicity of heavily ionizing target fragments, Ny, was
used widely in nuclear emulsion experiments ®® for presenting their results. In
an inelastic collision of a relativistic nucleus, not all the nucleons of the incident
nucleus actually interact with the target nucleus. Some of the nucleons remain
spectators or "stripping” nucleons, as they are frequently called. Fig. (I-1b)
illustrates the fragmentation system of target and projectile in nucleus — nucleus
collisions schematically. In interactions of nuclei heavier than the deuteron, the
stripping particles may include not only nucleons but also larger fragments of
the projectile nuclei in the form of stable and radioactive elements. The stripping
particles lie in narrow momentum and angular intervals because of the Fermi
motion of the nucleons in the projectile nucleus. All particles with Z > 1 and
rapidity, (the Lorentz invariant parallel velocity), above half the beam rapidity,

are regarded as projectile fragments of charge Z. Therefore, in order to classify
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the events with respect to the actual impact parameter, the parameterQ=>z

pf 1

was introduced @" %),

Pruojsciils Target

An

An

Fig. (I-1a): A schematic presentation of the impact parameter.

Projectile Spectator - [
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g //

Participant Nucleons
(Overlap Region)

Fig. (I-1b): A schematic diagram of the fragmentation system of target and projectile

in nucleus — nucleus collisions.

(I -3) Types of Relativistic Heavy lon Collisions

In nucleus-nucleus collisions at high energies, there are various modes of
interaction. The characteristic features of the interactions between nuclei at

relativistic energies, from a geometrical concept, depend sensitively on the
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impact parameter of the collision, which is the distance between the centers of
the two nuclei as depicted in Figure (I -1a). This quantity characterizes the
centrality of the collision. Ideally, only the nucleons in the overlapping zone,
called fireball, participate in the collision as shown in Figure (I -2). The other
nucleons are called spectators. So, according to the value of this parameter one
can classify the relativistic heavy ion (RHI) interactions into peripheral, Quasi-

central and central interaction.

Before the collision after the collision

Spectators

)

m’ B 10verlappin9 ; Ire '@
\J_ ()1 )\
"

Zone bal
e

Spectator

Fig. (1 -2): Definition of the impact parameter and fireball ®.

In collisions involving impact parameters large enough as satisfies:
b> |RT + Rpl

Where (R;) and (R,) are “the target nucleus radius” and “the projectile nucleus

radius” respectively, (b) is the impact parameter.

So that, no nuclear interactions occur, extremely strong electromagnetic fields
are produced for a short time at the nucleus ®®. This process is called the
electromagnetic dissociation (EMD) ©V, which occurs when a virtual photon is
exchanged between a target nucleus and the projectile.

8
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(1 -3.1) Peripheral Collision:

This kind of collision occurs when the impact parameter (b) between the
colliding nuclei has value nearly equals to the summation of the radii (R and

R+) of the projectile and target nuclei, respectively i.e. b~ Rp+ Rt

In this type of collisions, the amount of momentum transfer through the overlap
between the nuclei is small leading to the disintegration of the spectator part of
the projectile nucleus through a fragmentation process. The projectile fragments
(P.f's) are emitted in a narrow forward cone. The angular width of this cone is
determined by the intrinsic Fermi—momentum distribution of the nucleons
within the fragmented projectile nucleus 233, In the peripheral collision, the
target nucleus also suffers fragmentation such that, the angular distribution of

the fragments is isotropic.

(1-3.2) Quasi — Central Collision:

If the value of the impact parameter of the collision between two nuclei is
ranging from the difference to the summation of the radii of these nuclei (i.e.

IR, —R;|<b <|R, +R; |, such collision is referred to as a quasi—central and figure

(1-3) shows that in this type of collision a partial overlap takes place between the

projectile and target nuclei. In this case, some nucleons from both the projectile

and target would participate in the collision ©¢* %,
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b=Rp+RT

a) Peripheral collision

|Re+Rt|>b =|Rp— Ry

b) Quasi-central collision.

| Rp — Rt | >b>0

¢) central collision .

Fig. (I - 3): The Types of the Interactions for Heavy lons with Nuclear Emulsion at

High Energy.
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(1 -3.3) Central Collision:

In a collision of two nuclei, the impact parameter (b) can carry values from 0 to
Re+ Ry, where Rp and Ry are the Radii of the two nuclei projectile and target
respectively. When b = 0, it is called head-on collision, a complete overlapping
of the projectile with target nuclear matter takes place, i.e. the two nuclei
penetrate through each other. When collisions with 0 < b < (Rp + Ry) are
allowed, it is called minimum-bias collision. In heavy-ion collisions, initial
geometric quantities such as impact parameter and the collision geometry cannot
be directly measured experimentally. Contrarily, it is however possible to relate
the particle multiplicity, transverse energy, and the number of spectator nucleons
(measured by a “zero-degree calorimeter” ZDC) to the centrality of the

collisions. It is straight forward to assume that on the average,

1) The energy released in a collision is proportional to the number of

nucleons participating in the collisions,

2) The particle multiplicity is proportional to the participating nucleon

number.

Hence the particle multiplicity is proportional to the energy released in the
collision. One can measure the particle multiplicity distribution or the transverse
energy (Et ) distribution for minimum-bias collisions. Here the high values of
particle multiplicity or E; correspond to central collisions and lower values
correspond to more Peripheral collisions. Hence the minimum-bias E; or
multiplicity distribution could be used for centrality determination in a collision
experiment. Figure (1-4) shows the minimum-bias multiplicity (N, ) distribution
used for the selection of collision centrality. The minimum-bias yield has been
cut into successive intervals starting from the maximum value of N¢,. The first
5% of the high Ng events correspond to top 5% central collisions. The

correlation of centrality and the impact parameter with the number of

11
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participating nucleons has also been elaborated, in detail, by glauber-type monte
carlo calculations employing woods—saxon nuclear density distributions®®.In
emulsion, the charged particles emerging from the target nucleus are referred to
as the heavily ionizing ones (h-particles). These h-particles include all charged
fragments except the single-charged particles with = (v/c) > 0.7. This means
that the h-particles consist of the grey (g) and the black (b) ones (which are to be

defined later in subsections (11-7.2) and (11-7.3) respectively.

Usually, any reaction having h-particles more than (28) can
be safely considered as being due to the most central collision with AgBr target
nuclei. Although the processes of projectile and target fragmentation are

identical in their respective rest frames, there are several distinctive features:

1)  The region of projectile fragmentation is that region
which is associated with the properties of the projectile.
2)  The region of target fragmentation is that region which
Is associated with the properties of the target.
3)  The mid-rapidity region is that region in which the
characteristics of the particles produced from the interaction between the

projectile and target nuclei are reflected.

Figure (I-4) shows how sensitively the characteristic features of heavy ion
interactions at the relativistic energies depend on the impact parameter of
collision. For illustration, the pseudorapidity parameter, 1, ( = - In tan 0/2) is
chosen since 1 is a suitable parameter and can be easily measured in emulsion
(where 0 is the emission angle in the laboratory frame). In this figure, P; and T
represent the projectile and target spectator fragments respectively. In addition,
the important feature about the central collisions is the absence of the projectile
fragments and both projectile and target nuclei are destroyed. In such type of
interactions, high excitation levels are involved and large number of secondary
fragments is emitted.

12
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Fig.(l -4): A cartoon showing the centrality definition from the final-state particle
multiplicity and its correlation with the impact parameter (b) and the number of

participating nucleons (Npa) in the collisions ).

(I - 4)_Centrality Criteria

From straightforward geometrical considerations, central collisions are

corresponding to the collisions with the impact parameters 0 ~ b <| Ry — Rprojl :

Exactly, there is no strict definition of what is meant by central collisions. To
find the physical quantities that are sensitive to the centrality in
nucleon — nucleus and nucleus — nucleus collisions at high energy, it is
important to understand the behavior of the very hot and dense nuclear matter
formed in these collisions. In some experiments the pion multiplicity was used
to select central collisions. In other ones the centrality selection is based on the

primary charged particle multiplicity Ng,. In experiments (36) the central

13
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collisions of (**C, *°0, *°Ar, and *Kr) with emulsion nuclei were studied at (50 —
220A MeV). At this range of intermediate energy, where no chance is found for
pions to be created, the most central collisions were selected by momentum

tensor elongation and multiplicity of target and projectile fragments.

Heckman et al ®” defined the more central collisions at Bevalac energy
(relativistic energy), as interactions that exhibit an absence of projectile
fragments i.e. Q = 0. Another approach of centrality estimation at high energy is
based on the multiplicity of the target fragments Ny. This criterion is used in
experiments (37, 38, 39, and 40). Although N and Q are used widely for
selecting the central collision events, sometimes they are not adequate to execute
the task. In hadron — nucleus (p — Em interactions) where the incident charge
Z =1, the criteria (Q = 0) can not be applied for selecting central events.
Furthermore, N, is applied for selecting central collisions with heavy targets
(AgBr), while it can not be applied for selecting central events with light targets
(H, CNO) where they are located in the low target fragmentation region at
Ny < 8. Hence, it was argued that, the multiplicity of the backward shower
particles, n> is strongly correlated with N,. This means that, the number of
produced shower particles in backward hemispheres in each event (BHS) is a
target dependent parameter. In some experiments, it showed also that, the
dependence of backward hadrons emission on ny> > 0 is nearly equivalent to the
dependence on Q = 0. In an experiment hold at Dubna by Abdelsalam et al ©¢” to
study the central collisions of He and C with AgBr at 4.5A GeV/c, they selected
the events at Q = 0. Also they showed that the events of central collision are
characterized by n’ > 1. Thus, n® can be used as an indication to the degree of
violence of the collision and it can be introduced as a new centrality parameter
associated with the target source achieving the violent interactions at its higher

values (n” > 0) (84142,
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(I- 5) Reactions Mean Free Path in Emulsion

The emulsion, being a composite target, is not equivalent to any single element
for all processes. For each type of interactions it has an equivalent atomic
number and atomic weight. The effective mass and charge numbers [(Ac¢) and

(Zer7) respectively] of emulsion are given by“?:

At = ZNi a Al ZNi Oi (I-1)
and ' !
Zet= 2Nioi Zi [ 2Nio (1-2)

where (N;), (A;j) and (Z;) are the concentration in cubic centimeters, the atomic
mass and the charge number of the i emulsion nucleus respectively. (o) is the
inelastic interaction cross—section of the projectile with this i type of emulsion

nucleus.

If through out a total scanned lengths (L) of primary beam tracks, the number
of resulted inelastic interactions (N), the average value of the experimental

mean free path (L) are calculated according to the relationt>*,

Ao =G~ (I-3)
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(1- 6) Inelastic Interaction Cross Section

Glauber’s multiple scattering theory “* * has been used to predict nucleon—
nucleus total cross—sections accurately in the few GeV range. The formalism
involves the folding of the basic nucleon—nucleon scattering amplitudes with
known nuclear matter distribution. The theory has been extended to nucleus—
nucleus collisions “® and used to predict the total inelastic cross—sections. The
theory is essentially geometrical and the following proportionality is predicted

from it,

Ginel & (AT]j3 + Aplﬁ)z

The best parameterization is given by “7,

2 13 13 -13 - 2
o=xr' A"+ A" AT+ AT (I- 4)
wherer, =1.32+0.01 F and p=0.85+0.03

On the other hand, the inelastic cross section is predicted empirically from a
phenomenological "hard—sphere” model using "Bradt—Peters" formula “®. For
projectile nuclei at different incident energies up to 200A GeV, EMUO1

collaboration® had deduced the cross section formula as,

oo =109.2(A*° + A’* —~1.39)> mb (1-5)
Dubna experiments at 4.5A GeV/c, could formulate the inelastic cross section to

be predicted as,
oo =10(1.46)° 7(AS® + AYP —1.21)> mb (1-6)

For the formula (I-6), in the case of the proton—proton interactions,

the cross—section will be [32.3 mb]“?. For the interaction of proton with any
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nucleus of mass number A, as well as for the interaction of any projectile of

mass number A with hydrogen target, the cross—section will be [c = 38.17 AT

mb]“9.

