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PREFACE

Nuclear fragmentation is one of the most active lines of research in 

contemporary nuclear physics and has been extensively investigated in proton- 

nucleus and nucleus-nucleus collisions at intermediate and high energies. Recent 

progress in experimental studies has produced considerable evidences concerning its 

statistical properties. At intermediate energy nucleus-nucleus collisions offer various 

possibilities to produce hot nuclei which undergo break-up into smaller pieces 

having charges ZPF > 3, resulting nuclear multifragmentation. The presence of a 

power law for the quantity of fragments, as a function of fragment size (mass or 

charge), produced in certain ranges of beam energies in these collisions and from 

observation of the values of the exponents of various charge moments close to 

ordinary fluid, coupled with strong similarity of the nuclear and Van-der-Walls 

potentials, has stimulated the emergence of the idea that multifragmentation of 

nuclei might be analogous to a continuous phase transition associated with a critical 

point, in the vicinity of which a disordemess or fluctuation of the fragments charged 

distribution takes place. The occurrences of fluctuations which are large near a 

critical point are believed to be the signatures of a phase transition at that point. One 

of the most important challenges of heavy ion physics is the identification and 

characterization of nuclear liquid-gas phase transition believed to be the underlying 

mechanism of nuclear multifragmentation process.

Since nuclear emulsion is a global 4% detector and has the best spatial 

resolution (about 0.1 m rad) among all the detectors currently in use in high energy 

physics, this technique has been found to be an important tool particularly to study 

those properties which are related to the spatial distribution of the particles emitted 

in the extreme forward angle. Intermittency in the PF emission spectra of high 

energy A+A collision is one such property. Until now, only a very few 

investigations have been carried out on the studies of intermittency and fractal 

structure of the emission spectra of fast and slow target associated particles 

emerging from the target spectator. No results have so far reported on the studies of 

fluctuation in the spatial distribution of PFs. In the present investigation an attempt 

has therefore been made to study the fluctuations in the emission spectra as well as
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in the charge distribution of projectile fragments in terms of Scaled Factorial 

Moments (SFM) and generalized moments. Study of non-thermal phase transition 

has also been done in the light of intermitteney.

For heavy ion collision, it is known that with the decrease of impact 

parameter, i.e., with the increase of centrality of the collision, more energy- 

momentum transfer takes place resulting more excitation energy (temperature). In 

A+A collisions, as the impact parameter decreases, the overlapping between the 

projectile and target increases resulting more nucleon-nucleon collisions which in 

turn increases the number of particles emitted from the collision centre i.e. 

multiplicity of collision. Multiplicity is therefore considered to be a linear function 

of temperature of the fragmenting system. Hence critical multiplicity and critical 

temperature are considered to be synonymous, as considered by most of the heavy 

ion workers. One of the prime intensions of the present investigation is to find if 

there exists any evidence of critical temperature for the multifragmentation of a 

smaller system like 24Mg and if it exists at all then, by comparing the results of the 

present investigation with the results as reported by other workers, how this critical 

temperature depends on the size of the fragmenting system.

An attempt has also been made to study the emission characteristics of 

various charged secondaries emitted from projectile spectator part in the light of 

multiplicity distribution and their correlations.

Chapter I contains a brief history on high energy heavy ion collision and 

accelerator facilities available across the world to carry out researches in the field of 

experimental high energy physics. To get an insight into the dynamics of heavy ion 

collisions, different models of high energy nucleus-nucleus collisions that can 

explain various important features of such high energy collisions are discussed in 

chapter I. The importance of studying the spectator parts of the colliding nuclei at 

intermediate energy and the significance of the present investigation are narrated in 

this chapter.

Chapter II contains details about the experimental techniques. In this chapter 

a brief idea of nuclear emulsion, its advantages, limitations and uses are discussed.
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The details about the scanning procedure of emulsion pellicles, classification of the 

tracks of different charged secondaries based upon their ionization measurement, 

selection criteria for the type of events, techniques of measurement of charge and 

emission angle of the different PFs are also discussed in this chapter.

Chapter III contains results on multiplicity distribution and angular 

distribution of different charged secondaries emitted from the projectile spectator. 

The correlations between the various charge secondaries are also presented in this 

chapter. The results obtained from the present investigation are compared with the 

results of Kr-Emulsion interactions at 0.95 AGeV and also with the results reported 

by other workers at similar energies for different systems.

Chapter IV is on the estimation of Scaled Factorial Moments and 

intermittency of the emission spectra of projectile fragments. To estimate Scaled 

Factorial Moments (SFM), the method proposed by Bialas and Peschanski has been 

adopted and discussed. The power law behaviour of Scaled Factorial Moments, 

popularly known as intermittency, has been studied in terms of the intermittency 

indices and anomalous dimensions to have an insight into the dynamics of nuclear 

collision. Attempt has also been made to study the non-thermal phase transition by 

studying the power law singularity.

The concept of intermittency is intimately related to the physics of fractal 

geometry. Intermittency is said to be a signal of the fractal nature of the source 

which emits the particles. A fractal or a self similar object has the characteristic 

property of satisfying a power law scaling behaviour, which reflects the underlying 

dynamics. An attempt to study the fractal properties in the spatial and charge 

distribution of projectile fragments is also made in this chapter.

Chapter V contains the details of the application of cluster approximation 

technique for analyzing multifragmentation data to realize the possible association 

of criticality with such processes. Various higher order of moments have been 

estimated with various PFs following the technique suggested by Campi and 

different observables such as fluctuation in the size of the largest cluster, rise and 

fall nature of reduced variance y2 peaking behaviour in mean value of second
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moment of charge distribution have been estimated to locate the critical temperature. 

Finite size effect has been found to have considerable influence on MF mechanism. 

It was found that finite size effect and Coulomb force lead to a considerable 

reduction in the critical temperature and the critical temperature decreases with the 

decrease of system size. In this chapter therefore an attempt has been made to 

examine the influence of system size on the critical behaviour of nuclear matter by 

studying the fragmentation of a smaller system such as 24Mg at 4.5 AGeV. The 

results obtained from the present investigation have been compared with the results 

of earlier works of Kr-Em interaction of GU group and EOS collaboration 

respectively.

In chapter VI, the summary of the findings of the present study and 

concluding remarks about some interesting aspects of this investigation are narrated.
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GENERAL INTRODUCTION



1.1 Introduction

Heavy ion physics deals with the phenomena that occur when two nuclei are 

brought into close contact with each other such that the strong and short range 

nuclear force of one nucleus is felt by the other. The study of heavy-ion collisions 

as a branch of nuclear physics concerns the properties of nuclear matter under the 

extreme conditions of density, pressure and temperature [1], Such collisions in the 

relativistic energy regime may be viewed as an abrasion process where, depending 

on the impact parameter, few to majority of the nucleons from the interacting 

projectile and target nuclei are stripped off. Such processes often lead to the 

formation of target- and projectile-like primary fragments (spectators) that may be 

considerably excited and of the so called participant zone composed of the 

overlapping nucleons (participants). While the properties of a highly compressed 

and excited nuclear system may be accessed by studying the participant zone, the 

highly excited, normal to low density regimes may be accessed in the projectile- 

garget-) like spectators depending on the violence of the collision. Indeed, the 

properties of the highly excited nuclear systems formed in such collisions may 

considerably differ from the properties of cold nuclei observed in the nature and 

especially quite new and exotic phenomena may occur if the nucleus gets 

substantially excited [1-2]. It is a tempting task to access these phenomena and to 

learn more about their characteristics with the experimental and theoretical tools 

presently available.

The studies of the interactions of high energy nucleus-nucleus collisions 

have become much easier with the availability of beams of heavy ions from 

accelerators. Initially such studies either depended on examining the interactions of 

cosmic ray nuclei, which were essentially limited by the flux considerations and 

inclusive in nature or attempted to analyze the fragments provided from stationary 

target nuclei bombarded by high energy hadrons. When the nucleus whose 

disruption is being studied is moving, then the fragments produced will also be 

moving and can be more readily identified than if they are emitted from a stationary 

nucleus [3]. The experiment to be described in this work examines the break-up of 
relativistic 24Mg nuclei when they interact with various target nuclei in nuclear
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emulsion. Specific attention in this work is directed towards the multiply charged 

fragments of projectile nucleus.

Three classes of particles are observed in the interactions occurred in 

emulsion : fragments of the target nucleus, fragments of the projectile nucleus with 

Zpf >2 and fast singly charged particles, which includes particles produced in 

nucleon-nucleon interactions mostly Tt-mesons and Zpf = 1. Although it is not 

possible to separate the produced particles and the singly charged fragments from 

the projectile, which both appear as forwardly directed tracks having unchanged 

minimum ionization for a considerable length. The singly charged fragments from 

the projectile will include both spectator and participant particles. As a result, this 

experiment is unable to study the singly charged fragments on a particle by particle 

basis, although the number of such particles can be derived from charge 

conservation considerations.

The multiply charged fragments of the projectile must emerge from the 

interactions with essentially the same energy per nucleon as the incoming projectile. 

These multiply charged fragments can be readily identified and their charges can be 

determined from various track parameters.

In relatively peripheral(gentle) collisions between nuclei, the majority of the 

projectile and target nucleons are not directly involved in the interaction, but is left 

in a highly excited state. This excited piece of nuclear matter then loses its energy by 

breaking up into a few or many fragments.

The total number of alpha particles, Na and of fragments with Zpf > 3, Nz 

can be determined for each emulsion event. The total number of multiply charged 

projectile fragments (Na + Nz ) is then an indication of the degree of projectile 

multifragmentation occurring in an interaction.

The relative yields and the spatial distribution of different types of fragments 

and the relationship between them are measures of processes that occur during the 

break up of these excited nuclear remnants. This investigation has been carried out 
to study these relationships for even a smaller system like 24Mg at 4.5 AGeV and
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compared the results with those observed for other heavier systems like Kr and 

197 Au.

1.2 Phase transition and critical phenomena 

1.2.1 The phase diagram of water

The knowledge about the state of matter can be understood and correlated 

via phase diagram of water. The phase diagram of water basically shows the state of 

water depending on the pressure and temperature as depicted in Fig. 1.1. As seen in 

the figure, water can exist in three forms consisting of ice, liquid, or steam. 

Interestingly, when water reaches it's boiling point, additional heating does not yield 

higher temperatures. Even liquid-gas phase coexists together. This transformation of 

one state of matter into another state is called a phase transition. Out of the two main 

types of phase transitions, the first order and the second order phase transition, the 

order of the transition of the above mentioned transformation of liquid state to 

gaseous falls on the first order category, where the density of the fluid has a jump at 

the liquid-gas phase transition (evaporation) and all the physical quantities 

characterizing the material undergo a sudden change. Generally, the two phases are 

quite different at first order transitions and thus it takes a finite amount of energy to 

convert the substance from one phase to the other. This is the latent heat. It is 

interesting to note that the density jump at the liquid-gas transition decreases at 

higher pressures and temperatures. The first-order line ends at the liquid-gas critical 

point. The approach to this point is a second-order phase transition. In its vicinity, 

the fluid cannot seem to “decide” what to become: a liquid or a gas. The fluid is 

sufficiently hot and compressed that the distinction between the liquid and gaseous 

phases is almost non-existent. Large density fluctuations emerge leading to a 

“milky” appearance of the fluid called the critical opalescence. It is important to 

note that one can smoothly go from a liquid to a gas by traveling “around” the 

critical point (Fig. 1.1). Continuous phase transitions are easier to study than first- 

order transitions due to the absence of latent heat, and they are been found to have 

many interesting properties. The phenomena associated with continuous phase 

transitions are called critical phenomena, due to their association with critical points.
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Fig. 1.1 The phase diagram of water

The importance of phase diagram lies in the fact that it can be used to predict the 

state of water at a given temperature and pressure. The mathematical relation 

inferred by this diagram is termed as “equation of state" for water.

1.2.2 The phase diagram of nuclear matter

In a similar fashion, the prediction of the equation of state for a nucleus is an 

important question. The phase diagram of nuclear matter (that has been predicted 

theoretically) is shown in Fig. 1.2 [4]. In their normal states of lowest energy, nuclei 

show liquid-like characteristics and have a density of 0.17 nucleons/fm3. In this low 

energy regime (i.e. E/A < 20 MeV/nucleon), basic interest is to look for the structure 

of nuclei. One can also study the phenomenon of fusion, fission [5-8], cluster- 

radioactivity [9-10] as well as halo nuclei [11-13]. When nucleus is heated to a 
temperature of a few MeV (IMeV = 1.2 x 1010 K), some of the nuclear liquid may 

evaporate. Just like water, it also has a latent heat of vaporization leading to a first

4



order phase transition. This liquid-gas coexistence is expected to cease at a critical 

point.

Fig. 1.2 The phase diagram for nuclear matter, as predicted theoretically.

The study of nuclear matter under the extreme conditions of temperature and 

density can be handled by a number of possible candidates such as finite nucleus, 

neutron star, supernova and heavy ion collisions at intermediate energies.

The best candidate that provides nuclear matter under the extreme conditions 

in a controlled fashion is the heavy-ion collision at intermediate energies (i.e. 20 

MeV/nucleon < E/A < 2 GeV/nucleon) which will be discussed in later sections. 

Some of the observed phenomena in this energy domain are transverse flow, nuclear 

fragmentation and particle production etc. In recent years exploration of
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fragmentation in the intermediate energy has been carried out in an effort to 

understand the transition from the high energy fragmentation to the complex 

processes occurring in the low energy regime.

1.3 Nuclear fragmentation at various energy regimes

The bombarding energies used for heavy ion collisions have changed with 

technological advances. The processes which occur at the various energies differ 

tremendously. Low energy “fragmentation” was available for many years, and a 

large amount of data has been accumulated [14], At low energies (E/A < 20 

MeV/nucleon), several different reaction mechanisms contribute to the process. 

Reactions in these energy regimes are generally not considered “true” fragmentation 

and can not be described by Serber’s [15] simple two-step process. The time of 

interaction is long, due. to the slow relative velocity between the target and the 

projectile nuclei, and the Fermi momentum of the individual nucleon constituents of 

the target and the projectile is greater than the. momentum of the nucleus itself. 

These factors can result in a combination of processes (dependent on the impact 

parameter of the collision) including Coulomb scattering,. incomplete fusion, 

complete fusion and compound nucleus interaction.. Reactions occurring at much 

higher energies (E/A > 200 MeV/nucleon) are considered to be “pure” fragmentation 

as was discussed by Serber. It should be noted that, the energy limits are not exact 

since transitions between dominant processes occur gradually as a function of beam 

energy. In this situation the kinetic energy is of the order of magnitude of the rest 

mass of the constituent nucleons and the interaction Jime between the target and the 

projectile is very short. Central collisions will result in a “shattering” of the 

projectile into light particles and individual nucleons while distant interactions will 

undergo Coulomb scattering and excitation. Peripheral reactions will exhibit “pure” 

fragmentation in which the region of the projectile that overlaps the target during the 

interaction will be tom off. As accelerators improved over the past few decades, 

many high energy experiments using heavy nuclei were performed [16-17]. In recent 

years exploration of fragmentation in the intermediate energy regime (20 

MeV/nucleon < E/A < 2 GeV/nucleon) has been carried out in an effort to 

understand the transition from the high energy fragmentation to the complex
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processes occurring in the low energy regime. The emission of intermediate mass 

fragments (Zpp > 2) is an important probe of the dynamical evolution in intermediate 

energy regime heavy-ion collisions. At low energies (<20 MeV/nucleon) 

intermediate mass fragment (IMF) emission is a rare process while at high energies 

(> several AGeV) the reaction is so violant for central collisions that the system 

disassembles into nucleons, pions and light fragments like alpha (a) particles. In the 

transition region, multifragment emission, which is defined such that the final states 

involve two or more IMF’s[18-19] has been experimentally observed [20-30]. This 

new phenomenon in the high excitation energies is called multifragmentation 

(multifragment break-up) and is presently under extensive experimental 

investigation. However the dominant mechanism of multifragment emission has not 

yet been unambiguously determined. On the other hand, the liquid-gas phase 

transition in nuclear matter has been predicted to occur at intermediate energy [31- 

32] and it may be related to multifragment emission. This intermediate energy 

regime has proven to be very interesting and challenging, to both the experimental 

procedures and theoretical models. Extensive experimental and theoretical efforts 

have been made during last 20 years to understand this mechanism. The factors 

affecting the multifragmentation and associated phenomena will be the main 

emphasis of the present work.

1.4 Review of experimental attempts for multifragmentation studies

Nuclear multifragmentation was discovered nearly seventy years ago [33-34] 

in cosmic rays studies as a puzzling phenomenon accompanying the collisions of 

relativistic protons with a target and consisted of the emission of slow nuclear 

fragments. Their masses were heavier than those of a particles, but lighter than those 

of fission fragments. As stated earlier in section 1.3, these are now known as 

intermediate mass fragments (IMF’s). Using radiochemical methods, a total cross 

section for the fragmentation could not be determined and this process has been 

considered quite rare and exotic. In 1980's, the situation changed dramatically after 

Jakobsson et al. [35] observed multiple emissions of IMF's in emulsion irradiated by 

the carbon beam of 250 MeV/nucleon. In experiments involving large target nuclei 

and heavy ions, Warwick et al. [20] found that multifragmentation is a dominant
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reaction channel at beam energies higher than 35 MeV/nucleon. Observing that the 

mass yield curve approximately obeys a power law, Purdue group [36] conjectured 

that multifragmentation is a clear signature for the phase transition between a 

gaseous and liquid phase of nuclear matter. This transition is predicted to occur 

around a density of 0.4 p0; p0 is the normal nuclear matter density. Since then, the

study of multifragmentation has been considered of such interest that special 4%
/

detectors are designed to inspect this process in detail.

One of the earlier accelerators was the BEVALAC accelerator at the 

Lawrance Berkeley Laboratory that led way to high energy accelerators built at the 

Michigan State University (MSU)(USA). The EOS collaboration at BEVALAC lay 

emphasis in the exploration of phase transition in nuclear matter. Multifragmentation 

in fully reconstructed events from l GeV/nucleon 86Kr, 139La and 197Au collisions 

with I2C have been performed to extract the value of critical exponents [37-39]. 

Another major group INDRA at GANIL (Grand Accelerator National D'ions Lourds 

(GANIL) (France)), analyzed the influence of different parameters on 

multifragmentation. The main emphasis of their work is on entrance channel effects. 

The system size effects, role of system size in entrance channel as well as coulomb
fo

instabilities are studied in a variety of symmetric collisions like Ar + Ni, 

129Xe+natSn and 155Gd + 238U (at 30-95 MeV/nucleon), 208Pb + 197Au at E=29 

MeV/nucleon, 36Ar+KCl (at 32-74 MeV/nucleon), 58Ni+58Ni (at 32-90 

MeV/nucleon)[40-44]. Relativistic Heavy-Ion Collider (RHIC) and Superconducting 

Supercollider (SSC) at BNL (USA), NSF-Arizona accelerator at the University of 

Arizona (USA), Vivitron accelerator in Strasbourg (France), Superconducting 

cyclotron at Texas (USA), Superconducting cyclotron at INFN (Italy) and the 

Heavy-ion Synchrotron (SIS) accelerator at GSI (Germany) etc. are the major 

facilities where multifragmentation studies have been performed with different 

projectile at various energies. The two major groups at GSI i.e., FOPI and ALADIN 

have provided an important breakthrough on the experimental front to study the 

phenomena of multifragmentation. Incidently, the ALADIN group made the first 

measurements of the nuclear caloric curve [45]. They offered a wide coverage of 
masses between 12C and 208Pb with incident energy between 100 to 1000
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MeV/nucleon [23, 46-62]. The ALADIN results are the most complete piece of data 

available for multifragmentation. In these collisions, energy depositions are reached 

which cover the range from the particle evaporation to multifragment emission and 

further to the total disassembly of the nuclear matter. These accelerators provide 

unique possibility to study the heavy-ion collisions in a laboratory under controlled 

fashion.

Apart from these, a large number of individual groups at different institutes 

have studied nuclear multifragmentation mechanism at relativistic energies using 

photo nuclear emulsion detector [39, 63-72]. All such studies have contributed 

significantly in understanding the multifragmentation mechanism of heavy nuclei at 

energies from 1 AGeV to 10 AGeV.

1.5 Multifragmentation and critical behaviour

As stated earlier, nuclear matter is an idealized macroscopic system with 

little excess of neutrons over the number of protons. The dominant mode of 

interaction is strong interaction; Coulomb interaction is relevant only for larger 

systems. Its density p0 is spatially uniform. The nucleon-nucleon interaction is 

constituted by two components according to their radial inter-distance: a very short- 

range repulsive part which takes into account the compressibility of the medium and 

a long-range attractive part. Changed by five orders of magnitude the nuclear 

interaction is similar to Van der Waals forces acting in molecular medium. In a 

sense the phase transition in nuclear matter resembles the liquid-gas phase transition 

in classical fluids. However, as compared to classical fluids the main difference 

comes from the gas composition: for nuclear matter the gas phase is predicted to be 

composed not only of single nucleons, neutrons and protons,-but also of complex 

particles and fragments depending on temperature conditions [73-74].

A set of isotherm for an equation of state (pressure versus density) 

corresponding to nuclear forces is shown in Fig. 1.3. It exhibits the maximum 

minimum structure typical of Van der Waals equation of state. Depending on the
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Fig. 1.3 Equation of state relating the pressure (left) or the temperature (right) 
and the density (normalised to critical values) in nuclear matter. The 
curves represent isotherms (left) and isobars (right). The dashed- 
dotted lines are the coexistence lines and the dotted lines the spinodal 
lines[75].

effective interaction chosen and on the model [76-78], the nuclear equation of state 

exhibits a critical point at pc ~ -0,3 - 0.4 p0 and Tc ~ 16 - 18 MeV. The region 

below the dotted line in Fig. 1.3 corresponds to a domain of negative 

compressibility: at constant temperature an increase of density is associated to a 

decrease of pressure. Therefore in this region a single homogeneous phase is 

unstable and the system breaks into a liquid phase and a gas phase in equilibrium. It 

is the so called spinodal region, and spinodal instability corresponds to the breaking 

into the two phases. Such instability has been proposed, for a long time, as a 

possible mechanism responsible for multifragmentation [79-81].

However to this point much uncertainty remains, regarding its nature, in 

particular whether multifragmentation is a phase transition and if so, whether it is 

associated with the liquid to vapour phase transition.
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1.6 Signatures of critical behavior in finite nuclear system

One of the most important challenges of heavy ion physics is the 

identification and characterization of nuclear liquid-gas phase transition. As 

discussed earlier, a power law distribution of mass fragments is not enough to 

characterize the underlying physical process as a phase transition. The striking 

characteristics of the systems undergoing continuous phase transition that might 

have taken place in the final stage of fragmentation of heavy ion collisions is 

believed to be the occurrences of fluctuations of the fragments charge distribution, 

that exist on all length scales in a small range of the control parameter, which may 

diverse or even tend to vanish near some critical value of the control parameter.

Fluctuations are central to all critical phenomena and indeed, such 

fluctuation should be apparent in inclusive multifragmentation data. High statistics 

exclusive experiments in which the fragmenting system is characterized according to 

its nucleon number and excitation energy permit both the correlation of dynamical 

and statistical information and the study of fluctuation in experimental observables.

A number of techniques have been developed to realize fluctuation that 

might occur in certain experimental observables when the system is near to its 

critical point. Estimation of moments of cluster distribution as developed to study 

large percolation lattice and estimation of scaled factorial moments of fragments size 

are two well known techniques generally adopted in the study of fluctuation of 

nuclear data.

1.6.1 Cluster Approximation Technique

Campi [63-64] and Bauer et al. [65] showed that the methods of estimation 

of various moments of cluster size as used in percolation can be applied to analyze 

multifragmentation data to realize the possible association of criticality with such 

processes. Subsequently a large number of workers [39, 63-72] have applied the 

technique of cluster approximation in analyzing projectile fragmentation data for 

various systems at different energies. They proposed an event-by-event analysis of
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the moments of the cluster size distribution, where every event i produces a value 

M'k (p) which is defined as,

K(p)= (U)

The advantage of this technique is that M\ (p) can be computed without a 

prior knowledge of p for each event which is known as the percolation parameter. 

With this event-by-event technique it is possible to obtain valuable insight into the 

question whether phase transition occurs in nucleon-nucleus collisions and nucleus- 

nucleus collisions. In addition one should be able to make statements concerning the 

specific nature of the phase transition.