The total calculated inelastic cross—section is given by
Oinet. = 2Ni o1 [ 2N; (1-7)
1 |

The experimental cross sections belonging to each target group of interactions

GH, Gcnos Oem, aNd oagsr are computed as,

1
O_:E (1-8)

Here, A is substituted as the measured mean free path of the projectile
interactions with each target group and p is the density of that group of nuclei or
the total number of the emulsion nuclei per unit volume of that group of nuclei,
see table (11-1).

(I — 7)_Production of Particles in the Backward Hemisphere

The majority of experiments on high energy nucleon-nucleus and
nucleus—nucleus collisions were performed to study the characteristics of
multiparticle production (mainly forward emission) which can in general, be
described by the superposition models®® in the momentum range of few
GeV/c/nucleon. The phenomenon of backward particle emission in heavy ion
reactions has attracted much attention from both the theoretical and
experimental point of view ©®%. Several publications have been introduced for the
last four decades concerning the experiments which was done at Berkeley and
JINR ©? and studied the production mechanism of hadrons in the backward
hemisphere. Throughout, those studies of the backward particle emission (i.e.
the particles emitted beyond the kinematics limit of those expected to be emitted
from simple nucleon—nucleon collisions), it is preferable to review such
production into the following categories:
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a) Proton production in the backward hemisphere:

In free nucleon—nucleon collision, the backward proton emission is
strictly forbidden. Therefore, the production of such protons may reflect
nuclear effects such as: the internal motion of nucleons inside the nucleus,
short range correlation between nucleons or multiple nucleon—nucleon
collision effects®®. Therefore the study of the characteristics of the
energetic protons emitted in the backward direction through the heavy ion
collisions supplies effective information on nuclear effects. In the incident
energy range (E <1 GeV per nucleon) Frankel has interpreted the data in
terms of the quasi—two—body-scaling model ®®, in which the primary
mechanism for backward proton productions is a scattering between the
incident nucleons and the target nucleons. They are the target nucleons,
which are boosted onto the mass—shell and appear in the backward
direction. Frankel was able to reproduce the low energy data by a simple
structure function and suggested that this function was a measure of the
internal momentum distribution of nucleons inside the target. The

interpretation of this quasi—-two-body scaling (QTBS) is based on

different cross—sections for observing a particle of momentum qQ, which

obeys
20! d0=CG Kun)/ | P-q (1-9)

In this equation Frankel originally treated C as a constant. The quantities rT

and qﬁare the incident and observed particle momenta and G (k) is given by,
G (Kmin) = /F (K) k dk (1-10)

The variable (Kmi,) is defined as,

kmin=|6)' q_)| - |[5| (|—11)
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F(k) is the internal momentum distribution of the target particle and p? IS
the momentum of the unobserved particle. Both Frankel ¥ and [Amado
and Wloshyn] ®® have discussed the derivation of this expression. A more
number of papers ©®*°” have questioned the assumptions and interpretation
of such data in terms of a simple-two— body reaction. Several
experiments were done at Berkeley and JINR ©® for systematic study of
the backward protons. The obtained data show that, the characteristic
spectrum of the emitted protons with momentum above 400 MeV/c is
independent of the projectile type and incident energy. All experimental
data ©® about the backward proton characteristic above 2 GeV/nucleon
gives an evidence for the limiting fragmentation hypothesis ©” which
implies that, both projectile and target may be fragmented irrespective of
each other. Fujita and Hiifner ®¥ suggested a model for backward proton
emission mechanism which includes both initial correlations between
nucleons in the target and final correlations between two nucleons. The
final state interaction with the rest of the target nucleons (A — 2) is being
neglected where A is the target mass number. Fujita ®® has extended this
model to include multiple correlations. The improved model described
well the data for the backward proton production at the incident energy
less than 1 GeV. A theoretical work by [Frankfurt and Strikman]®©® and
[Yukawa and Furui]® indicate that, the backward proton spectra induced
by high—energy probes are mainly composed of spectator nucleons from
the break up of correlated pairs in the nucleus. As such, these backward
nucleons potentially reflected direct information of the nuclear wave
function. Schroeder et al., ® presented an experiment held at Berkeley ©©
in order to obtain more information on the mechanisms responsible for
high energy backward particle production by bombarding 2.1 GeV proton
with various targets. At first, they found a large fraction of the events

(~ 50 percent) were found to have an associated negative track which
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could be identified as a pion. Typically that pion appeared at 6,,, < 90°.
Thus, backward particles emission (typically the backward track is a
proton) at 2.1 GeV is often accompanied by the production of a pion.
They suggested that, the simple quasi—elastic process, NN — NN, as
suggested by Frankel ©”, was not the dominant mechanism, at that energy
for, producing backward protons. Further information on possible reaction
mechanisms can be obtained from a rapidity plot of the positively—
charged particles (mostly protons) of those events. They state that “they
appear to be evident for the role of pion production followed by
absorption in the nuclear environment in the ejection of high—energy
backward protons ®®. There were two possibilities:

1) Production of a pion followed by its absorption on two target nucleons

resulting in two back-to-back nucleons, and

2) Production of the A™ (1232) and its subsequent absorption on a target
nucleon via, A™ + N — N + N, resulting in the emission of two protons
which would tend to have a near 180° correlation.

b) Pion production in the backward hemisphere:

A principal reason for studying the production of energetic pions from
nuclei in the backward hemisphere through nucleon—nucleus and nucleus—
nucleus interactions at high energies is that, in free nucleon-nucleon
collision, such production is kinematically restricted. Observation of pions
beyond this kinematic limit may be an evidence for exotic production
mechanisms such as production from clusters ®®. The first experiment
was performed at Dubna and Berkeley ©? on a systematic study of the

energy dependence of charged pions produced at 180° in the collisions of
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[0.8 — 4.89] GeV protons with nuclei. In Ref. (70) it was demonstrated
that, from experiments using [5.14 and 7.52] GeV protons, Baldin et al.‘""
observed a charged pion at 180° with energies up to four times larger than
expected for free nucleon—nucleon collisions. They stated that, the
dominant mechanism for producing such pions is on interaction between
the incident proton and multinucleon clusters in the target nucleus,

referring to this mechanism as “cumulative production”.

Another experiment was presented by [Perdrisat, Frankel and Frati]“® using
(0.6 GeV) protons. They observed pions at 155°, at energies beyond the
nucleon—nucleon kinematic limit. However, they concluded that, the dominant
mechanism is single scattering, where the incident proton interacted with a

target nucleon producing the observed pion via the reaction
NN — NN

In Ref. (73) the authors found an exponential energy spectrum for the pions,
with a slope parameter T, ~ 60 MeV, independent of the bombarding energy.
Other experiment with 28.5 GeV protons "® studying backward pion production
from a tantalum plate located in the Brookhaven National Laboratory bubble
chamber, yielded a slope of the energy spectrum consistent with the result of
Ref.(71). The experiment given in Ref. (74) provides a definite test of a hard—
scattering model " which was successful in explaining the scaling observed in
forward pion production from nuclei at energies as low as 1 GeV. That model
predicts that, the 180° spectra should be independent of energy, depending only
on a scaling parameter “». An experiment was done at the Lawrence Berkeley
Laboratory Bevatron ® using extracted proton beams of (0.8, 1.05, 2.1, 3.5 and
4.89) GeV to study the pion production at 180°. The authors measured single—
particle inclusive spectra of positive and negative pions produced at 180° in the
collisions of protons with targets of C, Al, Cu, Sn and Pb at 3.5A GeV. Only
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positive pions from Cu were measured. They first discussed the energy
dependence of the slope parameter for charged pion production. Like the results
of Baldin et al."™ they found that the pion spectra fall off exponentially, and
have therefore parameterized the Lorentz—invariant pion cross-sections by the

form

(-T/To)

Edo/dP®=Ce (1-12)

Where (T) is the pion laboratory Kkinetic energy. It was shown in Ref. (74) that,
the dependence of (T,) on the energy of the incident proton (T,) for a Cu target
only, is weakly dependent on target mass. The trend in the data was similar for
both positive and negative pions. Using a combination of data for various
backward pion production angles, Baldin reported “” a similar trend and
suggested that, it is related to the onset of limiting target fragmentation
above ~ 3 -4 GeV. The experimental dependence of (T,) was compared
with the predictions of the effective—target model ® where the incident proton
is assumed to interact in a collective fashion with the row of nucleons along its
path. During the collision, this row was excited and in de—exciting emits pions
in a fashion analogous to bremsstrahlung. Further experiments were performed
to know more about the backward pions production behavior. On this way, the
authors in Ref.(52) studied the results obtained from the experiments using
nuclear emulsion, concluded that, the dependence of the backward emission of
different particles on the projectile is weaker than that in the forward emission
and also the backward emission tended to depend on the target size. In the same
time they concluded that, the characteristics of particles emitted in the backward
hemisphere are completely different from those emitted in the forward
hemisphere. Therefore, the backward hemisphere is intimately connected with
the target fragmentation region i.e. with that part of the phase space where all

single particle characteristics are most safe from being dependent on the
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projectile in accordance with the limiting fragmentation hypothesis when

applied to nuclei ®. Similar results are reached by the authors. 8%

(1-8)_Statistical Model

If the number of observed events is large enough, one can practically
apply the statistical hypothesis of equal a prior probabilities in phase space. This
allows to modify the Maxwellian distribution @” for the momentum p of the

emitted fragments (protons) which has the following form [with ¢ = 1]:

d>N/dPdu o« P2 exp|- (P2 —2M B,P,) / P2, | (I-13)

Where g, is normally considered to be the longitudinal velocity of the particle-
emitting system. u=cos@d, where ¢ is the laboratory angle between the

momentum of the fragment of mass M and the momentum of the initial

projectile, and P, =(2ME_)"? , where E, is the characteristic energy per particle

in the hypothetical moving system. We now examine how Equ. (I-13) would be

modified when it is expressed in terms of range R and x, the two quantities
measured in experiment (27) .To good approximation, the R — g relation for

IIford emulsion is given by the power-low expression
B =K(RZ?*/A)" (1-14)

where k = 0.174, n = 0.29, R is in mm, and Z and A are the atomic and mass

numbers of the fragment, respectively. In terms of g, Equ. (I-13) becomes

d*N/dpdu o« B2 exp[-(8° -2/, 8,)1 B,’] (I-15)

where

B, - (2E, M) (I-16)
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If this distribution is transformed to a distribution of track ranges R, the

distribution in R- x space becomes

d?N/dRd oc (221 A R* xexp[—(k’R?" — 23, kR" i) | %] (1-17)
where

By =By (AIZ?)" (1-18a)
and

B, =B, (AIZ?)" (1-18Db)
It follows that the parameter denoted as

Zo=BilB,=By1B, (1-19)

which is the ratio of the longitudinal velocity of the center of mass, g, , to the
characteristic spectral velocity, g,, of the fragmenting system, is common to

both the velocity and range spectra, and is independent of (A, 2).