1.6.2 Scaled Factorial Moment Estimation

Many methods have been developed to analyze the fluctuations and the 

correlations for various physical quantities. In particular one of the most powerful 

and promising possibilities seems to be the analysis of event-by-event data in terms 

of intermittency which is a statistical concept initially developed to study turbulent 

flows [82-83]. Intermittency in physical systems is studied by examining the scaling 

properties of the moments of the distributions of relevant variables over a range of 

scales. To identify the intermittent pattern of fluctuations Bialas and Peschanski 

[82,84-86] first proposed the method of scaled factorial moments which has the 

advantage of measuring dynamical fluctuations in the density distributions of 

particles produced in high energy collisions without the spurious influence of 

statistical fluctuations. Satz and coworkers [87-88] studied the moments of the 

distribution of the size of spin clusters in the two-dimensional Ising model and 

found that intermittency occurs around and can be associated with the critical point 

of that system. These studies attest to the extent to which intermittency is cross- 

disciplinary in application. In particular, they point to the usefulness of the 

(factorial) moments as a method for studying fragmentation or decay mechanisms 

[89]. Later Ploszajczak and Tucholski [90-93] first introduced the SFM analysis for 

the study of dynamical fluctuations in fragment size distributions following the 

break-up of high energy nuclei in the nuclear emulsion. They studied the break-up of
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197Au [94-95] nuclei at around 1 GeV/nucleon. and showed that the factorial 

moments of the charge distribution of the fragments increased like a power law with 

increasing charge resolution, thus exhibiting the property of self similarity or 

otherwise the intermittency and concluded that the study of intermittency in nuclear 

fragmentation is relevant in the search for critical phenomena [96]. A similar 

analysis, confirming the existence of intermittency in nuclear fragmentation, was
238 131later applied to the break-up of U and Xe nuclei with energy a few 

GeV/nucleon [71-72, 83,97-98].

1.7 System size effect on nuclear multifragmentation: Role of Surface and 

Coulomb force

The effects of finite size [75-76, 99-105] and Coulomb force [106] on 

multifragmenation mechanism have been studied by several workers and it is found 

that these effects can lead to a sizeable reduction in the critical temperature of 

nuclear matter. Surface effects can reduce the temperature by 5-6 MeV while the 

Coulomb force is responsible for a further reduction of a few MeV. As the system 

size varies, the temperature (or otherwise the multiplicity) at which the critical 

singularity occurs also varies. This is believed to be due to the interplay of surface 

and Coulomb free energies [106] of the fragmenting system. Levit et al.[l 06] 

pointed out that nuclei becomes unstable at a much lower temperature T' < Tc (or 

otherwise much lower multiplicity m'< mc). This temperature was found to depend 

strongly on the charge to mass ratio of nuclei and on the choice of an effective 

interaction used in the H-F calculation. A qualitative explanation of the instability at 

T' was given based on the discussion of the balance between the Coulomb, the bulk 

and surface free energies of the compound nucleus. Since the surface tension 

decreases with temperature the Coulomb repulsion and the bulk inside pressure 

eventually prevail, giving rise to the instability. This is called Coulomb instability. 

The surface tension vanishes at Tc and therefore the instability temperature T' is 

below Tc. Different effective interactions in the H-F equations produce different 

bulk pressures and different dependences of the surface tension leading to different 

values of T'. For any nucleus the value of T' decreases significantly with larger A.
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1.8 Some models of nuclear multifragmentation

The task of modeling multifragmentation from the initial collision phase of 

the reaction to freeze out has proven to be a daunting task. Models that adequately 

describe the initial stage of the reaction do not satisfactorily describe the fragment 

formation stage, in either statistical or dynamical aspects.

Competing models suggest different decay mechanisms and experiments 

have yet to discriminate between several theoretical scenarios [107-108] that ranged 

from the sequential decay of the compound nucleus [109-110] to statistical nuclear 

models [19,111-112], percolation models [32,63,113-117] and Ising models [118- 

123]. The liquid-gas phase transition in nuclear matter has well been described using 

cluster approximation technique by a phenomenological model [31,124] what is 

known as Fisher droplet model and will be described in details in Sec. 1.8.2 to 

establish the relationship between the various parameters of equation of state and the 

observables of multifragmentation experiments. Many of these models assume 

equilibrium thermodynamics and produce results often interpreted as evidence of a 

phase transition.

In the following sections, some of the models widely used to describe 

nuclear multifragmentation are briefly discussed.

1.8.1 Statistical Multifragmentation Model (SMM)

There are several statistical models that have been used to study 

multifragmentation [19, 109,112,125-133] but the most widely used is the statistical 

multifragmentation model put forwarded by J. Bondorf et al. [112,125,127].

SMM is a statistical description of the simultaneous breakup of an expanded 

excited nucleus into nucleons and hot fragments [112,125,127,134]. The statistical 

multifragmentation model is based on the assumption of statistical equilibrium at a 

low-density freeze out stage of the nuclear system formed during the collision. At 

this stage, primary fragments are formed according to their equilibrium partitions. 

Equilibrium partitions are calculated according to the microcanonical ensemble of 

all breakup channels composed of nucleons and excited fragments of different
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masses. The model conserves total excitation energy, momentum, mass, and charge 

numbers. The statistical weight of decay channel j is given by Wj oc exp [Sj (E0, V, 

A0, Z0)], Sj is the entropy of the system in channel j and E0, V, A0 and Z0 are the 

excitation energy, volume, mass, and charge numbers of the fragmenting source. 

Different breakup configurations are initialized according to their statistical weights. 

The fragments are then propagated in their mutual Coulomb field and allowed to 

undergo secondary decay [135]. In the model, successive particle emission from hot 

fragments with A > 16 is assumed the de-excitation mechanism. The de-excitation 

of these fragments is treated by means of the standard Weisskopf evaporation model. 

Light fragments (A < 16) de-excite via Fermi breakup. The lightest particles (A < 4) 

can be formed only in their ground states and undergo no secondary decay 

[136],

If the free energy Ff of a partition f is known, the entropy and the energy may 

be calculated using the conventional thermodynamical formulae. The free energy 

Ff(T, V) of the system consisting of fragments of different kinds and being in 

thermal equilibrium with a common temperature, T may be conveniently expressed 

as [125]:

Ff=-T\nZf

where the statistical sum for a given partition f is written as: 

Zr(T,V)= 2>P(-Vr)
Ir.P.E}

(1.2)

(1.3)

The sum runs over all the coordinates, momenta and excitation energies of the 

fragments forming the partition f. Here Ef is the total energy of the configuration F 

in the quasiclassical approximation and given by

M f 

/=1
Ef‘ +

2 2 X
Pi Si J^ + — + e,

\ 2m, 21,
+ U,f, (1.4)

Here, M is the total number of fragments including nucleons. The terms in round 

brackets stand respectively for the ground state energy, translational, rotational and
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internal excitation energies of the i* fragment, pi, s, are momenta and angular 

momenta and m* is the effective mass of the i* fragment with respect to translational 

motion. The last term is the fragment interaction energy. After calculating the 

statistical sum the free energy of the system may be written in the form:

F,{T,V) = F'/(T,V) + YiFJI(T,V)NAI +$(¥). (1 5)

The first term corresponds to the translational motion of fragments. The 

second term contains the contributions from internal excitation energy and Coulomb 

energy of individual fragments. This additive representation becomes possible in the 

Wigner-Seitz approximation after subtracting the Coulomb energy of a total charge 

homogeneously distributed over the whole volume V (the last term in Eq. (1.5)).

The direct calculation of Faz for composite nuclear fragments in a hot 

nuclear medium is a very complicated task. They assume that all the fragments 

except the lightest one may be treated as drops of nuclear matter. Unlike nuclei in 

their ground states, these drops have nonzero temperature and are surrounded by 

nucleons and other clusters. It was also assumed that these drops have a spherical 

shape with radius Raz = roA1/3 corresponding to the normal nuclear density (r0 = 1.2 

fin).

The free energy Faz of an individual fragment of (A, Z) kind, (Zpf > 3) is 

parameterized as follows:

^AZ ^trans ^*vo/ ^surf ^\ym ^cotil (1.6)

The terms in the right hand side are, respectively, the translational, volume, surface, 

symmetry and Coulomb contributions. This free energy is used to determine the 

fragment formation probability.

This solution explicitly assumes the inhomogeneous nature of the hot MF 

final state. Light fragments Zpf < 3 may also be present in the hot MF final state. For 

the ZpF > 3 fragments, a quantum mechanical description is used for the temperature 

dependent volume, surface, and translational free energy of the fragments. The
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temperature independent parameters are based on the coefficients of the semi 

empirical mass formula. The critical temperature, at which the surface tension of 

neutral nuclear matter droplets would go to zero, is in the range suggested by infinite 

neutral nuclear matter calculations [137],

In SMM the translational free energy depends on the free volume. The free 

volume, Vf, can be expressed in terms of the volume of the multifragmenting system 

at normal nuclear density, Vrem,

(1.7)

where the free volume parameter % depends on the SMM fragment multiplicity 

according to the relation

3

z = -1, (1.8)

1where Ro= 1.17A0 fin and M is the charged plus neutral hot fragment multiplicity. 

The crack width parameter, d, scales the magnitude of the multiplicity dependent 

free volume. The breakup volume Vb, which includes the volume of the fragments, 

is Vb= (1 + k) Vrem; where k is the Coulomb reduction parameter.

Here the version of the model that incorporates only thermal degrees of 

freedom is given. Consequently, radial expansion or angular momentum is not 

included here.

1.8.2 Fisher Droplet Model (FDM)

The focal point of most of the phase transitions studies is to find out standard 

thermodynamical variables such as a system’s temperature, density, compressibility, 

etc. But in present day nuclear multifragmentation (MF) experiment; these quantities 

are difficult or impossible to measure directly. Therefore a theory is considered 

necessary which deal with the accessible quantities of MF experiments. To that end 

Fisher’s gas-to-liquid phase transition model that is called Fisher droplet model, 

based on Mayer’s condensation theory, is followed [31, 138-139]. According to 

FDM, the free energy for the formation of clusters of size Af can be given by:
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A GA/ = -kbTAf ln[g(//,r)] - kbT\n{f(Af ,T)] + kbTt In (Af) + • • • (1.9)

where kb is the Boltzmann constant and g is the bulk formation energy, or volume 

and can be written as

= exp[(// - ficoex)!kbT] , (1.10)

here p is the chemical potential and gcoex is the chemical potential along the 

coexistence curve.

The surface free energy of cluster formation is represented by the f term where

/ (Af,T) = exp [a0a>AySTc I kbT] (1.11)

In the above equation,

a —> is a critical exponent and is related to the ratio of the dimensionality of the 

surface to the dimensionality of the volume

ao —> is a constant of proportionality relating the average surface area of a droplet to 

its number of constituents and

co —> is the surface entropy density

e —> is a measure of the distance from the critical point.

Generally for usual thermodynamic systems s = (T0 - T)/Tc, in the percolation 

treatment e — (pi - pc)/pc and for multifragmentation s = (mc - m)/mc is to be used. All 

formulations of £ are such that £ > 0 corresponds to the liquid region whereas £ < 0 

is for gas region. This form of the surface free energy is applicable on only one side 

of the critical point, the single phase side. A more general form suggested by efforts 

from percolation theory [113, 140-142] that can be applied on both sides of the 

critical point and leads to a power law that describes the behavior of the order 

parameter is:

f(z) = Aexp[-(z-B)2/C], (1.12)
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where the scaling variable z is

z = Aafs (1.13)

The physical interpretation of the parameters A, B, and C is an open question.

Finally x is another critical exponent depending principally on the 

dimensionality of the system and has its origins in considerations of a three 

dimensional random walk of a surface closing on itself, thus for three dimensions 2 

<t<3 [70].

From the free energy of cluster formation the average cluster distribution 

normalized to the size of the system is

nA {s) = exp(-AGa I kbT) = q0A}Tf(z)g(fi,T)A (1.14)

q0 is normalization constant and dependent solely on the value of x [143].

At the critical point e = 0 both f and g are unity and the cluster distribution is 

given by a pure power law

*a, (^) = %A7 (1.15)

If the first moment of the normalized cluster distribution is considered at the 

critical point then [114]

m,(£=0)=Y.*,"*, (*)4=„//'=1-0 (1.16)

where the sum runs over all clusters. From Eq. (1.16) it is obvious that the value of 

the overall cluster distribution normalization constant, q0, is dependent on x via a 

Riemann £ function

?0 =1-0/Z^4”r (1.17)

The above is true only if the scaling assumptions in the FDM apply to all 

clusters. For finite size systems even at the critical point this is only approximately

19



true. However, it will be seen that Eq. (1.17) holds reasonably well at the critical 

point for systems with a continuous phase transition over some range in cluster size.

In the FDM it is assumed that all clusters of size Af can be treated as an ideal 

gas, so that the total pressure of the entire cluster distribution can be determined by 

summing all of the partial pressures.

PKKT) = ZA/ (s) = foZA/ 4"/(«

= M0(e)' (1.18)

It is clear from Eq. (1.18) that the pressure of the system is related to the zeroth 

moment of the cluster distribution.

The density is then

/’=£=fcZx/4VM*0'>r>'‘'

= ’ZA/r‘A,(e)A/=M1(£) (1.19)

The density is given by the first moment of the cluster distribution.

It is now a simple matter to derive the power law that describes the 

divergence of the isothermal compressibility kt. By definition:

kt
Usv' 

V
1

\SP )T p
Sp 
SP, (1.20)

Noting that kbTp = g(p, T)[8P/8g(p, T)], Eq. (1.20) can be rewritten as:

Kt
(

V Sg(pJ)
SP . , _2 S2P

+ g(M,TY Sg(p,T?)r (1.21)

that leads to
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*r = WT’ + (PWL, «,,, (ffM/

= (A7’)-,+(p2V)-'M2(£) (1.22)

The sum in the second term illustrates the relation of the second moment of the 

cluster distribution M2(e) to the isothermal compressibility. The sums in Eqs. (1.18), 

(1.19) and (1.22) run over all clusters in the gas and exclude the bulk liquid drop. In 

percolation and multifragmentation the largest cluster on the liquid side of the 

critical point will be considered as the liquid drop and will thus be excluded from the 

sum. On the gas side of the critical point, the sum runs over all clusters, as there is 

no longer a liquid drop.

In the thermodynamic limit, large Af dominate the sum so that it may be 

treated as an integral giving:

kt = (pktT)-' + (p\T)-■ f nAi (e)A]dA, . (1.23)

Working along the liquid-gas coexistence curve so that g(p, T) = 1 Eq. (1.23) 

reduces to:

Kf={pkjy*+(pVr' f 4’mdA, (1.24)

A change of variables from Af to z shows that near the critical point

% ~ (p2kbT)~l — £ dzf{z)\z 
a '0

(3-r-<r)/cr |(r-3)/<r

= (p\Tr%W (1.25)

This is the so-called y-power law that describes the divergence of the isothermal 

compressibility and the second moment of the cluster distribution near the critical 

point. The scaling relation between the exponents y, a and x is:

3-tr=~y (1.26)
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The absolute normalization constants of the M2(e) power law depend on the 

scaling function f(z) the exponent a and the overall normalization of the cluster 

distribution q0 which in turn depends on the exponent x

(1.27)

The second moment is related to the isothermal compressibility by the 

temperature and density of the system.

The derivation of the y-power law demonstrates one way to arrive at the 

scaling relations between the critical exponents. In addition it illustrates the 

existence of only two independent exponents and shows the relation of the moments 

of the cluster distribution to familiar thermodynamic quantities.

1.8.3 Cascade Evaporation Model (CEM)

The first such model has originally developed by Chen et al., [144] for 

nucleon-nucleus collisions and later generalized to high-energy heavy ion 

interactions [145-151].

In cascade evaporation model [152] each of the colliding nuclei in its 

coordinate system is considered as a Fermi gas of nucleons in a Wood-Saxon 

potential well, V(r) that may be written as:

V(r) = B + (PF2/2m) (1.28)

where m is the mass of free nucleon, B is the average binding energy of a nucleon 

inside the nucleus and Pf is the local Fermi momentum. The momentum distribution 

inside the nucleus may approximately be given by the relation:

W(P)dP ~ P2dP with 0 < P < Pp(r), that is isotropic in the momentum space. The 

maximum value of local Fermi momentum PfO") may be expressed in terms of 

nuclear density p(r) as:

PF(r) = h[37t2 p(r)]1/3 (1.29)
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This is an approximation of two-parameter Fermi distribution; values of these 

parameters can be found from the electron elastic scattering experiments. 

Practically, this distribution is cut off at a distance R where p(R)/p(0) = 0.01.

The form of nuclear density is an oscillatory one for nuclei having mass 

number A < 16 and a Wood-Saxon one for A > 16. The distance between any two of 

the nucleons inside a nucleus is taken to be not less than 2rc (~ 0.4 fin) where, rc is 

the radius of the nucleon core.

It was assumed that a nucleon of the incident nucleus in the laboratory frame 

can be considered as independent particle and characterized by a four vector, space- 

time (r, t) and four vector momentum-energy (p, E) having an effective mass ‘meff 

as:

mcff = V(E2 - p2)

= m - V(r) (1.30)

This consideration is also applicable for the nucleons of the target nucleus in 

the coordinate system connected with the projectile. The effect of the nuclear 

potential on a particle entering the nucleus may be increasing the particle kinetic 

energy by the quantity, V(r).

The approximation of independent particle with effective mass allows one to 

use the relativistic kinematics, taking into consideration in particular the effect of 

relativistic compression and the symmetry, of the problem with respect to the 

colliding nuclei. In this model, the collision is assumed to be made up of a 

superposition of individual binary collisions.

The dynamics of the interaction are followed in time by using Monte-Carlo 

method with the probability of scattering on another particle given by free particle 

cross-section. The incident particle can interact with any target nucleon lying in the 

path with a cylindrical cut of cross-section area 7t(rjnt + Id)2, where Id is the de- 

broglie wavelength and rjnt is nothing but the quantity which is nearly double the 

value of the strong interactions range and taken to be 1.3 fm [153],
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Thus the probability of scattering of n111 nucleon after traversing without any 

interaction with (n* -1) nucleons is given by the binomial distribution

Wn=YdQ-q,)qn (1.31)
1=1

where qi, i = 1, 2, 3....(n - 1) is the partial probability. This partial probability may 
be expressed in the terms of interaction cross-section for the i* nucleon, a; as

q,= [0i/(ri„t+XD)2] (1.32)

Tracing the time evolution of the interacting system, at a fixed time t, all 

possible collisions are considered and the one which is realized before the others is 

chosen, i.e. Dt = min (tj). Thus for two particle collisions chosen in this way, the 

reaction characteristics are selected at random, demanding that the Pauli principle 

holds.

The cascading stage ends when the colliding projectile and target nuclei are 

separated at such a distance where the potential wells of these nuclei do not overlap 

further and all cascading particles are emitted from nuclei. In this model, the 

Coulomb force acting between the projectile and the target is taken into account. 

Effectively this corresponds to an increase in the impact parameter and a rotation of 

all the coordinate system by a particular angle [154].

1.9 Motivation of the present work

In the complex scheme of high energy nucleus-nucleus collision, the 

overlapping parts of the two colliding nuclei are considered as participants, which 

disintegrate totally, producing various particles, with velocity ranging from zero to 

the projectile velocity, while the non interacting parts of the projectile and target are 

called spectators. It is expected that a quark-gluon-plasma (quark matter)[155] may 

be formed in the participant at very high incident energies, and a liquid-gas phase 

transition [156] might occur in the spectators. Both the participant and spectator are 

relevant for studying the nuclear reaction mechanism.
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The Dubna energy (a few A GeV) is a special energy, at which the nuclear 

limiting fragmentation applies initially. The constituents of the spectator part of the 

projectile as well as the spectator part of the target can be well separated at this 

energy. But the experimental work on high energy A-A collisions carried out with 

electronic detector have limited coverage in the pseudorapidity range. Nuclear 

emulsion, on the other hand, is a global 4n detector and has the best spatial 

resolution (O.lmrad) among all the detectors currently in use in experimental high 

energy physics [157-158]. Even the largest collaborative detector [50, 159-163] that 

has been formed to study various characteristics of projectile fragments is found to 

have limitation over the angular acceptance. Because of this advantage nuclear 

emulsion has been found to be a useful tool to study those properties which are 

related to the spatial distribution of emitted particles.

The properties of high energy nucleus-nucleus collision vary significantly 

with collision geometry as the energy and momentum transferred in such collision is 

different for different impact parameters. More central collisions involve more 

number of nucleons of both projectile and target nuclei participating in the collision 

resulting in large transfer of energy and momentum from projectile to target nucleus. 

Considering the total charge of the projectile spectator fragments QPf as a measure of 

the degree of centrality of the collision [107,164-166], in the present investigation an 

attempt has been made to find the correlation between Qpf and other multiplicity 

parameters of charged secondaries such as Ns, Nh etc. that are generally taken as a 

measure of collision geometry. It is expected that such studies may throw some light 

on the effect of collision geometry on the multiplicities of secondary charged 

particles emitted from 24Mg-Em interactions at 4.5 AGeV.

In projectile fragmentation process, a projectile spectator, on excitation, 

often splits into several pieces of intermediate mass fragments (IMFs) which span 

the mass-range between alpha particle and fission fragments. It is believed that 

studies on the decay of such excited nuclear system may provide information of the 

nuclear collision dynamics. The sum of all projectile fragments (PFs) with charge 

Zpp > 2, which is also known as bound charge Zb, is related to the size of the excited 

projectile spectator and gives the measure of the mass of the fragmenting system
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[45, 167]. Therefore it should reflect the centrality of the collision and can be used 

as a measure of the impact parameter. Larger Zb values correspond to larger impact 

parameters and to more peripheral collisions. For a given collision system, the size 

of the projectile spectator remnant should be independent of the beam energy 

[3,167]. Different projectile energies lead to different excitations of the spectator 

remnant, and thus, influence its decay, but not the size. It also gives an idea about 

the energy-momentum transferred to the participant part of the colliding nuclei 

[3,23,46,50,167-168]. Correlation between mean number of intermediate mass 

fragments (IMFs) and the mass of the fragmenting system is one of the most 

interesting aspects of studying projectile fragmentation which is studied by different 

workers for various systems at different energies. To have more insight into the role 

of centrality of collisions, in this work an attempt has therefore made to study the 

correlation between <Nimf> and mass of the fragmenting system, Zb

Bialas and Peschanski [82,84-86], introduced the technique of scaled 

factorial moments (SFM), in analyzing heavy ion collision data to extract the 

dynamical fluctuations in the density distributions of particles produced in high 

energy collisions. An increase in the value of SFM with the decrease of width of the 

phase space bin, implies the power law behaviour indicating self-similarity of the 

emission spectrum, which is often termed as intermittency.

The concept of intermittency is in turn intimately connected to the fractal 

geometry of the object under investigation and hence the dynamics of the underlying 

physical process [169]. Fractal geometry allows us to mathematically describe 

systems that are intrinsically irregular at all scales. A fractal structure has the 

property that, if one magnifies a small portion of it, it still shows the same 

complexity as the entire system. Usually the term fractal is used to characterize 

systems with properties of self-similarity in general. If these properties can be 

described by a single exponent, one has a simple or homogeneous fractal, a 

monofractal. In a more complex case, the term multi-fractality is used when 

discussing generalized scaling.
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To understand the underlying physics of hadronization in QGP type phase 

transition, several works have been carried out to study the dynamical fluctuation of 

the produced particle [170-172]. However, only a very few investigations have been 

carried out on the studies of intermittency and fractal structure of the emission 

spectra of fast and slow target associated particles emerging from the target 

spectator [173-175]. No such studies have been so far reported on the studies of 

fluctuation in the spatial distribution of PFs. Projectile fragments have the 

momentum per nucleon almost equal to that of the parent nucleus, so they are 

essentially emitted inside a narrow forward angle around the direction of the beam 

and remain relativistic. Hence unlike the target fragments the heavy fragments of the 

projectile nucleus are very closely spaced having a very small angular separation. It 

has therefore always been a challenging task to study those properties of the 

projectile fragments that are related to the spatial distribution of the fragments. In 

the present investigation an attempt has been made to study the fluctuations in the 

spatial as well as in the size distribution of the projectile fragments in terms of 

Scaled Factorial Moments (SFM) and generalized moments. The results of SFM 

analysis have been extended further to study the non-thermal phase transition in 

nuclear fragmentation.