Thus the longitudinal velocity g, and spectral velocity g, that characterize the

range spectrum of unidentified fragments [equation. (I-17)] are related to the
corresponding quantities for the velocity spectrum [equation. (I-16)] for any

fragment (A, Z) by the factor (A/z?)", where n is the range-velocity index.

If g2 =%+ %, where g and g, are the longitudinal and transverse components

of g=P/M is introduced to Eq. (I-15), which then becomes factorable:

d°N/ B dB.dB, < exp(-B;" 1 B, exp[~(B. - B,)* 1 B,]] (1-20)

Thus, the marginal probability distribution for g, (= rapidity y) is Gaussian,

with

B=h, (I-21a)
and

a*(B)=p12=E,IM (1-21b)

This variance can also be expressed in the form
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X (r)=1/M, (1-22)
where the equivalent "temperature” of the system is  (MeV/A) and M, is the
nucleon rest mass. The integration of equation (I-15) over the variables g and
u=cos6 leads to the following expression forN,, the expected number of
fragments bounded by the i" interval of g, g < <., and the j" interval of x,
HOS S Hyy .

Ny oc F(a1.0) = F () + G(t,0) =G (u;) (1-23)
Where

F(w) =[e0(x, 1 Hewl-2, (B, B — 1) 1-e0[-x,"(B.! By — 1)1},

G(w) =7y 10 (2, 1 et [, (B ] By — )] —ertLx, (B 1 By — ]}

Andy, =p5,15,.

The angular distribution derived from equation (I-15) for fragments in i"

interval B <p<p.,is

(;—Tl oc [oxp(, )X N(B) ~N(B0) — 2 Vm L+ 2, 1?) x[9(B) - 9(B..)T} (1-24)
Where

h(B) = x,(B! By + 1)ex0[-x," (B! By — 11)°]

And

g(p) =erfx, (B! By — 9]
When the angular distributions are measured without regard to fragment

velocity, dN/du becomes a function of the single fitting parameter », =2,/5,

only. In this case, the ratio of the number of fragments in forward to backward
hemispheres, F/B is given by

F/poiteriz, (1-25)
1-erfy,

To first order in y, ,j—N and F/B can be expressed as
7]
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4

AN /du~exp| —— 5 1|, 1-26a

7 expL/;zoﬂ} (1-26a)
F/B~exp{i } (1-26b)

\/;Zo "

Hence,
dN/du ~(F/B)*, (1-26¢)
dN /d6 ~sin 6(F / B)™* . (1-26d)

For the values of F/B obtained in experiment (27), equation (I-26a) was a good

approximation of the exact expression dN/d » [equation. (1-24)].
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(IT - 1) Nuclear Track Emulsion

The nuclear emulsion is a very useful tool in experimental physics for
investigating atomic and nuclear processes. The photographic emulsion consists
of a large number of small crystals of silver halide embedded in gelatin. When
charged particles pass through the emulsion, some of the halide grains are
modified, but their modifications are invisible and this effect is described as the
latent image formation. On immersing the nuclear emulsion plate in reducing
bath, called the “developer”, the latent images are turned into grains of silver.
The latter, made up of finely divided crystalline aggregates, appear black within
the transparent gelatin. The particles through the nuclear emulsion plate could
therefore be seen under the microscope as trails of developed black grains. A
true three—dimensional image of the particle trajectory is obtained. After
processing the nuclear emulsion, it will occupy less volume than before and
consequently its thickness will decrease. For any quantitative measurements of
track densities, ranges and angles, it is necessary to know the exact original
thickness of the emulsion layer at the time of the exposure divided by its
thickness at the time of scanning. This ratio is called “the shrinkage factor (k)”.
The shrinkage factor may be different at different depths in emulsion. Also it
may vary from place to place in a given plate. The nuclear emulsion has many
advantages that make it a very useful tool than other types of detectors. These

advantages are summarized in the following:

1) The emulsion can be used as a target as well as a detector for the study of
the interactions with different target nuclei and of 4n—space of geometry.
2) It has the possibility of measuring energies and angles with high degree

of resolution.
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3) It can be used in studying the characteristics of new elementary particles
and can detect the decay of the unstable neutral particles, rather than, its
sensitivity to slow charged particles arising from the disintegration of the
target nucleus.

4) Owing to the high stopping power of emulsion, a large fraction of short—
lived particles are brought to rest in it before decay and hence their

ranges and life times can be measured accurately.

According to the above mentioned advantages of the nuclear track emulsion, it
seems that the nuclear emulsion method is a suitable technique for studying the
interactions of high energy particles with nuclei in which many collisions occur
with light nuclei like [carbon, nitrogen and oxygen] as well as heavy ones like
[silver and bromine]. The less frequent interactions are the elementary collisions

with the free hydrogen in the emulsion’

(IT — 2) Details of the Used Emulsion Stacks:

In the present work, stacks of FUJI type of nuclear emulsion was exposed to the
14.6A GeV *°Si beam at Brookhaven National Laboratory (BNL) Alternating
Gradient in Synchrotron (AGS). Each emulsion pellicle of the stack has 600 um
thickness and 20 x 10 cm”® dimensions. The chemical composition of FUJI type

of nuclear emulsion is given in Table (I — 1).

This table also gives the number of atoms per cm’ corresponding to each

element of the emulsion constituent.
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Table (II- 1): The chemical composition of FUJI Track Nuclear emulsion.

h Numb Mass Number of Atoms/cm’ x
arge Number
Element g Number 102
1 1 3.2093
H
6 12 1.3799
C
7 14 0.3154
N
O 8 16 0.9462
S 16 32 0.0134
Br 35 80 1.0034
47 108 1.0093
Ag
' 53 131 0.0055

(IT — 3) Irradiation of the Stack

There are two types of the irradiation of the nuclear emulsion; the first type is
the parallel irradiation in which the beam is parallel to the length of the stack,
the second type is the perpendicular irradiation in which the beam is
perpendicular to the X-Y plane of the stack, as shown in figure (II-1). The type

used in the present work 1s the parallel irradiation.
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Beams

»
»

. TN

Fig. (II-1): Parallel Irradiation and Perpendicular Irradiation.

(IT — 4) Microscope Description

In the present investigation two types of microscopes were used, one in the

scanning and the other in the measuring respectively:

(IT — 4.1) The scanning microscope:

The scanning of the emulsion pellicles was carried out using 850050
STEINDORFF German microscopes. It has a stage of 18x16cm’with an
opening 7x2.5cm* . Stag adjustment in the X-direction is possible over a total
length 7.8 cm with reading accuracy of the order of 0.1 mm. oil immersion
objective lens with magnification 100X was used for scanning the emulsion
plates. Each primary track was picked up at the penetrating edge of the
pellicle and was carefully forward until it either interacted or escaped from

the pellicles.
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Fig. (I1-2): 850050 STEINDORFF German microscopes.

(IT — 4.2) The measuring microscope

In the present experiment, the Russian microscope type (MSU-9) was used for
measurements. It has a rotatable metal stage which can rotate 360 degree about
the optical axis of the microscope. The motion of this stage in the X-direction is
read to 20p with an accuracy of nearly 5p. The stage can be moved either
continuously or in adjustable fixed steps (cell length) of 100, 200 or 500u. In the
Y-direction the motion can be measured using a scale attached to one of the
binocular eyepieces. This scale can be easily calibrated such that each division is
corresponding to 16.6 u with an accuracy of about 0.1 um for objective lens
and eyepiece of magnification 60x and 15x respectively. The eyepiece has a
cross wire which helps in a lot of measurements. As for Z direction, the motion
is read on a drum of one scale division equals to 1. Rough estimates to 0.5 um
can be easily made. The Russian microscope contains a rotatable geniometer, of

360° measuring range with a reading accuracy of 0.1°.
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The objective lenses used are:
1. 15x Binocular eyepiece.
2. Dry lenses with 10x and 40x magnification.

3. Oil immersion lenses with 60x and 90x magnification.

Fig. (I1-3): The Russian Microscope type (MSU-9).

(I -5)The Scanning Techniques ®'-*?

The reaching of the balance between the efficiency and the procedure to locate
the events in the nuclear emulsion plates is called the scanning
techniques.Generally; the following two possible types of  the scanning

techniques could be performed.

1) The Area Scanning.
2) The Along the Track Scanning.

(II-5.1) The Area Scanning:

The area scanning of the pellicle is usually used for the Events located in

the nuclear emulsion volume; this is done by scanning field of view followed by
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field of view in strip wise position. Each field of view is scanned throughout its
depth, for high efficiency the field of view must be divided in to numbers of

sufficiently small separated areas.

This type of scanning is useful in the cosmic rays work, where the primary
particles enter over a wide range of  solid angles or in the case of decays of
neutral particles or when searching for certain type of interaction. The principle
disadvantage of this technique is the possible failure of detecting the small
events particularly events with Ny=0, 1 and n< 4 (where N, is the heavily

ionizing particles multiplicity while ny is the shower particles multiplicity).

(I1-5.2)The Along the Track Scanning:

This type of scanning is used when the trajectories of the incident
particles are almost in the plane of the nuclear emulsion; the along the track
scanning is the most useful technique to locate all different kinds of events. In
this method, every track of the incident particles i1s followed along its length;
until it interacts or leaves the pellicle, the location of each interaction of the
incident projectile nuclei in the nuclear emulsion plates was registered in the
scanning scheme with the aid of special squares on each plate (each square
characterized by four numbers). In the present work, the along the track
scanning 1s performed twice, where it is fast in the forward direction and slow
in the backward direction; to be sure that the Recorded Events didn’t include
interactions from the secondary Tracks of the other interactions. Since the
trajectories of the incident particles are almost in the plane of the nuclear
emulsion; the nuclear track is adjusted to be parallel to the motion of the stage.
This kind of fast scanning can only be applied at high energies when multiple

coulomb scattering becomes small.
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(IT-6)The Grain Density and the Specific Ionization

When the charged particle is passing through the photographic nuclear
emulsion; it will slow down via losing its kinetic energy; due to its inelastic
interactions with the nuclear emulsion atoms along its path. The charged particle
loses its kinetic energy; via the ionizations of the grains of silver halides and
also via multiple elastic and inelastic scattering, which leading to trails of
ionized silver halides along its path. The grain density is defined as the number
of developed grains of silver halides per unit path length of the particle’s track.
It is denoted by (g) in a track corresponding to a particular value of specific
ionization of such particle, so obviously it depends on some factors such as the
degree of the development of the nuclear emulsion, the velocity and the charge
of the ionizing particle. In order to obtain high accurate results, it is essential to

determine the normalized grain density (g")

g =g/g, (II-1)
Where (g) is the observed grain density per 100 um for the emitted
secondary particles after performing the dip angle correction. And (g,) is the

grain density per 100 um of the energy relativistic track of minimum ionization

i.e. singly charged particle or electron, both values of (g,g,) is counted in the

same plateau region and at the same depth in the nuclear emulsion. The most
suitable method to measure the grain density is to count their number in a certain
length of the choosing track, at low values of it; the error in the measurements
mayn’t be large, i.e. neglected. But obviously, as soon as the grain density
increases 1n value; it becomes very impossible to counting them in the clump;
so one must determine the linear density (b) of the resolvable clumps which has
known as the blobs which is consisting of one or more developed grains.

Suppose that (a) is the length between the centers of two grains and so by
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denoting(a)=¢ ; then the blob density is related to the grain density by

equation.

b=ge ¥ = % - (11-2)

This method is equivalent to determine the gap density in the choosing track

and counting of gaps may be preferable when the grain density is high in value.

[ ot Total gap Length measured (I1-3)

* Total track Length measured

So, by measuring the lacunarity (L) one can estimate the grain density as
shown in equations. It is of great importance to deduce the specific ionization
from the characteristic of the track. Since, the specific ionization is defined as
the probability that at the passage of the ionizing particle through silver halides
grains; so they will be developed. Consequently, as we confirmed previously the
value of  the specific ionization i.e. this probability is dependent on the energy
dissipated in the silver halides grains; so obviously, the specific ionization is

function of the particle’s specific energy loss. In the present work (g,) the

grain density per 100 pm of the high energy relativistic track of minimum
lonization i.e. singly charged particle or electron is 30 grains per 100pum, which

is the average over different emulsion plates.

(IT -7)The Classification of the Secondary Charged Particles

The classification of the secondary charged particles according to the blob
density was first suggested by H. Camerini. et al. When the fast high energy
particles collide with the emulsion nuclei; the tracks of the secondary charged
particles are produced which are classified into three types according to the
normalized grain density (g') which is given by the equation (II-1). Figure (II-4)
shows a picture of the interaction between the projectile and the target in the
nuclear emulsion and secondary particles resulting from the interaction in the

form of track.
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Fig. (I1-4): Photographic picture of an inelastic interaction (star) observed in

nuclear emulsion as viewed by microscope.

The incident beam (projectile) y B

} projectile
fragments (nf”’s)

.....
..................

An example of a nuclear interaction as seen under the used microscope.

Secondary charged particle tracks. projectile fragments (pf’s).
................. Shower particle track vesssssssssassesss  Singly charged pf
— — - grey particle track s icpinset Lyl Double charged pf
Black particle track Multiply charged pf.

Fig. (I1-5): 4 schematic diagram of a star as seen under used microscope.

36




Chapter 11 Experimental Techniques & Methods of Measurements

(IT1-7.1) The Shower Tracks:

The shower tracks are characterized by the value of the normalized grain density
(g" < 1.4) and very high value of the velocity (B = v/c > 0.7).The shower tracks
having emission angle (0 < 3°); are subjected to multiple scattering
measurements for the momentum determination in order to separate the
produced “Pions” from the singly charged projectile fragments. Most of the
shower particles are mesons with energy (E > 50 MeV) contaminated with small
fraction of fast protons with energy (E > 400MeV), charged K-mesons,
antiprotons and hyperons. The shower particles multiplicity is denoted by (ny),
which its value gives good estimates of the number of the charged m-mesons

produced in the interaction. The kinetic energy of some shower tracks is given in

table (I1-2).

(I1-7.2) The Grey Tracks:

The grey tracks are characterized by the value of the normalized grain density
(1.4 < g'< 10), the value of the velocity (0.3 < B < 0.7), where most of them are
recoil protons having range in the nuclear emulsion (L > 3000um), which
correspond to proton energies in the range from 26MeV up to 400 MeV. Some
of the grey tracks may be due to emitted deuterons, tritons, helium nuclei and
nearly about (5%) due to slow m-mesons. The grey tracks multiplicity is denoted

by (N,). The kinetic energy of some grey tracks 1s given in table (I1I-2).

(I1-7.3) The Black Tracks:

The black tracks are characterized by the value of the normalized grain

density(g" >10), the value of the velocity (B < 0.3), where most of them are due

to protons having “Range” in the nuclear emulsion (L < 3000), which
correspond to proton energies (E < 26MeV). The black tracks may be also due
to deuterons, a-particles and heavy fragments. The black tracks multiplicity is

denoted by (Nyp). The kinetic energy of some black tracks is given in table (II-2).
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The grey tracks and the black tracks are known as tracks of the heavily ionizing

particles with the value of the velocity (B < 0.7). The heavily ionizing particles

Experimental Techniques & Methods of Measurements

multiplicity is denoted by (Ny).

Table (I1-2): The classification of particles according to their kinetic energy in MeV.

N,=N,+N,

(11-4)

Shower Grey Track Black

Particle Track Particles Track
Particles Particles
T K.E.> 60 12<K.E. <60 K.E. <12
K K.E>212 20<K.E<212 K.E. <20
'H K.E.> 400 26 <K.E. <400 K.E. <26
’H K.E.> 800 36 <K.E. <800 K.E. <36
‘He K.E>1600 [ 105<K.E.< 1600 | K.E. <105

Table (I1I-3): Parameters for classification of protons into shower track, grey track

and black track.
Type of . K.E. (T) ~
Track (") Range (MeV) B=rie
Shower | g" <14 | —mmmemo T >400 >0.7
Grey g > (L >3mm) 26<T <400 03<8<0.7
Black | g">10 | (L <3mm) T <26 <03
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(IT - 8) Identification of Relativistic projectile fragments

The relativistic projectile fragments PF's are produced from the incident
beam during its interaction with the emulsion nuclei , with emission angles ( in
the forward direction ) depend on the projectile energy and have the following

criteria :

1) g/g,<1.4forZ=1RPF's
2) g/g,~4 (with no change of ionization when followed up to a distance of

at least 2cm from the interaction center ) for Z =2 RPF's

3) g/g,> 6 ( with no change of 1onization when followed up to a distance

of ~ 1 cm from the interaction center) for Z >3 RPF's

The charge identification of relativistic fragments of charge Z=1 was made by
measuring the grain density g, for the shower tracks in the forward direction and
which fulfilled the criterion (1). There are two methods to identify the

Relativistic projectile fragments, will be discussed in the following,

(IT- 8.1) Gap Density Method:

was made (Z =2)The charge identification of relativistic fragments of

by measuring the gap density along the track which is associated with the energy
loss. Consequently one has taken the energy loss of charged restricted to the
track core (REL) as the theoretical counter part of the measured parameter. One
has therefore assumed that, electrons with a kinetic energy above 2 Kev do not
contribute to the blackness of the track. Thus, to identify the charge of a
relativistic fragments, using this method, one measures the frequency of with a
length > 2 um at the star and in at least one point more than 2 cm from the star.
Thus by counting the number of gaps of any two track and knowing the charge
of one, the charge of the other can be determined from the inverse

proportionality gaps with charge.
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(IT- 8.2) Delta-Ray Method:

A charged particle while passing through a material medium interacts

with it as atomic interactions. As result of which, some electrons are knocked
out .In sensitive nuclear emulsion these electrons produce short thin tracks
projecting from the trajectory of the parent particles. These ejected electrons
from the atoms which have the ability to ionize other atoms are known as delta
rays .The production of these rays depend on the charge and velocity of the

particle.

For a projectile of charge Z and velocity v, the 6-ray density is given by

N§ :COHSI'ZZ/ﬂZ (I/Wmin _I/Wmax)

Where B = v/c , Wpax 1S the maximum energy transferred to knock on electron
and Wy, is the minimum energy required to produce a visible d-ray Wi

increases as the velocity of the projectile increases ,

And consequently we have:
1) For non relativistic particles both 1/ * and 1/W,,y terms increase as
v decreases, this makes the N, goes through a maximum value at a

certain value of f3.
2) At relativistic velocities, 1/ B2 and 1/W,.x become small and

consequently N, reach a plateau value.

For velocities of the same order of magnitude, the maximum values of densities

N, and N, produced by two particles of charges Z,and Z,respectively over

residual ranges are connected by the relation:

N(s‘l/Na‘z :212/222

The complex appearance of d-ray, however, makes it very difficult to

establish a reliable set of counting criteria that would ensure perfectly uniform
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and reproducible observations. In this work, the measurements of projectile
fragments were greatly simplified by the persistence of relativistic beam

criterion i.e. counting d-ray with a different numbers of grain’’velocity. The

grains was employed and also we counted d-ray over a track segment of 10
mm from the center of the interactions. These measurements were confined to
a depth between 30 um and 220 um from the surface of the emulsion, and a
distance of at least 3 mm from the edges. Under these conditions the
corrections due to the variation of the degree of development of the plates can

be neglected.

(IT-9)The Angles Measurements

(I1-9.1) The Emitted Secondaries Geometrical Relations:

Assuming that the primary beam moving in the XO  direction
interacts with a particle or a nucleus at the point (A) and produces the
secondary particle track 4B as shown in figure (II-6).Where the dip angle

(a)is defined as the angle included between the secondary particle track
AB and its projection in the nuclear emulsion plane (XOY )plane i.e.
AC .While the projection angle (¢)of the secondary particle track is defined

as the angle included between the direction of the Primary Beam XO and
the projection of the secondary particle track 4B in the nuclear emulsion
plane (XOY ) plane i.e.4C . The space angle (8) is defined as the angle
included between the secondary particle track 4B and the direction of the

primary beam X0 .

- 04

cosg= AC
—AC

cose= /43 (11-5)
~04

cosd = /B

cos@ =cos@pcosa
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If the primary beam with the dip angle(«), is adjusted to be parallel to the

X-direction of the microscope, then the space angle (¢) will have the form.

cosd =cosgpcos(aFa.) (11-6)
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f‘Z

ofy-—-———————————-

Fig. (I1-6): The geometrical representation for the beam and the Secondary

Particle track.
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(I1-9.2) The Projection Angle Measurement:

Measuring the projection angle (¢) of the secondary particle track is performed

through the following steps. When(p>1').

1) The nuclear emulsion plate should be placed and fixed on the metal stage
of the microscope.

2) The center of the interaction (4) should be adjusted; so as to be

coincided with the center of the field of view.

3) Using the Rotatable Metal Stage of the microscope, “the Primary Beam”
should be adjusted; so as to be parallel to the X-direction of the
microscope.

4) The cross wire of the eyepiece is rotated to be coincided with each of the
secondary particle track separately.

5) Then taken the reading directly from the geniometer within accuracy of
0.02° using The KSM1 nuclear track measuring microscope, while using

the Russian microscope type (MSU9)” the accuracy become 0.1°.

When(go<1°); the projection angle (@) of the secondary particle track is

measured using the coordinate's method of the following steps.

1) The metal stage of the microscope is moved a distance (X )  microns

along the forward direction of the primary beam X0 .

2) Determination the (Y ) position at both of (4)at the center of the
interaction and at the moving distance(X ); so (AY ) is evaluated.
3) Notice that the projection angle (¢)of the secondary particle track is

ranging from 0° to £180° and it is calculated by using the equation.

@ =tan"' (AY& ) (1I-7)
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(I1-9.3) The Space Angle Measurement:

Measuring the space angle (8) of the secondary particle track is performed

through the following steps.

1) The nuclear emulsion plate should be placed and fixed on the metal stage
of the microscope.

2) The center of the interaction (4) should be adjusted; so as to be

coincided with the center of the field of view.

3) Using the rotatable metal stage of the microscope, the primary beam
should be adjusted; so as to be parallel to the X-direction of the
microscope.

4) Determination the coordinates of each of (4) the center of the interaction,

(B) apoint in the secondary particle track i.e.48 and40 .

AB =x ity j+z.k (11-8)

A AN

sz;+yj+zk (I1-9)
5) So, the space angle (#) of the secondary particle track is determined by

using the equation (II-10)

cosg - ABAO
sl

(1I-10)

XX, +yy,tzz,

:(\/(xz+y2+zz))(\/(xf+y,2+zf))
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(I1-9.4) The Dip Angle Measurement:

Measuring the dip angle («)of the secondary particle track is performed

through the following steps:

1) The nuclear emulsion plate should be placed and fixed on the metal stage
of the microscope.

2) The center of the interaction (4) should be adjusted; so as to be

coincided with the center of the field of view then focused.

3) Using the rotatable metal stage of the microscope, the primary beam
should be adjusted; so as to be parallel to the X-direction of the
microscope then moving in the backward direction the rotatable metal
stage of the microscope a distance 3000um along the primary beam.