. The occurrence of a first order phase transition in nuclear matter has been the 

subject of numerous investigations that study the transition from the liquid like 

phase of ordinary nuclear matter to a gaseous phase where the average interparticle 

distance is much larger than the range of interparticle interaction. Associated with 

such a phase transition is a critical temperature above which only the gaseous phase 

can exist. This critical temperature is very interesting in view of experimental results 

from relativistic to ultra relativistic heavy ion reactions. In a finite system like a 

nucleus the contribution of Coulomb and surface energy not only lowers the critical 

point but might even change the order of the phase transition [69-70,75-76]. In the 

multifragmentation of finite nuclei which one of these plays the dominant role is not 

clearly understood yet. A dominant surface energy contribution might make the 

liquid gas phase transition a first order type while the dominant Coulomb energy 

contribution might make the phase transition a 2nd order type.
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In the present investigation an attempt has also been made to realize the 

effect of finite size on the multifragmentation mechanism by studying the ‘rise and 

fall’ pattern of a few traditionally accepted signatures of critical behavior.
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CHAPTER]!

EXPERIMENTAL TECHNIQUES AND 

GENERAL CHARACTERISTICS



2.1 Introduction

Detector plays a very important role in the studies of high energy nucleus- 

nucleus collisions and hence this field of experimental nuclear physics has made 

considerable progress since the time of Rutherford's alpha particle scattering 

experiment with gold. With the availability of more energetic beams the complexity 

of nuclear reaction has been increased manifold with more number of ejectiles and 

hence need for better and better detector system has been felt over the period of 

time. Nuclear emulsion is one such detector. Developed by CF Powel [1], the 

emulsion has been a standard tool to study high energy h-A and A+A collisions 

since 1950s.

Nuclear emulsions are photographic emulsions of very high silver 

concentration that are thickly coated on glass backings. Ionizing particles which 

happen to pass through such emulsions leave behind a number of silver bromide 

crystals that have been so altered that, upon development, they appear as rows of 

black grains of colloidal silver and identify the trajectories of the particles. The more 

strongly ionizing the particles, the more numerous are these grains; and the greater 

their initial energies, the longer the resulting track. Nuclear emulsion was connected 

to many major discoveries in the early days of nuclear and particle physics. It was in 

an emulsion stack brought to high altitude that the pion[2] was discovered. Stacks of 

0.5 mm thick emulsions were also lifted with balloons to very high altitudes to study 

the cosmic radiation. It still remains the detection technique with the best known 

three-dimensional spatial resolution, and zero intrinsic dead time. However its uses 

have gradually been decreased after the development of electronic detectors. 

Contrary to emulsion, electronic detectors offer immediate time correlated readout, 

and digitized output storable to computer accessible media. They serve therefore 

better the needs of most present experiments, which require large statistics of 

accumulated data for prompt and accurate physics result. Recent developments in 

automatic emulsion scanning, have given a renaissance to emulsion as a particle 

detector. Automatic scanning allows for fast extraction of digital information from 

emulsion sheets, after they have been exposed to particle radiation. Not only does it
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make handling of large data sets possible, it also ensures that physics results can be 

produced shortly after the running of the experiment.

2.2 Some features and composition of nuclear emulsion

The nuclear emulsion technique of studying high energy h-A and A+A 

collisions rely mostly on the studies of various parameters of tracks produced along 

the trajectory of charged secondaries. The various information that can be gathered 

from the analysis of such tracks are enlisted herewith:

1. Curvature of a track to measure mass and charge of the charged particle.

2. Counting of the individual tracks is a measure of the number of charged
T

nuclear particles produced in a collision.

3. The study of scattering interaction and production cross-section.

4. An extensive study on the structure of the tracks can lead to the 

determination of the momentum and hence the energy of the particles.

5. The investigation of lifetime and decay gives the characteristics of unstable 

particles.

6. A detailed study of charge and angular distribution of particles leads to the 

identification of some exotic phenomena namely criticality and liquid-gas 

phase transition.

The composition of a standard nuclear research emulsion is presented in the table

2.1.
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Table 2.1 Composition of standard nuclear emulsion

Element Atomic
Number

Atomic
Weight

No. of atoms x 1022
Perce 

of halide
Per g of 
halide

Per g of 
gelatin % 
R.H

Per g of 
water

Ag 47 107.88 2.071 0.32

Br 35 79.916 2.06 0.318

I 53 126.93 4.57 0.018

H 1 1.008 4.58 6.70

C 6 12.00 2.48

N 7 14.008 0.55

0 8 16.000 1.137 3.35

s 16 32.06 0.032

2.2.1 Advantages of using nuclear emulsion as a detector 

The distinctive advantages of nuclear emulsion are :

i) Versatile activity

Nuclear emulsion has the ability to serve the purpose of both detector and 

target in high energy interactions. This advantage of nuclear emulsion increases its 

acceptability over many other detectors. In high energy collision studies, it is often 

instructive to use target nuclei differing immensely in their mass number. Nuclear 

emulsions provide such targets since they contain a light group (H,C,0,N) and a 

heavy group (Ag, Br) of nuclei. Although the separation of events into these two 

group are not, by any means, exact, but still one can get information regarding the 

dependence of the production mechanism on the mass of the target nucleus.

ii) 4n Detectibility

Emulsion covers 4n geometry. It can recognize all the charged particles 

emitted in space in the final state of the high energy nuclear interactions. This
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advantage of emulsion has made it very much useful in studying charged 

secondaries mainly produced particles and projectile fragments which are emitted 

mostly in the extreme forward angle.

iii) The stopping power

Because of the differences in the densities of the media, the stopping power 

in nuclear emulsion is several times higher than that of the cloud-chamber or 

bubble-chamber medium. The times of elapse of the charged particles are higher in 

emulsion compared to that of the other detectors and hence found to he suitable to 

study the decay of various elementary particles.

iv) Sensitivity

The emulsion detector has the sensitivity of registering all the charged 

particles having energies very low upto the relativistic regime. Further the sensitivity 

of the emulsion lasts for more than a week, which helps to record all the charged 

particles within this time span. Hence it is the only tool to study the cosmic ray 

events where the incident beam can be hardly found.

v) Mechanical features

It is most easy to handle because of its size and weight. One of the greatest 

advantages of using this type of detector is that it can record permanently the 

trajectories of the charged particles until and unless it is destroyed completely.

vi) Operating range

Nuclear emulsion has the large operation range with regard to temperature. It 

may be used successively in the temperature ranging from the temperature of the 

liquid helium upto the boiling point of the water [3].

2.2.2 Disadvantages of nuclear emulsion

Though nuclear research emulsions have great advantages of detecting 

various charged particles, yet it has few drawbacks:

1) The sensitivity and thickness are affected by factors like temperature, 

humidity, age of the emulsion, the conditions under which they are 

developed etc.
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2) The tracks are relatively short, at best few mm in length and they must 

have to be studied only under a high power microscope.

4) The manual analysis at the microscope is painstaking and time- 

consuming. Further there is no way to identify the exact target atom in an 

event; one can at best conclude that the target could be a H or C, N, 0 or 

Ag, Br nucleus.

5) Another disadvantage is that they remain always sensitive to ionizing 

particles and there is no method to trigger them by the particles one 

wishes to study, unlike the cloud chambers.

2.3 The characteristics of the photographic process 

2.3.1 Formation of latent image

A photographic emulsion is essentially a dispersion of silver halide crystals 

in a gelatin matrix [1,3-4]. The elements present in the gelatine medium (along with 

plasticizer i.e glycerine) are carbon, nitrogen, oxygen, hydrogen and sulphur. The 

nuclear emulsions are fundamentally the same as general purpose photographic 

emulsions, but have several distinguishing features:

• The silver halide crystals are very uniform in size and sensitivity.

• There are very few crystals that may be developed without exposure to a 

charged particle (very low chemical fog).

• The silver to gelatin ratio is much higher than in a conventional 

emulsion.

When such an emulsion is exposed to relativistic hadron or heavy ion beam 

the incident particle while passing through emulsion may collide one of the nucleus 

of the atom it consisted of. As a result of such collision, a number of charged 

secondaries and radiation will come out of the interaction centre. These ionizing 

charged particles (radiation) on passing through the emulsion modify the silver ion 

of AgBr crystals along its trajectory. These are known as latent image centres, as 

they are not visible until the emulsion is developed. On development all the crystals
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containing a latent image centre are reduced to metallic silver which are easily 

distinguishable because of their black colour. Thus, as a charged particle advances 

through emulsion, it leaves behind a trail of black grains called track. By 

investigating the characteristics of these tracks, ionization produced may be 

determined and information about their charges and velocities can be obtained. The 

tracks in an interaction appear to come out from a single vertex. The recorded 

interaction in emulsion is thus called a star due to its characteristic appearance.

2.3.2 Processing of nuclear emulsion 

2.3.2.1 Development

Photographic development is the process by which the latent image 

contained in an emulsion is made visible by the reduction of silver ions in the silver 

halide crystal to metallic silver. When developing nuclear emulsions, a developer is 

usually chosen which reduces those crystals containing a latent image centre 

completely and leaves those unchanged, not containing a centre. The development 

time used for processing material should be sufficient for those crystals with a latent 

image centre be reduced completely, but not so long that unexposed crystals are 

developed. In practice, a certain number of crystals will be developed even though 

they do not contain a latent image centre. These grains, when developed, constitute 

what is known as fog or background. Developing agents may be divided into two 

main groups, depending on the source of silver ions for reduction. In practice, most 

developers give a combination of the two sorts of development. The first group is 

known as physical developing agents. In physical development, silver ions are 

provided from the solution in the form of a soluble complex. These are deposited on 

the latent image centre and are reduced to metallic silver. This produces spherical 

particles, the precise shape of which is affected by pH. Chemical developing agents 

make up the second group and are more usually chosen when processing nuclear 

emulsions. However, the choice between a physical developer and a chemical 

developer will largely depend on the grain structure required in the processed image. 

In chemical development, silver ions are provided from the silver halide crystal 

containing the latent image centre. The action of a chemical developer produces a 

mass of filaments bearing little resemblance to the original crystal. If silver halide
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solvents such as sulphite are present in a chemical developer, an opportunity exists 

for some physical development to occur. In this case, the filaments in the processed 

plate will be shorter and thicker. Chemical development, like many other chemical 

reactions, is dependent on temperature. In general, development occurs more rapidly 

at higher temperatures - below 10°C development virtually stops. For this reason it 

is important to keep the processing temperature constant during the development, 

otherwise it will not be possible to assess the correct development time. Chemical 

developers are also dependent on pH and will only maintain a given activity within a 

narrow pH range. In general, the less alkaline the environment, the less active the 

developer will be. For this reason, the use of an acid stop bath is often recommended 

at the end of the development. This stops development immediately so that the 

development time can be controlled precisely.

2.3.2.2 Stop bath

After development, the material is transferred to an acid stop bath. This may 

be made up with 0.2-2% acetic acid solution. Like development, stop bath times 

vary with layer thickness. A time of 1 minute will suffice for thinner layers, rising to 

around 10 minutes for a 100 micron layer.

23.2.3 Fixation

The purpose of fixation is to remove all the residual silver halide, leaving the 

metallic silver to form the image. If the silver halide is left in the emulsion, it will 

slowly go brown and degrade the image. The fixing agents most widely used are 

sodium or ammonium thiosulphate, which form thiosulphate complexes with the 

silver halide. Silver thiosulphate is soluble in water and so may be removed from the 

emulsion by washing. It is important to use a fixer which has not been exhausted 

when processing nuclear emulsions; otherwise some silver halide will remain in the 

emulsion. To ensure that it is all removed a fixing time should be used which is 

twice the time it takes for the emulsion to clear [1].

23.2.4 Washing and Drying

After fixation, the emulsion must be washed very thoroughly. This is to 

remove all the silver thiosulphate complexes in the emulsion. If any do remain, they
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will eventually break down, forming silver sulphide which is brown and will 

obscure the image.

After washing, the plates are soaked in a solution of glycerine of strength 2 

to 5% and dried. The glycerine solution is used to prevent the stripping of dried 

emulsion from the glass. The final drying of processed plates may be carried out by 

placing them with the emulsion surface horizontal in a gentle current of air [1],

2.3.3 Calibration of stack

When the emulsion is processed, there occurs a reduction in its volume as the 

silver halide crystals are dissolved by fixer. The ratio of the thickness of the 

emulsion before and after processing is called the shrinkage factor (S) [1]. This 

factor determines the relationship between the geometrical conditions during 

exposure and during observations.

2.3.4 Shrinkage factors

Gelatine and glycerine, both being hygroscopic, the actual equilibrium 

thickness and index of refraction of both the processed and unprocessed emulsion 

depends on the surrounding humidity. Consequently, we defined the shrinkage 

factor[l], S as:

Thickness of emulsion layer during exposure
S= --------------------------------------------------------- (2.1)

Thickness of emulsion layer during scanning

Thus for any quantitative measurement of track densities, range and angles in 

emulsion, the original thickness of the emulsion is to be known. The shrinkage 

factor is generally supplied by the manufacturer of the emulsion plates [5-6].