4) Using the rotatable metal stage of the microscope, the secondary particle
track; should be adjusted; so as to be parallel to the X-direction of the
microscope then moving in the forward direction the rotatable metal stage
of the microscope a distance 2000um along the secondary particle track.

5) Determination the (Z) coordinate with respect to the glass of each of (4)
the center of the interaction i.e.(Z, ), (B) a point in the secondary
particle track™ i.e.(Z,,,, ) and at the distance 3000pum i.e.(Z,,,, ).

6) Notice that the shrinkage factor(K') is given by the equation.

7) By taken in our consideration that the primary beam has small deviation

(a.) from the nuclear emulsion plane (XOY ) plane given by the equation

(I1-11).

a. = tanfl (K (Zsmr - ZBeam% ] (II_I 1)
Beam

8)  The dip angle («) of the secondary particle track is given by the

equation (II-12)
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a=tan™' (K (Zres Z”“’% ] (I1-12)
Track

9) The true dip angle (a') of the secondary particle track is given by the

equation (II-13)

a =(ata.) (I1-13)
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Experimental Results and Discussions

(111-1) Statistical Topology of Experiment:
(111-1.1) Statistical Events Details:

In the present experiment, a stack of FUJI type of nuclear emulsion was
exposed to the 14.6A GeV #Si beam at Brookhaven National Laboratory (BNL)
Alternating Gradient in Synchrotron (AGS). The dimensions of each emulsion
pellicle are 20 cm %10 cm %600 pum thickness (before development), with
sensitivity of about 30 grains per 100 um for the minimum ionizing particles.
The chemical composition of FUJI emulsion is given in section (I11-2).The
interactions were found by along the track double scanning method, fast in the
forward direction and slow in the backward one up to ~7 cm potential path
length from the beam entrance. The one prong events with an emission angle of
the secondary track (8;, < 3°) and having no visible track from the excitation or
disintegration of either the incident projectile or the target nucleus were
excluded, as due to elastic scattering of the projectile nuclei. Through a total
scanned length of 53.27 m of the primary “®Si beam tracks, 552 inelastic
interaction events were detected. The events due to electromagnetic dissociation

G j e. with (N, = 0, ns = 0) are excluded into the total number of events.

(111-1.2) The Interaction Mean Free Path:

The experimental value of the average mean free path (Aep) due to i
interactions in the emulsion is found to be 9.65 + 0.42 cm.The empirical
predictions of the average mean free paths could be obtained from the basis of
the Bradt-Peters equation for the interaction cross section ® discussed in
section (I-6). Table (111-1) shows the experimental values of the average mean

free paths for the present ?°Si beam at 14.6A Gev, together with the data for
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the other projectiles(*p,?H,*He,*He,’Li,"Li,**C,*°0,%Ne,**Mg,*®Si,and*s) @8+
Interacting in nuclear emulsion at incident energy values of ( 2.2-14.6A GeV ) .
The value of A, for each projectile presented in Table (I11-1) is compared with
the corresponding empirical values (L) according to equations (I1-5) and (1-6).
These will be referred to in Table (111-1) as (42,) and (A%,), respectively.

cal

According to the results of Table (I11-1), it may be stated that,

1) The experimental values of average mean free path increase with
decreasing the projectile mass number up to (**Ne) where it will take a
constant value.

2) In the case of 'Li, Aexp 18 slightly larger than that of °Li. This may be due
to the special structure of °Li.

3) The empirical predictions of the mean free path values using the two
mentioned formula are considerably in agreement with the corresponding
experimental ones. This means that, the interaction cross-section of the
nuclei is successfully explained by the geometrical cross section with the

overlapping parameter Bradt-Peters equation.
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Table (I111-1): The experimental values of average mean free path (4,,) in the

exp
interactions of different projectiles with emulsion nuclei and the corresponding

calculated values according to the equations (I-5) and (1-6)((4%,) and (A2,)

cal

respectively). ¢ 899

Projectile | Incident Energy Aexp 2 2 Ref
(GeV/A) (cm) (cm) | (cm)

p 3.7 30.20+0.70 | 27.82 | 35.15 28
’H 3.7 26.90+0.60 | 23.60 | 23.74 84,85
*He 3.7 19.74+0.48 | 21.21 | 21.22 86
"He 3.7 19.50+0.30 | 19.43 | 19.47 87
°Li 3.7 14.54+0.45 | 17.08 | 17.13 88,89
"Li 2.2 15.30+0.48 | 16.21 | 16.28 88,89
e 3.7 13.70+0.10 | 13.36 | 13.49 84,85
0 3.7 13.00+0.50 | 11.95 | 12.12 90
“Ne 3.2 9.92+0.30 | 10.49 | 10.71 91
“Mg 3.7 9.60+0.20 | 10.12 | 10.35 92
Sj 3.7 9.12+0.19 | 9.47 | 9.72 93
Sj 14.6 9.65+0.42 | 9.96 | 10.05 | Present work
*3 3.7 9.55+0.34 | 8.94 | 9.20 94
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(111-1.3) Inelastic _Interactions of Silicon Projectile with light
(CNO) and heavy (AgBr) Emulsion nuclei:

Figure (111-1) shows the normalized multiplicity distributions of the heavily
ionizing particles (Ny) produced in the interactions of *Si-Em at 14.6A GeV in
compared with the corresponding data for interactions of Si-Em at 3.7A
GeV®. We observe that, the two distributions are very similar within
experimental errors and independent on the incident energy. These results give
evidence for limiting fragmentation hypothesis, which implies that both

projectile and target may be fragmented irrespective of each other.

Since the nuclear emulsion is a composite target (see section (Il — 2)), therefore
the incident silicon will interact with either one of the following groups of target

nuclei, the free hydrogen (H), the light group(CNO) and heavy group(Ag Br).

An important parameter which is easy to obtain experimentally and greatly helps
of separation of the interactions with the different groups of
nuclei(H,CNO,AgBr) is the number of heavily ionizing particles (Np) ,emitted
from each interaction. So a large number of criteria have been proposed to
separate the interactions of any projectile due to each group. One of these
methods is the integral distribution method ®* 2. According to this method, the
separation of the interactions of any projectile with different group of the

emulsion nuclei is as following:

Fig. (I11-2) presents the integral distribution of for all events due to the
interaction of ?°Si with emulsion nuclei at 14.6A GeV as a function of the

number of heavily ionizing particles, Nj,.
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Fig. (111-1): The normalized multiplicity distributions of the heavily ionizing particles
(N;) produced in the interactions of 2®Si-Em at 14.6A GeV in compared with the

corresponding data for interactions of %*Si-Em at 3.7A GeV.

52




Chapter 111 Experimental Results and Discussions

The separation of the statistical events into groups, according to the target
nuclei (H, CNO, and AgBr), can be made by three methods. The first method
(Dubna) is executed using Eq. (I-6). While the second method (EMUOL1) by Eq.
(1-5). The third method is called integral distribution method ®* %), This method
depends mainly on the integral distribution of heavily ionizing particle
multiplicity (Ny). The behavior of Ny, integral distributions is independent on the
mass of the projectile, while it was found to be depending on the target mass.
Fig. (111-2) presents the integral distribution of Ny, through the interaction of #Si
at 14.6A GeV with emulsion nuclei.

According to integral distribution method, one can classify the sample of events
as,
= The group of events at (N, = 0, 1) mainly represents the interactions with
a free hydrogen (H), in addition to those with (CNO) and (AgBr).

= The group of events having (N, = 2-8) may correspond to the interaction
with light nuclei (CNO) in addition to peripheral collisions with heavy
nuclei (AgBr).

= The group of events at (N, > 8) represents the interactions with AgBr

nuclei.

In Fig. (111-2), it was found that four distinct straight line segments can fit the

data well. The intersection point of the 1% and 2™ lines is positioned at N;, =8.
From the fitting parameters of the 1% line, its intersection point with y-
axis~496.since the total sample of events due to H targets are (552-496) = 56
events. The fitting parameters of the 2™ line give its intercept as = 302.
Therefore, the sample of events due to CNO is (496-302) = 194 events. The
events due to the interactions with AgBr are = 302.

In this work, the percentage of events due to the interactions of *®Si with
different emulsion groups according to the three mentioned methods of target
separation were calculated and presented in Table (I11-2).

53




Chapter 111 Experimental Results and Discussions

500
Z_C
!
A
yid
N
(@)
cC
Qo
o)
@)
Qo
|-
n
Of
0

Fig. (I11-2): The integral frequency distribution as a function of N, for

%3i —Em interactions at 14.6A GeV.

54




Chapter 111 Experimental Results and Discussions

Table (111-2): The percentage of events due to the interaction of ?°Si at 14.6A GeV

with different emulsion groups of nuclei and their percentages using three methods of

separation.
Separation method H CNO AgBr
Integral distribution method 10£1% 35+2% 55+2%
Dubna equation 14+1% 32+2% 54+2%
EMUO1 equation 13+1% 33+2% 54+2%

(111-2)_ Multiplicity Characteristics:

The multiplicity characteristics of different emitted secondaries from the
interactions of any projectile provide a valuable tool to investigate the
mechanism of the particle production in nucleus-nucleus interactions. In the
present work, the focusing will be on the production of the fast and slow target
protons in the forward (FHS) and backward (BHS) hemispheres of the
interaction.

(111-2.1) Average Multiplicities:

Now, Table (I11-3) displays the average multiplicity of shower, grey,
black, and heavily ionizing particles produced in ?®Si interactions with emulsion
nuclei at 3.7-14.6A GeV. The average multiplicities of the particles emitted in
FHS and BHS are also shown in Table (111-3).
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Table (I11-3): The values of average multiplicities of the different emitted
secondaries in interaction of ®Si at 14.6A GeV with emulsion nuclei in comparison
with the corresponding data for Si-Em at 3.7A GeV

Total sample %Si (3.7AGeV) | “°Si(14.6A GeV)
(n,) 15.01+0.34 28.92+1.21
(nf) 14.62+0.33 28.42+1.18
(n?) 0.39+0.02 0.49+0.04
(Ng) 3.71x0.12 3.01%0.16
(NJ) 2.99+0.10 2.26+0.13
(N2) 0.72+0.03 0.74%0.05
(N,) 7.14%0.20 5.67+0.24
(N,) 4.39+0.13 3.17+0.14
(ND) 2.760.08 2.51+0.12
(N,) 10.85+0.29 8.68+0.37
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(111-3) Grey Particles Multiplicity Characteristics:
(111-3.1) Multiplicity Distributions of Grey Particles:

Figure (I11-3) shows the normalized experimental multiplicity distributions of
grey particles for the interactions of #*Si with emulsion nuclei at 14.6A GeV

compared with the corresponding data for Si-Em at 3.7A GeV®?.

From fig. (111-3), one can observe that, the two distributions are nearly similar

within experimental errors and independent on the incident energy.
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Fig. (111-3): The normalized multiplicity distributions for the grey particles through
the interactions of 2°Si with emulsion nuclei at 14.6A GeV in comparison with the

corresponding data for Si-Em at 3.7A GeV.
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(111-3.2) The Probability of the Interactions Accompanied by Backward

Emission of Grey Particles:

Table (I11-4) presents the probabilities of observing events accompanied by
backward grey particles (N,>0) in the interactions of **Si at 14.6A GeV with
emulsion nuclei. Our experimental data are compared with analogical data in

interactions of “He, ®Li, Li and ?®Si at 3.7A GeV with emulsion nuclei.

From the data in table (111-4),
1- It is interesting to notice that the percentage number of events
accompanied by backward g-particles emission tend to be constant.
2- One can conclude that it is independent on the projectile size and

energy.
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Table (I11-4): The percentage number of events accompanied by backward g-
particles in the interactions of 14.6 A GeV %Si-Em and the data of the other

projectiles. %%

Projectile Energy Total sample Percentage Ref.
A GeV
“He 3.7 1092 34.25+1.77 95
°Li 3.7 1021 46.32+2.13 96
"Li 2.2 1011 35.19+1.87 96
Si 3.7 1142 39.23+1.85 93
285 14.6 552 36.23+3.39 | Present work
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(111-3.3)_Multiplicity Distributions of Forward-backward Grey Particles:

Fig. (111-4) shows the normalized multiplicity distributions for the grey
particles|P(n! )Jand|P(n® )], emitted in FHS and BHS respectively for the

interactions of %Si with emulsion nuclei at 14.6A GeV. For sake of
comparison, the obtained results are displayed together with the

corresponding data for 2Si —~Em interactions at 3.7A GeV®?,

From Fig. (I11-4a), one can observe that, the two distributions are nearly
similar within experimental errors, i.e. independent on the incident

energy.

On the other hand, fig. (I11-4b) shows that the distributions of the grey
particles emitted in BHS are found to be nearly the same for the two
incident energies. Therefore one can say that, there is no dependence of
backward grey particles production on incident energy. This confirms the
existence of limiting fragmentation hypothesis in the backward
production of fast target protons. All the normalized distributions in FHS

and BHS are fitted well by exponential decay law of the form,
P(N])=aje "N (111-1)
Where o and 4, are the fitting parameters.

[a(grey)] and [i=f(forward),b(backward)]

The above relation (I11-1) represents the fundamental equation of the
decay of an excited system, which emits the grey particles in FHS and

BHS. The values of decay constant 1 ande; for different projectiles

which obtained from the best fitting of experimental data with the above

decay equation are listed in table (111-6).
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Fig. (111-4a): The normalized multiplicity distributions of the grey particles emitted
in FHS through the interactions of Si?®® at (3.7and14.6A GeV) with emulsion nuclei

together with the smooth fitting curve.
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Fig.(111-4b): The normalized multiplicity distributions of the grey particles
emitted in BHS through the interactions of Si’® at (3.7and14.6A GeV) with

emulsion nuclei together with the smooth fitting curve.
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(111-3.4) Average Multiplicity of Grey Particles:

Table (111-5) presents the average values of the grey particle multiplicity,

(N4 )and(Ny), emitted in FHS and BHS, respectively for the interactions of the

present 14.6A GeV?Si in nuclear emulsion. These data are compared with the
corresponding data due to the interactions of different projectiles with emulsion
nuclei (P, *He, *He, °Li, "Li, %' and 32g) ©7.93.97.98.and%9) o (2 214 6A GeV).

The forward to backward ratios (F/B) 4 which are defined as the ratios between
the average multiplicities of the forward emitted grey particles to those of
backward ones, are displayed in Table (I1I-5). The (F/B) 4 represents the
anisotropy ratio of angular distribution which determined according to statistical

model in section (I-8) by the following equations,
(F/B) zexp{igg} (111-2)
g \/; o
Where 4. ° is the predicted rational velocity.

1.=B8,"1B° (”I'3)

Where p,° the mean longitudinal velocity of the center mass of the grey particle
emission system andpg? is the characteristic spectral velocity of the

fragmentation system of grey particles.
From ref (92) the value of B° ~ 0.35

The values of g,° can be calculated from the equation,

B =B (111-4)
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Table (I11-5): The average multiplicity of the grey particles emitted in FHS and BHS

from different projectiles interactions with emulsion nuclei at high energy.

Projectile Energy Ref
(GeVIA) | (Ng) (Ng) (FB)y | z° | B

p 3.7 [1.31+0.03]0.45+0.01 | 2.92+0.11 | 0.47 | 0.16 93
*He 3.7 [1.92+0.06 | 0.61+0.03 | 3.12+0.16 | 0.51 | 0.17 87
“He 2.1 [1.97+0.05 | 0.63+0.02 | 3.15+0.14 | 0.51 | 0.17 93
"He 3.7 [1.91+0.07 | 0.67+0.04 | 2.86+0.19 | 0.46 | 0.16 87
°Li 3.7 [2.08+0.08 | 0.95+0.05 | 2.18+0.13 | 0.35 | 0.12 97
Li 2.2 | 1.78+0.07 | 0.64+0.04 | 2.80+0.19 | 0.45 | 0.16 97
Sj 3.7 ]2.99+0.10 | 0.72+0.03 | 4.12+0.23 | 0.63 | 0.22 93
%5j 14.6 |2.26+0.13 | 0.74+0.05 | 3.05+0.27 | 0.49 | 0.17 | Present work
S 3.7 |3.1940.14 [ 0.82+0.05 [ 3.19+0.29 | 0.52 | 0.18 | 98, 99
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From Table (I11-5) one can notice that,
* For light projectile (P, *He, *He, °Li, 'Li) ®"***", the values of (N/)tend
to be constant within the experimental errors. Their values are~ 2.

(93, 98, 99

e For heavier projectiles i.e. (*®*Si and *S) ) the values of (N )tend

to be~ 3.

e The behavior of (N?)values is the same like that of (N, ) but with lower
values. The values of (N, )are nearly three times greater than (N )for all

projectiles.

e The result is reflected on the (F/B) 4 and consequently on the values of
2,2 which tend to be nearly constant within experimental errors overall
projectiles. Therefore, mainly one concludes that, the dependence of the
fast target fragments (g-particles) in FHS and BHS on the projectile sizes

IS nearly weak.

e Thevaluesof , ° ~0.5 for different projectile studied here.

e The emitting system of the g- particles is fast and with typical

longitudinal velocities 3,° ~0.13-0.22
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(111-4)Target Dependence

(111-4.2)Multiplicity Distributions of Grey Particles:

Fig. (111-5) shows the multiplicity distributions of grey particles emitted in FHS
and BHS through the interactions of 2°Si with nuclear emulsion at 14.6A GeV.
In order to study the dependence of the multiplicity distribution on the target
size, our sample is classified according to the target size into three groups (H,
CNO, and AgBr). In Fig. (111-5), one can observe the effect of the target size on
the multiplicity of the forward and backward emitted grey particles. In FHS and
BHS the grey particles multiplicity distributions show exponential decay shapes.

These shapes are well fitted by the formula
P(N} )=aje ™" (111-5)
Where o and 4, are the fitting parameters.

[g(grey)] and [i=f(forward),b(backward)]

The above relation (111-5) represents the fundamental equation of the decay of an
excited system, which emits the grey particles in FHS and BHS. The values of

decay constant 4,ande«, for different projectiles which obtained from the best

fitting of experimental data with the above decay equation are listed in table
(111 -6).
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Fig. (111-5): The multiplicity distribution emitted grey particles in the interactions of
the present 14.6A GeV #Si with different target groups of emulsion nuclei (CNO) in
the forward (a) ,the backward (b) and (AgBr) in the forward (c)and the backward (d)

together with the exponential decay curves.
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Table (111-6): The fitting parameters of forward and backward emitted grey particle

distributions fitted by an exponential decay law for

93, 95, 100,101
m ¢ )

Projectile | Incident | Target a, Aq a A Ref.
energy
A GeV
"He 3.7 Em |33.94+1.40 | 0.43+0.02 | 59.76+2.26 |0.97+0.04 | 95
e 3.7 Em | |l 45 92+11 56 | 0.7520.06 | 100
“Ne 3.3 Em | |l 40.91+7.58 |0.66+0.04 | 100
CNO |53.32+3.23 | 0.69+0.17 | 87.41+6.02 | 2.11+0.04
2%gj 14.6 Em |30.85+1.88 | 0.41+0.13 | 55.97+3.08 | 0.89+0.04 | Present
AgBr |19.92+1.65 | 0.23+0.31 | 41.89+3.17 |0.55+0.13 | Work
CNO |..ooooooees |, 85.15+0.48 | 1.88+0.04
gj 3.7 Em |24.58+0.62 | 0.28+0.01 | 57.13+2.08 |0.86+0.03 | 93
AgBr | oo | 46.54+2.19 | 0.63+0.03
CNO |..ooooovs |, 77.53+2.72 | 1.52+0.05
0 3.7 Em | 44.76+1.33 | 0.60+0.02 | 101
AgBr | ..o | 27.04+1.12 |0.38+0.01
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From table (I11-6) it is clearly seen that, the values of the decay constant 2} are

nearly constant within experimental error and independent on the projectile

incident energy. On the other hand, one can observe that the values of 4 and
4, decreases with increasing the target size.

Consequently the probability of grey particle production in BHS will increase
with target size.

(111-4.2) Average multiplicity of grey particles:

The average multiplicity of forward and backward emitted grey particles in the
interactions of the present 14.6A GeV #Si with different groups of emulsion

nuclei, are tabulated in Table (111-7),
From Table (I11-7) it is noticed that,

e The strong dependence of the grey particles multiplicity in both FHS and
BHS on the target size.

e The values of (F/By 4 begin to be constant within experimental error.
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Table (I11-7): The average multiplicity of forward and backward emitted grey

particles in the interactions of 14.6A GeV ®Si with different groups of emulsion nuclei.

Target (Ng) (N9) (F/B)q
CNO 0.84+0.06 0.18+0.03 4.65+0.95
Em 2.26+0.13 0.74+0.05 3.05+0.27

AgBr 3.66+0.19 1.26+0.08 2.89+0.25
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(111-5) The Black Particle Multiplicity Characteristics:
(111-5.1)_ Multiplicity Distributions of Black Particles:

Figure (111-6) presents the normalized experimental multiplicity distributions of
black particles for the interactions of *Si at 14.6A GeV with emulsion nuclei
compared with the corresponding data of *®Si at 3.7A GeV®®. From fig. (111-6),
one can observe that, the two distributions are nearly similar within

experimental errors and independent on the incident energy.
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Fig. (111-6): The normalized multiplicity distributions of the black particles through

the interactions of *°Si at (3.7and 14.6A GeV) with emulsion nuclei.

73




Chapter 111 Experimental Results and Discussions

(111-5.2) The Probability of the Interactions Accompanied by Backward

Emission of Black Particles:

Table (111-8) presents the probabilities of observing events accompanied by
backward black particles (N,”>0) in the interactions of *®Si at 14.6A GeV with
emulsion nuclei. Our experimental data are compared with analogical data in

interactions of “He, °Li, "Li and %Si at 3.7A GeV with emulsion nuclei.

From the above data in table (111-8),
1- It is interesting to notice that the percentage number of events
accompanied by backward b-particles emission tend to be constant.
2- One can conclude that it is independent on the projectile size and

incident energy.
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Table (111-8): The percentage number of events accompanied by backward b-

particles in the interactions of #*Si-Em at 14.6 A GeV and the corresponding data of

the other projectiles. ®* %%

Projectile Energy Total sample Percentage Ref.
A GeV
“He 3.7 1092 64.56+2.43 95
°Li 3.7 1021 67.81+2.58 96
"Li 2.2 1011 69.59+2.63 96
i 3.7 1142 70.23+2.48 93
i 14.6 552 67.75+2.42 | Present work
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(111-5.3)_ Multiplicity Distributions of Forward-Backward Black Particles:

Fig. (111-7) shows the normalized multiplicity distributions of the slow target
protons (black particles) in the forward p(N',) and backward p(N°;)hemispheres
produced from the interactions of *®Si at 14.6A GeV with emulsion nuclei. For
comparison the same data for *®Si —Em at 3.7A GeV ®are presented in Fig.
(111-7).