2.3.5 Emulsion stack and their exposure

Nuclear emulsion pellicles of the type NIKFI-BR-2 and dimensions 
20x10x0.06 cm3 were irradiated parallel to their lengths by a 4.5 A GeV 24Mg beam 

from the JINR synchrophasotron at Dubna.
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2.4 Microscope

In this work, a high magnifying power optical trinocular research microscope 

(Olympus BH-2) was used to magnify and study the particle tracks in nuclear 

emulsion. In general, these microscopes consist of a set of objectives (including an 

oil-immersion one) of different magnifications. A pair of eyepiece (15 x) was used 

to magnify the real image formed by the objective. Disintegration centre’s were 

scrutinized and different parameters of various tracks were recorded under higher 

magnification (1500 x oil immersion) using die same microscope.

2.4.1 Scanning Procedure

The scanning of the emulsion plates are carried out as a part of a planned 

programme in which minimum biased events are identified in a systematic way. The 

two different methods of scanning are generally employed:

i) Area Scanning

In area scanning, the focal surface in the emulsion is swept up and down, 

from the surface of the emulsion to the supporting glass. This is done by rolling the 

fine focus control while observing the events successfully coming into and going out 

of view. Each field of view is scanned through out its depth, from one surface of the 

emulsion to the other. Thus, a definite area (infact the volume) of the plate is 

covered.

Area scanning is employed if the following situations arise:

a) When all the events of certain type in a given volume of emulsion are to 

be found.

b) When a sample of a particular kind of event is required.

c) If the situation demands a representative sample of events.

d) When the number and an unbiased spectrum of events in a given volume 

are to be found.
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But the area scanning will not be a favorable process, for single diffractive 

dissociation events or interactions with H-nuclei.

ii) Along the Track Scanning

If a stack of emulsion is exposed to a beam of particles entering one face in a 

perpendicular direction, and if one intends to study the density and distribution of 

the beam entering the stack, then the procedure for finding tracking of a specified 

type is to traverse each plate parallel to the leading edge and perpendicular to the 

incoming tracks. This type of scanning is known as along the track scanning.

In the present investigation along the track scanning method has been 

employed for identifying the Mg-Em interaction.

2.5 Principle of identification of charged particles using emulsion

A charged particle passing through a photographic emulsion slows down as a 

result of interactions with the atoms of the emulsion along its path. These 

interactions result in a loss of energy of the incident charged particle. The forces 

responsible for this energy loss are electromagnetic involving the electrons of the 

atoms of the emulsion medium. The energy transfer to the medium takes place as a 

result of interactions, which may be elastic (the atom is displaced but its internal 

state remains unchanged) or inelastic (the atom is both displaced as well as excited 

internally). The total rate of loss of energy of a particle of charge Ze moving with a 

velocity P due to interactions while it travels through a medium is given by [4,7-8]:

dE
dx

2nnZ 2 r‘ 2mecip1y1Wt
(In -2P-2CJ (2.2)

Here, r0 = T , the classical radius of electron mec

me = mass of electron

I0 = mean ionization potential

P = relative particle velocity
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T Va-A2)

Wmax = maximum energy imparted to the electron.

C = correction term to be applied at high velocity of the projectile.

The development of grains in the emulsion takes place by the loss of energy 

of a charged particle through the process of ionization while passing through nuclear 

emulsion. The number of grains deposited per unit length of track is defined as grain

dE
density (dn/dx). The grain density has been found to be proportional to to |“^|,

which in turn is related to Z and E (or p) of the charged particle. Experiments have 

shown that as the velocity of a charged particle approaches 4c’, the grain or blob- 

density in its track reaches a minimum value for p = 0.95 and then rises again to a 

nearly constant value for p > 0-.995 [9-12]. The-rise of grain density (g*) above the 

minimum value (g0) as the energy of particle increases due to the longitudinal 

contraction and lateral extension of the field of the moving particle [1] . This leads 

to the excitation and ionization of atoms at increasing distances from the trajectory 

of the particles. In association with the above, the rate of loss of energy (E) increases 

with ~ log E. This increased rate of loss is not reflected in a corresponding increase 

in the grain density, because much of it is dissipated at points outside the core of the 

track. Some of the additional energy loss leads however, to the formation of 

relatively low energy, 8 rays which contributes to the observed limited increase in 

the grain density.

This minimum grain density 4g0’ plays an important role in the identification 

of different charged secondaries emitted from the target nucleus.

Another important parameter for the measurement of charge of particles 

traversing the emulsion medium is the delta rays, which are electrons knocked free 

from atoms by the primary ionizing particle. Delta rays of energy < 5 KeV have 

their tracks so contracted that the mean distance between the origin of 8-rays and its 

point of arrest is covered in such a manner that the 8-ray tracks are tied into knots by
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scattering and are closely confined to a region near the trajectory of the charged 

particle. When the energy of 8-rays increases slightly, their effective range increases 

and the 8-ray electrons escape from the trajectory of parent particle. They make the 

neighboring grains develop in the form of spurs to the particle track and give a 

clearly distinguishable 8-ray track. Thus, the 8-rays having energy < 5 KeV are 

retained in the grains and have a contribution towards ionization but those having a 

greater energy are excluded. For a constant velocity, the 8-ray density is directly 

proportional to the square of the charge of the particle whose track is formed [5].

2.6 Classification of secondaries
2.6.1 The classification of charged secondaries

All the charged secondaries emitted or produced in an interaction are 

classified into the following categories in accordance with their normalized grain 

density g* , defined as g* = g /go, where g is the observed grain density and g0 is 

the minimum number of grains per unit length developed due to a singly charged 

particle, ionaization etc.

(i) Black track producing particles (Nb)

These are mainly the evaporation products (protons) of the remnant of the 

target nucleus and the fragments emitted at the final stage of the nuclear collision 

from the excited target nuclei. They have range L < 3mm from interaction vertex 

from which they originates and g* > 6.0. This ionization range corresponds to 

protons with kinetic energy < 30 MeV and velocity less than 0.3 c. Their 

multiplicity is denoted by Nb.

(ii) Grey track producing particles (Ng)

These are the particles having grain density 1.4 < g* < 6.8 and a range L > 3 

mm in emulsion. These tracks are mostly due to recoil target protons with kinetic 

energies in the range 30-400 MeV and in the velocity range 0.3 < /? < 0.7 with a 

small admixture of slow pions, deuterons, tritons and helium nuclei. Their 

multiplicity is denoted by Ng.
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The black and/or grey tracks together are called the heavily ionizing particles (Nh), 

their multiplicity of which is denoted by Nh =Nb + Ng .

(iii) Shower track producing particles (Ns)

These are the singly charged relativistic particles with grain density g* <1.4, 

corresponding to pion energies above 70 MeV and proton energies above 400 MeV. 

Most of these tracks belong to pions contaminated with small proportions of fast 

protons and ^-mesons and having // > 0.7.

2.6.2 The classification of projectile fragments

The noninteracting (spectator) fragments of the projectile nucleus having 

charge Zpf >1 and having velocity close to the beam velocity, are the tracks which 

lie within the narrow forward narrow cone around the beam direction and their 

ionization remains constant for at least 20 mm from the interaction point.

The forward angle is the angle whose tangent is the ratio between the 

average transverse momentum of the projectile fragments to the longitudinal 

momentum (Pt) of the beam. Taking P] as the beam momentum in AGeV itself, i.e.

I Of-tan ^t/Pbeam) (2-3)

for the present study, Of is found to be equal to 0.2/Pbeam = 3°

The PFs are further classified into three categories

a) Heavy projectile fragments (Nf ): PFs with charge Z > 3

b) Alpha projectile fragments (Na): PFs with charge Z=2

c) Singly charged (Nz =1) relativistic projectile fragments

Since these projectile fragments have velocities nearly equal to the initial 

beam velocity, their specific ionization may be used directly to estimate their charge.
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The total multiplicity of the secondary charged particles (NCh) [13-14] for an 

emulsion event is the sum of all the charged particles that are emitted or produced in 

an interaction.

NCh = Ns + Ng + Nb + Npf ■ (2.4)

2.6.3 Selection criteria for electromagnetic dissociation events

Each event was very carefully examined and qualitatively classified into four 

principal categories [14-15]: (i) central events, (ii) semi-central events, (iii) 

peripheral events and (iv) electromagnetic events. The electromagnetic dissociation 

(ED) events, as described in ref. [14,16], were picked up among the peripheral ones 

with no visible excitation of the target nucleus (Nh = 0) and with an additional 

constraint that the sum of charges of all the PFs with Zpp >1 inside the fragmentation 

cone are always 12 for the 24Mg beam. The contribution of the nuclear peripheral 

events in these samples of the electromagnetic events is effectively minimized 

subject to the requirement that the number of produced shower particles (Ns) in ED 

events <1. According to these stringent selection criteria, the numbers of ED events 

corresponding to the incident beams 24Mg at 4.5 AGeV are estimated to be 77 out of 

the entire sample of data.

The accuracy of the Z determination was always better than 1 unit. This was 

verified by summing up the charge of fragments in events of electromagnetic 

dissociation type [17].

2.6.4 Selection criteria for the type of events

For the present study, we have used the following selection criteria for 

determining the type of events [18-21].

a) Nh < 1: Mg- H interaction

b) 2 < Nh < 5: Mg-CNO interaction (having no short track)

Mg-AgBr interaction (at least one short track)

c) Nh > 8: Mg-AgBr interaction
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d) 6 < Nh < 8: Mg-CNO/AgBr interaction (CNO for no heavy short

track and AgBr for heavy short track)

2.6.5 Charge estimation of Projectile Fragments

The charges of the projectile fragments were estimated by adopting the 

method of ionization measurement. Although different methods are employed to 

estimate the charge of PF’s [1], the fundamental principle is related to ionization in 

some way or the other. For emulsion technique this ionization is related with the 

grain density, i.e., the number of developed grains per unit length. With low 

ionization there is no significant error in the estimation of the grain density. But with 

the increase in grain density, it is not possible to resolve the adjacent grains even 

under a high magnification microscope. In the tracks of heavily charged fragments, 

the grains get clogged to each other to form blobs and thus the counting of 

individual grains become impossible. One then counts the number of developed 

blobs and the gaps between them per unit length as the measure of PF charge

The charge of various PF’s can be measured by adopting a number of 

methods of measurement which are listed below :

a) Grain density.

b) Blob and hole density.

c) lacunarity and opacity [22]

d) 8-ray density and

e) Relative track width measurement.

Since each method has its own limitations, therefore a single method cannot 

be applied to estimate the charge of the PF’s over the entire range. Also, to estimate 

the charge of PF’s with better accuracy, one should not measure a single parameter 

related to the ionization of the track. For the present study therefore, in most of the 

cases, more than one parameter of a particular projectile fragment’s track has been 

measured and made a cross examination of their values before finally assigning the 

charge to that particular PF. Suitable track parameters are being measured for 

different charge range of the PF’s.
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2.7 Measurement Methods
2.7.1 Measurement of grain density

Grain density depends on the particle velocity. So the grain density provides 

means for the estimation of particle velocity.

To measure the developed grains in a track of a charged particle, the most 

obvious method is to count the developed grains in the measured length of the track. 

At low grain densities, the error in such measurements may not be great. But as the 

grain density increases, adjacent grains become irresolvable under the microscope, 

the error in this case is certainly high. Another counting procedure is merely to 

determine the mean linear density B, of resolvable clumps, known as blobs 

consisting of one or more grains. The estimation of the number of blobs in a track is 

equivalent to measuring the number of gaps. So that gap counting and blob counting 

are equivalent terms.

2.7.2 Measurement of dip angle

The dip angle of a particular track ‘8’ can be calculated using the relation:

AZ
tanS = ~y~ (2.5)

where, AZ = the true difference of depth between any two points in the track.

L = length of the projection of the track between these two points.

Since the index of refraction of the emulsion may not be same as the oil used for an 

immersion objective (and certainly will not be same as air when an air objective is 

used), the depth measurement, even using a microscope with linear, accurately 

calibrated focusing motion, may not be correct. If dry objectives are used, the 

apparent depth da will be less than the true depth dt:

dt=!Vda (2.6)

with oil-immersion objectives, however, the da and dt are more or less equal 

because of the close approach of equality of the refractive indices of the immersion
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oils commonly employed (po = 1.52) and the emulsion

dt= M°'dai //D*l (2.7)

The trae angle of dip, A, at the time of the parent particle is given by:

tan A = S tanS = S Az/L = Sp.Az/L (2.8)

S being the shrinkage factor.