From Fig. (111-7a) one can observe that, the black particles emitted in FHS have
nearly similar multiplicity distributions for the two energies (3.7-14.6A GeV)
and longer in *®Si at 3.7A GeV.

Also from fig. (I11-7b) one can observe that, the black particles emitted in BHS
have very similar multiplicity distributions for the two energies (3.7-14.6 A
GeV).Therefore one can say that, there is no dependence of backward black
multiplicity distributions in both hemispheres on projectile energy.

It is interesting to notice that, all distributions can be fitted by exponential decay

curves given by the formula,

P(N})=aje M (111-6)

Wherea,and 2, are the fitting parameters.

[b (black)] and [i=f(forward),b(backward)]

The above relation (I11-6) represents the fundamental equation of the decay of an
excited system, which emits the black particles in FHS and BHS. The values of
decay constant A4, and«, for different projectiles which obtained from the best
fitting of experimental data with the above decay equation are listed in
table (111-9).
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Fig. (111-7a): The normalized multiplicity distributions of the black particles
emitted in FHS through the interactions of Si’® at (3.7and14.6A GeV) with

emulsion nuclei, together with the smooth curve fitting.
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Fig. (111-7b): The normalized multiplicity distributions of the black particles
emitted in BHS through the interactions of Si®® (3.7and14.6A GeV) with

emulsion nuclei, together with the smooth curve fitting.
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Table (I11-9): The characteristic parameters of multiplicity distributions of black

particles emitted in FHS and BHs through nucleus-nucleus interactions at high

(87, 93, 97, 98, 99)

energy.
Projectile =nergy Target a, N al 2 Ref
(GeVIA)

*He 37 | Em |21.90%0.74 | 0.25+0.01 | 28.17+0.94 | 0.34+0.01| 87

"He 21 | Em |22.25%0.67|0.26+0.01 | 29.23+0.86 | 0.3540.01| 93

"He 37 | Em |25.63+1.08]0.31+0.01 | 30.78+1.26 | 0.38+0.01| 87

5L 37 | Em |25.69+1.09 |0.3040.01 | 31.82+1.31 | 0.4040.01| 97

Li 22 | Em |22.38+0.98|0.26+0.01 | 29.80+1.27 | 0.36x0.01| 97

2 37 | Em |18.24+4.72|0.21+0.01 | 26.07+1.04|0.330.01| 93
CNO | 44.79+3.61 | 0.63+0.11 | 51.74+4.11 | 0.73+0.11

2% 146 | Em |21.23+1.35|0.25%0.24 | 26.78+1.59 | 0.32+0.16 Prese:t

AgBr | o | -

g 37 | Em |16.25%0.96 | 0.20+0.01 | 25.34+1.37 | 0.32+0.01 | 98,99
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From Table (I11-9) one can notice that,

e The values of fitting parameters « °and A'*° are nearly
constant and independent on the projectile size and incident
energy.

e The values of the fitting parametersq/®and 4 °are
dependent on the target size.

Hence, the mechanism responsible for producing black particles in FHS

may be similar to that in BHS.

(111-5.4) Average multiplicity of black particles:

Table (111-10) gives the average multiplicity values of the black particles emitted
in FHS and in BHS, through the interactions of #Si with emulsion nuclei at
14.6A GeV. The data are compared with those of (P, *He, “He, °Li, Li, and *S)
(87.93.97.98and%9) ot (2.1-14.6A GeV).

The predicted rational velocity y, according to statistical model in section (1-8)

will be given by the following equations,

4
F/B)® ~exp| — 7 ° |. 11-7
( >em{&zo} (111-7)
Zob :IB//b/ﬂob (”I-8)

Which is the ratio of the longitudinal velocity of the center of mass s,°, to the
characteristic spectral velocity, 4" of the fragmentation system of black

particles. So the values of the B, °, longitudinal velocity of the black particle

emitting system for the values of 4° which can be deduced by the following
equation,

B= B 7" (111-9)
From ref (92) take the value of "~ 0.11
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Table (I11-10): The average multiplicity of the black particles emitted in FHS and

BHS from the interactions of different projectiles with emulsion nuclei at high energy.

Energy
Projectile | (GeV/A) | (N, ) (ND) (FB) | = | Bu° | Ref
p 3.7 [3.92+0.01 | 2.94+0.04 | 1.33+0.03 | 0.13 | 0.014 | 93
*He 3.7 |3.46+0.09 | 2.39+0.06 | 1.46+0.05 | 0.17 | 0.018 | 87
"He 2.1 | 3.42+0.08 | 2.40+0.06 | 1.43+0.05 | 0.16 | 0.017 | 93
"He 3.7 [2.90+0.10 | 2.18+0.08 | 1.33+0.07 | 0.13 | 0.014 | 87
°Li 3.7 |2.84+0.09 | 2.18+0.07 | 1.29+0.06 | 0.12 | 0.013| 97
Li 2.2 [3.39+0.12 | 2.29+0.08 | 1.48+0.07 | 0.17 | 0.018 | 97
*sj 3.7 |4.39+0.13 | 2.76+0.08 | 1.59+0.07 | 0.17 | 0.018 | 93
28g; 146 |3.17+0.14 | 2.51+0.12 | 1.26%0.08 | 0.11 | 0.012 :vf::m
%3 3.7 |4.63+0.18 | 2.93+0.12 | 1.58+0.09 | 0.21 |0.023 | 98,99
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From Table (I111-10) one can notice the following:

e The values of (N, )and (N?) are independent on the projectile size and
incident energy, where (N,') ~3 while (N}) ~2, for all interaction.

e The anisotropy ratio (F/B) , fluctuates around ~1.4, independent on the
projectile size or incident energy. The observed constancy, in the
anisotropy ratios, indicates a limiting behavior for the system emitting
black particles at relativistic energy.

e The predicted rational velocity y,° to be ~ 0.13 for the system of black
particle emission.

e The emitting system of the b- particles is slow and its typical longitudinal

velocity takes the values in the range B,,b ~0.012-0.023
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(111-6) Target Dependence

(111-6.1) Multiplicity distributions of black particles

Fig. (111-8) shows the multiplicity distributions of black particles in forward and
backward hemispheres emitted from the interactions of “®Si at 14.6A GeV with
different emulsion targets (CNO and AgBr).

From fig. (111-8) a,b one can notice that, the multiplicity distributions p( Ny™ )
for the interactions of 2®Si with light target (CNO) can be fitted with one smooth
curve which reflects the same effect of C,N,O targets. On the other hand, Fig
(111-8) ¢, d represents the interactions with heavy target AgBr .It is seen that the
experimental points can be explained by two fits with two peaks due to large

difference between the size of the two targets Br and Ag.
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Fig. (111-8): The normalized multiplicity distribution emitted black particles in the
interactions of the present 14.6A GeV ?Si with different target groups of emulsion
nuclei (CNO) in the forward (a) ,the backward (b) and (AgBr) in the forward (c)and

the backward (d) together with the exponential decay curves.
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(111-6.2) Average multiplicity of black particles:

Table (I11-11) gives the average multiplicity of black particles emitted in FHS
and BHS through the interactions of #Si at 14.6A GeV with different groups of

emulsion nuclei.
From Table (I11-11) one can observe that,

e The dependence on the target size is strong for black particles emitted
both in FHS as well as in BHS.

e The constancy in the values of (F/B), ~1.3, irrespective of the target size

e The observed constancy, in the anisotropy ratios (F/B), indicates a
limiting behavior for the system of black particles emission at relativistic

energy.
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Table (111-11): The average multiplicity of forward and backward black particles
emitted in the interactions of %°Si at 14.6A GeV with different emulsion groups of

nuclei.

Target (Ny) (Ng) (F/B)y

CNO 1.44+0.11 1.06+0.08 1.35+0.14

Em 3.17+0.14 2.51+0.12 1.26+0.08

AgBr 5.01+0.19 4.00+0.16 1.25+0.07
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(111-7)The Multiplicity Correlations:

In nucleus- nucleus interactions, a more sensitive characteristic to understand
the mechanism of forward and backward particles productions is the correlations

among the multiplicities of the different types of the emitted particles.

Now, the effect of the target size on the multiplicity of the outgoing particles
will be studied by the correlations between the mean values of the different

emitted particles and different values of (N, ).

Fig.(111-9) through fig. (111-12) give the dependence of the experimental average
multiplicities of different types of particles emitted from interaction of
?8Sj (14.6 A GeV) with emulsion nuclei, on the number of target fragments (N,).
The straight lines in those figures are the results of the linear fitting of the

experimental data.

Now, the effect of the target size on the outgoing protons emitted in the first
stage of interaction (detected as grey particles) in the forward and backward
hemisphere is studied in Fig. (I111-9).In this figure the dependence of the
experimental average multiplicities of the grey particles emitted in the forward
hemisphere < Nfg > and that emitted in the backward hemisphere < Nbg > on (Np
) for the interaction of %Si (14.6 GeV) are displayed.

The Linear fitting of the experimental data is made up to =26.
From the figure, it can be deduced that,

e The values of< N',;> and < N, > tend to increase linearly with increasing

the target size ( Ny-values) in a strong dependence.
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Fig. (111-9): The dependence of the multiplicities of the grey particles (a) < N', > and
(b) < N'[’g > on the number of the target fragments N, for the interaction of *°Siat

14.6A GeV with emulsion nuclei together, with linear fitting of the experimental data.
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Now, the effect of the target size on the particles emitted in the latter stage of
interaction in both the forward and backward hemisphere is discussed in Fig.
(111-10).1In this figure the dependence of the experimental average multiplicities
of the black particles emitted in the forward hemisphere < N, > and that
emitted in the backward hemisphere < N° > on (N, ) for the interaction of
?8Si at 14.6A GeV are displayed.

The Linear fitting of the experimental data is done over the range of (Ny ) , in
the dependence of< N, > on (N, ), while it is done over the whole range up to
N, =26 in the dependence of < N% > on (Nj).

From the figure, it can be deduced that,

e There is an increase of (N}, ) values accompanied by a fast increase in the
experimental average multiplicity of black particles emitted in the
forward and backward hemisphere.

e The experimental values of< N, > are not much higher than those of
< N° > over the whole range of ( Ny).

All the fitting lines to the experimental points illustrated in the figures from
fig. (111-9) through fig. (111-10) can be approximated by the following linear

dependences with positive slopes,

<N/'>=A+B(N) (111-10)
Where A, B are the fitting parameters whose values are given in the table
(11-12).

[i= g (grey), b (black)] and [j=f (forward), b (backward)]
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Fig. (111-10): The dependence of the multiplicities of the black particles (a) < N', >
and (b) < N° > on the number of heavily ionizing particles N, for the interaction of
®Si at 14.6A GeV with emulsion nuclei together, with linear fitting of the

experimental data.
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Now fig. (I11-11) displays the dependence of the forward emitted grey particles
on the backward ones due to the interactions of #*Si with emulsion nuclei at
14.6A GeV. From fig. (111-11), it is observed that,
The forward emitted grey particle multiplicity is correlated with the backward
one in a linear relation of the form,

(NJ)=A+BN; (111-11)
A and B can be obtained by a linear fitting which is presented by the straight

lines. The values of the parameters Aand B are shown in Table (I11-12).
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10

Fig. (111-11): The correlation between the system emitting grey particles in FHS and
BHS at high energy, together with the fitting presentation (straight lines).
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Now, the correlation between the system emitting black particles in FHS and

that in BHS will be examined by displaying the dependence of (N, )onN, .

Fig. (111-12) shows the dependence of average black particles multiplicity

<Nbf>in FHS on the backward emitted black particles multiplicity N.. From fig.

(111-12) one can observe the strong dependence of <Nbf >on N?. Such dependence

Is presented by linear relation of the form,

(N )=A+BNp (111-12)
The correlation parameters A and B can be found from the fitting of the
experimental data. The linear fitting is presented in fig. (111-12) by the straight
lines. The values of the parameters A and B are given in Table (I11-12).
Table (111-12) shows that,

1. The fitting parameters of < Nfg > < Nbg > have strong dependence on

(Np).
2. The fitting parameters of < N,' >, < N,° > have strong dependence on

(Np).
3. The fitting parameters of < N‘cg > have strong dependence on Nbg.

4. The fitting parameters of< N', > have strong dependence on N

Therefore, one can conclude that, the system emitting grey and black particles in
FHS is strongly correlated with that in BHS.
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10

10

Fig. (111-12): The correlation between the black particles in FHS and that in BHS,
together with the fitting lines.

94




Chapter 111

Table (I11-12): The fitting parameters of the experimental
interactions of “®Si at 14.6A GeV with emulsion nuclei belonging to the dependence of

different average multiplicities on (N;) and the correlation between the system

Experimental Results and Discussions

emitting grey and black particles in FHS and that in BHS.

Projectile
Correlation °Si (14.6 GeV)

A B
<N, > - N, -0.81+0.30 0.30+0.02
<N >- N, -0.38%0.15 0.12+0.01
<N, >-N, 0.99+0.25 0.29+0.02
<N° >- N 0.32+0.23 0.26+0.02
<N, >- NP 1.05+0.07 1.68+0.11
<N, > - NP, 0.87+0.18 0.91+0.07
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(111-8)Angular Characteristics

(111-8.1.) Angular Characteristics of the Emitted Grey Particles:

The mean angle of the emitted grey particles < 8 > in interactions of 8Si— Em
at 14.6A GeV is listed in table (111-13) and compared with the analogical data
for different projectiles. Where < 6 >4 is the medium angle (i.e. the angle at

which half of the number of the specified particles are emitted).

One can find that, the value of the mean angle < 6 > is nearly constant (i.e.
independent of the projectile mass number). The angular distribution for grey
particles emitted in the present interaction is shown in fig. (111-13). From this
figure it can be noticed that, the distribution shows a peaking shape with peak
positioned nearly at 6 = < 8 >;. The number of the backward emitted particles
(i.e. O > 90° decreases with increasing 0. The distribution of such backward
angles follows an exponential decay. The angular distribution of grey particles
can be reproduced successfully using the statistical model “” and calculated

according to the equation,
- cos b
dN /d 6, ~sing,(F/B), (111-13)

The predicted rational velocity (y,) according to statistical model will be given
by the following equations,

Xo=PulB =cos(<6>) (111-14)
So the values of the B, ¢, longitudinal velocity of the black particle emitting

system can be deduced from the values of B,° where,
Bi®=Bo’ x,° (111-15)
Take [ B, ~ 0.35 from ref.(92)]
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Fig. (111-13): The angular distribution of grey particle emitted in the present
interaction of %Si with nuclear emulsion at 14.6A GeV (histograms), together with the

prediction of the statistical model and the Gaussian fitting shapes (smooth curves).
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Table (111-13): The average values of the emission angles of the grey particles in

different interactions at (2.2-14.6A GeV), in addition to the rational and longitudinal

velocities of the system of grey particle emission, on the basis of statistical model. ©*

94,102,103,104)

Projectile Energy <0 >, 7.8 B ° Ref
A GeV
=) 3.7 67.80 + 1.20 0.37 0.13 92
“He 3.7 62.80 + 3.10 0.46 0.15 92
°Li 3.7 64.90 + 2.20 0.43 0.16 94
Li 2.2 63.50 + 2.00 0.45 0.16 102
2c 3.7 64.00 + 1.90 0.44 0.15 92
22Ne 3.3 63.70 + 1.60 0.44 0.15 103
“Mg 3.7 56.50 + 4.50 0.55 0.19 104
8gj 3.7 63.30 + 1.44 0.45 0.16 103
8Gj 14.6 64.76 + 2.06 0.43 0.15 Present Work
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From Table (I11-13) it is noticed that,
e The constancy in the values of <6 >; ~ 64, independent of the variation of
projectile mass number as well as incident energy.
e The rational velocity for the system of grey particle emission y,° is nearly
equal 0.5 for different interactions studied here.
e The emitting system of the g- particles is fast and with typical

longitudinal velocities B,° ~0.13-0.20
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(111-8.2.) Angular Characteristics of the Emitted Black Particles

To investigate the angular characteristics for the system emitting black particles
through the present 14.6A GeV #Si interactions with emulsion nuclei, the
angular measurements are needed. The predicted distribution is presented in fig.
(111-14) by dashed smooth curve. Regardless, the small shift of the solid curve to
the left of the peak position of histogram, however one can say that the system
responsible for the black particle emission is thermalized. The peaking shape is
characterizing the angular spectrum. The spectrum seems to be symmetric about

the peak position, which is near from the value of (¢,). The Gaussian distribution

can approximate the angular spectrum successfully, to be presented by the
dotted smooth curve. The feature of this spectrum implies that, the emission of
black particles, in BHS and FHS, tends to be symmetric in both hemispheres,

where the particle multiplicity increases in the vicinity region of 4., ~90°. The

statistical model ®” reproduces the angular spectrum well by the equation,

dN /d@, ~sing, (F /B),** (111-16)

The predicted rational velocity ( y,) according to statistical model will be given
by the following equations,

Xo =Pl B, =00s(<6>p) (11-17)
Which is the ratio of the longitudinal velocity of the center of mass, g, to the
characteristic spectral velocity, 8, of the fragmentation system. So the values of
the B, °, longitudinal velocity of the black particle emitting system can be
deduced from the values of Bob where ,

By°=Bo 1, (111-18)
Take B,"~ 0.115 [from ref. (92)]. Table (111-14) gives the average values of the
emission angles of the black particles in different interactions in addition to the
rational velocities of the system of black particle emission, on the basis of

statistical model.
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Fig. (111-14): The angular distribution of black particle emitted in the present
interaction of %°Si with nuclear emulsion at 14.6A GeV (histograms), together with the

prediction of the statistical model and the Gaussian fitting shapes (smooth curves).
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Table (111-14): The average values of the emission angles of the black particles in

different interactions at (3.7-14.6A GeV), in addition to the rational and longitudinal

velocities of the system of black particle emission, on the basis of statistical model. >

93, 97,104)
o Incident Energy
projectile A GeV (@) L b B, b Ref
p 3.7 85.30+1.90 | 0.08 0.008 92
"He 3.7 83.00+3.80 | 0.12 0.013 92
°Li 3.7 82.20+2.60 | 0.14 0.015 97
"Li 2.2 81.30+2.30 | 0.15 0.016 97
e 3.7 79.50+2.10 | 0.18 0.019 92
“Mg 3.7 85.72+4.72 | 0.07 0.007 104
Sj 3.7 83.3+1.18 | 0.12 0.013 93
Sj 14.6 83.54+1.89 | 0.12 0.013 | Present work
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From Table (I11-14) one can observe that,
e the constancy in the values of (¢,)~ 80, independent of the
variation of projectile mass number as well as incident energy.
e The predicted rational velocity y,° according to statistical

model in section (I-8) tends to be ~ 0.13 for the system of black

particle emission.

e The emitting system of the b- particles is slow and has a typical
longitudinal velocities B, " lie in the range B, ° ~0.008-0.019
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Conclusion

Conclusion

From studying the inelastic interactions of #Si ions with emulsion nuclei

at incident energy 14.6A GeV, one can conclude the following:

1. The experimental mean free path 4, for *si ions in emulsion is 9.65 + 0.42

Xp !
cm. The value of 4, and the corresponding cross section value are close to those

obtained in similar experiments. The experimental cross sectional values are in

agreement with the empirical expectations of Bradt-Peters formula.

2. The interactions are categorized according to different emulsion target nuclei
(H, CNO, and AgBr) into the following statistics:

e The interactions occurring with (H) are 56 events. The remaining 496
events are considered due to inelastic interaction with (CNO) and (AgBr)
together.

e The group of events corresponding to the interactions with light nuclei
(CNO) is 194 events.

e The group of events representing the interactions with AgBr nuclei is 302

events.

3. The multiplicity distributions of grey particles show no dependence on the
incident energy, where the interactions of *Si with emulsion nuclei at 14.6A

GeV have the same grey particles multiplicity distribution as that at 3.7A GeV.

4. The percentages of events accompanied by backward grey particles tend to be

constant and dependent neither on the projectile size nor energy.

5. The grey particles emitted in FHS have multiplicity distributions of a similar

behavior as those in BHS.
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6. The strong dependence of the grey particles multiplicity on the target size is
reflected on their average multiplicity which is larger for CNO than H, while for

AgBr has the largest values.

7. 1tis clearly seen that the values of the decay parameters 47 , characterizing the

backward emitted grey particles multiplicity distributions, are nearly constant

irrespective of the projectile size and energy. So the value of 47 is completely

independent on the projectile size and incident energy but decreasing with
increasing target size. Consequently the probability of grey particle production

in BHS increases with target size.

8. The values of forward to backward ratios, (F/B),, fluctuate about a constant
value ~ 3.5, independent on the projectile size and incident energy. This
observed constancy is regarded as a limiting behavior for the system of grey
particles emission at relativistic energy. On the other hand the (F/B), decreases

with increasing target size.

9. The rational velocity for the system of grey particle emission, y,°, is nearly

equal to 0.5 for different interactions studied here.

10. The system of grey particle emission is fast and its typical longitudinal

velocity, (By) ¢, has a range of ~ 0.13 to 0.22.

11. The normalized experimental distribution of black particles multiplicity for
the interactions of #*Si with emulsion nuclei at 14.6A GeV is nearly similar to
that at 3.7A GeV within experimental errors. This behavior exhibits
independence on the incident energy.

12. The percentages of events accompanied by backward black particles tend to

be constant and dependent neither on the projectile size nor energy.
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13. The black particles emitted in FHS have multiplicity distributions of a

similar behavior as those in BHS.

14. The characteristic parameters of forward emitted black particles multiplicity

distributions, «, and., have nearly constant values which imply an

independency on the projectile size and incident energy. The same trend is
observed for the backward emitted black particles. Hence, the mechanism

responsible for producing black particles in FHS may be similar to that in BHS.

15. The anisotropy ratio (F/B), fluctuates about a constant value of ~ 1.4,
independent on the projectile size or incident energy. The observed constancy,
in the anisotropy ratios, indicates a limiting behavior for the system of black

particles emission at relativistic energy.

16. The predicted rational velocity, (z,)°, for the system of black particle

emission is found ~ 0.13.

17. The system of black particles emission is slow and its typical longitudinal
velocities, (B)®, ~ 0.012 to 0.023.

18. The multiplicity dependency for the different emitted grey and black
particles in both hemispheres can be approximated as a function of target size.
The emission system of grey and black particles in FHS is strongly correlated

with that in BHS by a linear relation.

19. The angular distributions of grey and black particles can be reproduced by
Gaussian fitting shapes.

20. The average values of the emission angles for the grey and black particles
always have constant values of <6 >, ~ 64 and < 6 >, ~ 80, respectively for a
wide domain of projectile mass numbers. This indicates independence on the

projectile size and incident energy.
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Finally one can say that, the backward emissions of fast (grey particles) and
slow (black particles) protons are resulted from the decay of the system in a
latter stage of the interaction and found to be dependent only on the target size

(i.e. independent on projectile size or incident energy).
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