2.7.3 Measurement of Space angle

The space angle 0 between two tracks can be estimated by the simple co

ordinate method. If the direction cosines of the tracks are (l,,m,,n,) and 

(l2,m2,n2) then:

Cos 0 = lj 12 + m, m2 + n, n2 (2.9)

Direction cosines of a track can be easily obtained by taking space co

ordinates (x,y,z) of any two points on the track. If (x,,y,,z,) and (x2,y2,z2) are 

the readings of the space coordinates, the directions cosines are given by:

(*, -x2) (2.10)
[(x1-x2)2+(Jl-y2)2+(z1-z2)2]1/2

(yi-y2) (2.11)
[(xl-x2)2+(y1-y2)2+(zl+z2)2]m

(^1 — Z2 )
(2.12)

{{x,-x2f +iyl-y2f +{zx-z2ff2
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2.8 Photo Plate of Mg Events in Emulsion

Few Images of various interactions of 24Mg nuclei with Emulsion targets

Mg-CNO (Peripheral Collision)Mg-AgBr (Peripheral Collision)

Mg-AgBr (Central Collision)
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CHAPTER HI
GENERAL CHARACTERISTICS OF Mg 

PROJECTILE FRAGMENTS: MULTEPLICITY 

& ANGULAR DISTRIBUTION



3.1 Introduction

According to participant spectator model [1] the interacting system in high 

energy nucleus-nucleus collision can be divided into three parts: a target spectator, a 

participant and a projectile spectator. The overlapping part of the two colliding 

nuclei is called the participant, and the non overlapping portions of target and 

projectile nuclei are respectively called the target and projectile spectators. The 

model predicts that violent nucleon-nucleon collisions take place in the participant 

region and weak excitation and cascade collision take place in the spectator parts. 

The participants produce many mesons, nucleons, photons, lepton pairs etc., and the 

spectators break into many nucleons and nuclei. While the produced particles from 

the participant portion are believed to be emitted during the early stage of A+A 

collision, the knocked out protons from the participant portion are supposed to be 

emitted at some later stage. At the last stage of the collision, the spectator portions 

of both the nuclei are de-excited through evaporation or/and fragmentation resulting 

another stage of particle emission. Thus in time scale a relativistic heavy ion 

collision may be viewed as consisting of three different stages of particle production 

and it is therefore quite rational to believe that there might exists some correlation 

between the charged secondaries emitted at different stages from both the participant 

and spectators parts of heavy ion collisions.

The size of the projectile spectator produced in collisions at all energies 

depends strongly on the impact parameter [2]. It is thus essential to sort out the 

collisions according to their centrality. The impact parameter that determines if a 

particular collision would be of central, quasi central or peripheral in nature is not a 

directly measurable quantity; it is thus necessary to find an observable intimately 

correlated with it. The number of particles produced in an interaction, called the 

particle multiplicity is often considered as a good measure of impact parameter. 

Studies on particle multiplicity are important from the point of view that such 

studies are expected to yield significant information about the collision dynamics 

[1,3] and help us to check the predictions of different phenomenological and 

theoretical models used to describe high energy nuclear collisions. Particle 

multiplicity is often used as an important tool for understanding the multiparticle
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production mechanism and the nuclear fragmentation process and also for 

investigating the correlation between the two processes [4]. The Intranuclear 

cascade (INC) calculations [5] confirmed this hypothesis of strong correlation 

between impact parameter and multiplicity of emitted participant nucleons; no better 

correlation could be achieved even with more complicated observables. Even though 

this selection of the centrality by means of the multiplicity gives only a qualitative 

ordering of the collision according to their impact parameter, exclusive 

measurements of relativistic nucleus-nucleus collisions have been most often 

presented as a function of the multiplicity, without trying to get the impact 

parameter.

A number of workers have taken various particle multiplicities such as 

average number of shower tracks <NS>, average number of heavily ionizing track 

<Nh> or the total charge of the projectile spectator fragments QPf as a measure of 

the degree of centrality of the collision or otherwise the impact parameters [6-9]. It 

has also been observed that the number of various charged secondaries produced in 

an interaction depends strongly on the system size and energy of the incident nuclei. 

It would therefore be interesting to look for the correlation between the various 

experimentally observable quantities such as <NS>, <Nh>, QPf etc., that are often 

taken as a measure of collision geometry and how these correlations, if any, vary on 

system sizes.

In the present investigation an attempt has been made to find the correlation 

between QPf and other multiplicity parameters such as Ns, Nh, Ng etc..for 24Mg-Em 

interactions at 4.5 AGeV. The results obtained from 24Mg-Em interaction have been 

compared with the 84Kr-Em interaction at nearly the same energy (0.95A GeV).

In the complex scheme of high energy nucleus-nucleus collisions, projectile 

fragmentation, in general, is a relatively well isolated phenomenon. The 

fragmentation parameters of relativistic heavy ion nuclei provide vital information 

for the solution of many problems in astrophysics, radiation physics and associated 

applications [10]. Projectile fragmentation at high energies has proven to be a 

powerful tool in the production and study of new exotic nuclei [11]. It has become a
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widely used technique for production of Radioactive Ion beams (RIBs) at many 

existing facilities [12].

In projectile fragmentation process, a projectile spectator, on excitation, 

often splits into several pieces of intermediate mass fragments (IMFs) which span 

the mass-range between alpha particle and fission fragments. It is believed that 

studies on the decay of such excited nuclear system may provide information of the 

nuclear collision dynamics. The sum of all projectile fragments (PFs) with charge 

ZPF> 2, which is also known as bound charge Zb, is related to the size of the excited 

projectile spectator and gives the measure of the mass of the fragmenting system 

[13-14]. Therefore it should reflect the centrality of the collision and can be used as 

a measure of the impact parameter. Larger Zb values correspond to larger impact 

parameters and to more peripheral collisions. The size of the projectile spectator 

remnant is a measure of the geometry of the collision, and therefore, for a given 

collision system, it should be independent of the beam energy [14-15]. Different 

projectile energies lead to different excitations of the spectator remnant, and thus, 

influence its decay, but not the size. It also gives an idea about the energy- 

momentum transferred to the participant part of the colliding nuclei [13-21]. 

Correlation between mean number of intermediate mass fragments (IMFs) and the 

mass of the fragmenting system is one of the most interesting aspects of studying 

projectile fragmentation and is being studied by different workers for various 

systems at different energies. To have more insight into the role played by size of 

the projectile remnant on the production of intermediate mass fragments, in this 

work an attempt is therefore made to study the correlation between <Nimf> and mass 

of the fragmenting system, Zb of incident Mg nuclei.

Further, studies on the angular distributions of projectile and target 

fragments are also important to understand the various collective effects such as side 

splash, bounce-off effect, transverse flow, etc. [22-26]. In this work, an attempt has 

also been made to study the angular distribution of various projectile fragments 
emitted from 24Mg-Em interactions at 4.5 AGeV.
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3.2 Results and Discussion
3.2.1 Multiplicity Distribution
3.2.1.1 Dependence of mean multiplicity on Ap

The mean multiplicity of all the projectile fragments for the entire data 

sample of present investigation on 24Mg-Em interactions at 4.5 AGeV is found to be 

2.76 ± 0.37. The mean multiplicities of projectile fragments with Zpp = 1, Zpf = 2 

and Zpf > 3 are found to be 1.57 ± 0.1, 0.89 ± 0.09 and 0.47 ± 0.11 respectively. 

Table 3.1 presents the mean multiplicities of different charged projectile fragments 

for the present work and compares the results with the results of other workers. It 

can be readily seen from this table that at about same energy the multiplicity of 

various charged projectile fragments increases with increase of size of the projectile. 

The results obtained from the present investigation are found to be consistent with 

such observations.

Table. 3.1 The average multiplicities of the different charged projectile 

fragments in 22Ne, 24Mg and 28Si beams with the interaction of emulsion at 3.7 

AGeV and 4.5 AGeV.

Fragments 
charge Z

Projectile nucleus Em Reference
22___

1.36±0.02 [27]
1 24Mg 1.61±0.04 [6]

24Mg (4.5 AGeV) 1.57±0.01 [Pw]
28Si 1.53±0.05 [28]

22Ne 0.82±0.02 [27]
2 24Mg 0.86±0.03 [6]

24Mg (4.5 AGeV) 0.89±0.09 [Pw]
28si 1.06±0.03 [28]

22Ne
>3 24Mg 0.48±0.01 [27]

24Mg (4.5 AGeV) 0.49±0.03 [6]
28Si 0.47±0.11 [Pw]

0.49±0.02 ____ [28]____

As the mean multiplicities of various charged projectile fragments are found 

to vary with the mass (size) of the incident nucleus, in Fig. 3.1 the mean
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multiplicities of the various charged projectile fragments are therefore plotted as a 

function of projectile mass number Ap. The mean multiplicities of projectile 

fragments having Zpp = 1, Zpf = 2 and ZPp > 3 are denoted-by <NP>, <Na> and <Nf> 

respectively.

Fig. 3.1 The mean multiplicity of PFs <Np as a function of the projectile mass 

number Ap in the interactions of various projectile with Em nuclei

The straight lines shown in the figure are the best fitted lines for the 

experimental data points with R2 values equal to 0.986, 0.969 and 0.994 for the 

variations of < Np>, < Na> and <Nf> respectively. It could be readily seen from this 

plot that the correlation between the yield of < Na> and < Nf> with Ap is weaker 

than that of <NP>, thereby indicating a stronger dependence of the mean multiplicity 

of the singly charged projectile fragments on the projectile mass. This observation 

supports the result obtained by S. Fakhraddin and M. A. Rahim [29] for the 

interactions of different projectiles with emulsion at 4.1-4.5 AGeV. Such 

observations have also been supported by M.A. Jilany [6] for the studies on 24Mg-
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AgBr interactions at 3.7A GeV and for 160-AgBr interactions at 3.7A GeV by C. R. 

Meng et al. [30].

The increase in the mean multiplicity of Zpf = 2 with the increase of 

projectile mass may be due to the fact that in case of a large projectile, on the 

average a large portion of the incident nucleus remains out side the overlapping 

region resulting a large projectile spectator to disintegrate.

3.2.1.2 Multiplicity distribution of projectile fragments

The multiplicity distribution of various projectile fragments emitted from 

24Mg-Em interactions at 4.5 AGeV is shown in Fig. 3.2. The black line is the fitted 

curve of the distribution with a Poisson function. The calculated standard deviation 

of the distribution is found to be 1.306 ± 0.46.
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Fig. 3.2 Variation of normalized multiplicity of projectile fragments for Mg-Em 

interactions at 4.5 AGeV.
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The width of the distribution at half maximum is 3.5 ± 0.30 with the tail 

extending up to 7. The figure indicates that most of the events in the data sample 

have 3 to 4 projectile fragments. On the other hand, the results obtained by Jain et al. 
[31] in case of 238U-Em interactions at 0.96 AGeV showed that most of the events 

have multiplicity equal to 9. In comparison to present results on 24Mg-Em 

interaction, the distribution of 84Kr-AgBr [32], 238U-Em interactions has longer tail 

and a larger width. This is probably due to the fact that a heavier beam breaks up 

into a large number of fragments with various charges resulting in increased 

multiplicity of projectile fragments.

3.2.1.3 Multiplicity distribution of Zpf = 1,2 and > 3 projectile fragments

The studies of multiplicity distribution of projectile fragments are important 

for investigating the underlying mechanism of nuclear fragmentation [25], Most 

significantly, the helium projectile fragments produced from various heavy ion 

beams at different energies have been studied extensively during the last one and 

half decade [25, 33-40]. These studies have revealed that the multiplicity 

distributions of alpha fragments obey a universal scaling law and that the transverse 

momenta distributions can be explained by two or three different emission sources at 

different temperatures. Present studies on 24Mg-Em interactions are expected to 

provide some more information on the fragmentation mechanism of the projectile 

nucleus into helium fragments at Dubna energy.

The distributions of Zpf =1,2 and > 3 projectile fragments are shown in Figs.

3.3 to 3.5 taking the total ensemble of minimum biased events. Multiplicities for 

projectile Nz >1 with Zpf > 5 were not observed, i.e. the cross-section for 

fragmentation of 24Mg in emulsion into two pieces each of Zpf = 5 or 6 is smaller 

than 5.8 x 10"4 of the total inelastic cross-section [41].

63



0.5-,

0.4-

0.3-

Za 0.2-

0.1

0.0-I

-0.1

f
~i—.—|-
1 2

T
3

N p

T
4

-t—•—i—■

5 6

Fig. 3.3 Normalized multiplicity of Zpp =1 projectile fragments.

64



0.8-

0.6-

0.4-

Q.

0.2-

II

0.0-

1---- <---- r
0 1 2

T
4

i
5

Fig. 3.4 Normalized multiplicity of Zpf =2 projectile fragments.
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It is quite evident from the Fig. 3.4 that, for the present study, most of the 

events in the data sample have no Zpp = 2 projectile. In case of interactions of 4.5 A 

GeV 12C, 160 and 28Si and 4.1 AGeV 22Ne projectiles with AgBr nuclei also, most of 

the events in the data sample were found to have no Zpp = 2 projectile fragments 

[29]. Similar results were also reported by other workers where most of the events 

do not have any Zpp = 2 projectile fragments [29, 36, 42-44]. On the other hand, the 

results obtained by M.L. Cherry et al. [45] on 197Au-AgBr interactions at 10.7 AGeV 

reveal that most of the events in the data sample have four Zpp = 2 projectile 

fragments. Thus, it appears that a larger mass of the projectile nucleus results in the 

emission of a larger number of Zpp = 2 projectile fragments. It is therefore evident 

that the fragmentation mechanism differs considerably in smaller and larger mass 

systems.

In a similar way, from the Fig. 3.5 it is clear that the occurrence of Zpp > 3 

projectile fragments is zero in most of the events of the entire sample of data of this 

work. M.L. Cherry et al. [45] and P.L. Jain et al. [46] have found the mode of the 

multiplicity distribution of Zpp > 3 projectile fragments at 1 for 10.6 AGeV Au- 

AgBr and 1 AGeV 238U-Em interactions respectively. It is also interesting to note 

that the probability of occurrence of events having Nf = 0 decreases with increasing 

mass number of the projectile. Similar results were also reported by other workers 

such as A.El-Naghy et al. [47] and also by T.Ahmed and M. Irfan [48] in case of
ORSi-Em interactions at 4.5 AGeV and comparing their results with the 

corresponding distributions for 24Mg-Em interactions and 12C-Em interactions [49] 

respectively at the same incident energy. Such studies show that heavy beams rarely 

yield events having no heavier fragments.

Thus the probability of projectile multifragmentation (events having two or 

more fragments with Zpf > 3) has been found to increase as we go from 24Mg to 

238U.

3.2.2 Multiplicity correlations

As mentioned earlier, the total charge QPf of the projectile spectator 

fragments can be related to the impact parameter or the degree of centrality of the
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collisions. The events with small QPf (i.e. QPf < 2) are considered as central 

collisions, where the participant part is large and large numbers of projectile and 

target nucleons actually take part in the reaction. On the other hand, events having 

large QPf (i.e. QPf ~ Qbeam) are considered as peripheral collisions with very few 

nucleons participating in the reaction. Those collisions lying in between central & 

peripheral collisions are called quasi-central collisions.

The variation of multiplicity distribution of produced particles, which is also 

considered as the degree of centrality of collision, with QPf is presented in Fig. 

3.6(a) for 24Mg-Em interactions at 4.5 AGeV. The results obtained are compared 

with the results of 84Kr-Em interaction at 0.95 A GeV (GU Group) [32] and is 

shown in Fig. 3.6(b). From these plots it is found that, for both the systems, the 

mean number of produced particles decreases exponentially with the increase of QPf 

showing strong correlation between <NS> and QPf. Similar results have been 

reported by M El-Nadi et al. [50] for 28Si-Em interactions at 14.6 AGeV.

Fig. 3.6(a) Variation of <Np* with QPf for Mg-Em interactions.
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Fig. 3.6(b) Variation of <iYs> with Qpf for Mg-Em and Kr-Em interactions.

The number of grey tracks Ng produced by the knocked out proton is often 

considered as a measure of violent nucleon-nucleon collision.

In Fig. 3.7(a), the variation of <Ng> is plotted as a function of QPf for 24Mg- 

Em interactions. From this plot it is observed that the yield of fast target associated 

protons decreases exponentially with QPf. However a linear variation of <Ng> with 

QPf for 84Kr-Em interactions [32] at 0.95 AGeV is readily evident from Fig. 3.7(b). 

Similar linear negative correlation have been reported by M.I Adomovich et al. [51] 

and Fu Hu Liu [52] for I60-Em and 28Si-Em interaction respectively at 3.7 AGeV 

and also by Keasnov et al. [8] for 84Kr-Em interactions at 0.95 AGeV. M El- Nadi 

et al. have also reported a decrease in the mean number of fast protons with the 
increase of QPf for 28Si-Em interaction at 14.6 AGeV [50],
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Fig. 3.7(a) Variation of <Ng> with QPf for Mg-Em interactions.

Fig. 3.7(b) Variation of <iVg> with QPf for Mg-Em and Kr-Em interactions.
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The number of black tracks Nb produced by evaporated particles or 

fragments emitted at the last stage of heavy ion collision are considered to be 

measure of excitation energy of the target spectator.

The dependence of <Nb> on QPf for Mg-Em interaction of the present work 

and for Kr-Em interaction of earlier GU group [32] work have been presented in 

Figs. 3.8(a) and 3.8(b) respectively. It is interesting to note from these plots that 

while in case of Mg-Em interactions there exists a strong negative correlation 

between <Nb> and QPf; for Kr-Em interaction the correlation is absent or extremely 

weak indicating that nearly same amount of excitation energy was deposited to the 

residual target nucleus, irrespective of the degree of centrality of collision. The 

excess energy that might have been pumped into the system due to increased 

nucleon-nucleon interactions in central collision of heavy projectile is being used up 

in the production of new particles [8, 51-53].

Fig. 3.8(a) Variation of <iV*> with QPf for Mg-Em interactions.
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Fig. 3.8(b) Variation of <Nb> with QPf for Mg-Em and Kr-Em interactions.

The number of heavily ionizing tracks Nh (=Ng+ Nb) produced mostly by 

fast and slow protons and fragments of target spectator is often considered as a 

measure of degree of centrality of collision. Thus it is expected that there should 

exists some correlation between Nh and QPf.

The correlation between <Nh> and QPf for the present investigation is shown 

in Fig. 3.9(a). It is observed that with the increase of QPf, the mean number of 

heavily ionizing particles decreases exponentially in case of 24Mg-Em showing 

strong co-relation with QPf. A linear dependence of <Nh> on QPf that has been 

observed for Kr-Em interaction at 0.95 AGeV is shown in Fig. 3.9(b). Similar 

results have been reported by M. E. Solite et al. [53] for 24Mg-Em and Fu Hu Liu 

[52] for ^Kr-Em interactions.
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3.2.3 Influence of mass of the fragmenting system on projectile

multifragmentation

In the study of projectile multifragmentation, Zb is considered to be one of 

the important observables. It is the sum of all projectile fragments with charge Zpf 

> 2, which is also known as bound charge and gives the measure of the mass of the 

fragmenting system. Correlation between mean number of intermediate mass 

fragments (IMFs) and Zb is one of the most interesting aspects of studying projectile 

multifragmentation that has been studied by different workers for various systems at 

different energies [13].

The variation of <Nimf> on the mass of the fragmenting system is shown in 

Fig. 3.10(a) for Mg-Em interactions. Fig. 3.10(b) represents the same plot 

comparing the result of the present investigation -with the lightest projectile system 

with the results reported by other workers for other heavier projectiles. It can be 

readily seen that for the present Mg-Em work the maximum value of < Nimf > 

corresponds to the value of Zb = 6-7. The value of bound charge corresponding to 

the maximum value of average number of intermediate mass fragments 

systematically increases with the increase of mass of the projectile. Thus the result 

of present investigation on the dependence of < Nimf > on Zb is found to be 

consistent with the results reported by ALADIN and KLMM group [13,15-16].
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Fig. 3.10(a) Variation of <Nimf> with Zb for Mg-Em interactions.

Fig. 3.10(b) Variation of <Nimf> with Zb for the works of different groups.
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To examine the size effect, the variation of <Nimf> on Zb normalized with 

the projectile charge Zp, is plotted in the Fig. 3.10(c). The peaking behaviour of all 

the systems in the figure indicates a clear size effect for the studied system. It can be 

readily seen from this plot that for all the studied systems, the maximum value of 

<Nimf> corresponds to the same Zb / Zp value indicating a clear evidence of system 

size effect on the average number of emitted intermediate mass fragments.

Fig. 3.10(c) Variation of <Nimf> on Zb normalized with the projectile charge Zp.

3.2.4 Spatial distribution of projectile fragments

As mentioned earlier nuclear emulsion provide best spatial resolution than 

any other detector used in experimental high energy physics. Moreover it has the 

advantage of detecting charged secondaries that might have been emitted even in the 

extreme forward direction (0° acceptance). Because of these features of emulsion it 

has been found extremely useful to study the spatial distribution of those charged 

particle such as PFs that are emitted in the extreme forward angle.
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3.2.4.1 Angular distribution of Zpp = 1 projectile fragments

The normalized angular distribution of the Zpf = 1 projectile fragments is 

shown in Fig. 3.11 and is fitted with a Gaussian function.

The centre and width at half maximum of the fitted Gaussian distribution are 

found to be 1.41 ± 0.06 and 1.30 ± 0.16 respectively. In case of 28Si-Em interactions 

at 4.5 AGeV [47] it was reported that most of the singly charged projectile 

fragments were emitted in a narrow forward cone peaking at 0.9°.

3.2.4.2 Angular distribution of Zpp = 2 projectile fragments

Fig. 3.12 represents the angular distribution of 4He projectile fragments and 

shows that most of the fast alpha fragments are emitted at an angle 1- 2°. The peak 

of the fitted distribution is found to be at 1.10 ± 0.04 and the characteristic width is 

0.815 ±0.09.

The centre and characteristic width at half maximum of the fitted distribution 

as reported by V. Singh [54] for 0.95 AGeV 84Kr-Em interactions were found to be 

1.09° ± 0.18° and 3.73 ± 0.33° respectively. On the other hand, for 28Si-Em 

interactions at 4.5 AGeV [47], it was reported that most of the doubly charged 

projectile fragments were emitted in a narrow forward cone peaking at 0.6°. The 

results of R. Bhanja et al. [55] on 14N-Em interactions at 2.1 AGeV reveal that the 

emission angle of most of the helium projectile fragments is 0°. Clearly there lies 

inconsistency in the results of emission angles of fast projectile fragments with Zpf = 

2 and such discrepancy may be attributed to the inaccuracy of various measuring 

techniques.

3.2.4.3 Angular distribution of Zpf > 3 projectile fragments

The angular distribution of Zpp > 3 projectile fragments is plotted in Fig. 3.13 

and the distribution is fitted with a Gaussian function.

It is observed that most of the heavier projectile fragments are confined to a 

narrow forward cone 0.973° ± 0.07° and the characteristic width of the distribution 

at half maximum is found to be 0.703° ± 0.22°. In case of 84Kr-Em interactions at
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0.95 AGeV it was reported in ref. [54], that most of the heavier projectile fragments 

were confined to a narrow forward cone peaking at 0°, having a characteristic width 

at half maximum of ~ 1°. In case of 28Si-Em interactions at 4.5 AGeV [47] it was 

observed that most of the heavy projectile fragments were emitted in a narrow 

forward cone peaking at 0.2°.

From all the above discussions it may therefore be inferred that the width of 

the distribution at half maximum decreases with the increase of the charge of the 

projectile fragments. This result is found to be consistent with the result reported by 

A. El-Naghy et al. [47] for 28Si-Em interactions at 4.5 AGeV.

It is further observed from these figures that with the increase of the charge 

of the PFs, the peaks of the fitted distributions shift towards lower 0pp value 

indicating that most of the heavier PFs are emitted at narrow forward angle than that 

of lighter ones.

The standard deviations of projected angular distributions of all the projectile 

fragments for different systems in emulsion as discussed above is listed in table 3.2.

Table. 3.2 Standard deviations of projected angular distributions of projectile 

fragments for different systems in emulsion.

Reaction

Channel

II ZpF=2 Zpf>3 Energy in

AGeV

Reference

12C-Em 1.3 ±0.09 0.54 ± 0.02 0.33 ± 0.02 4.5 56

i4Mg-Em 1.41 ±0.06 1.10 ±0.04 0.97 ±0.07 4.5 PW

28Si-Em 1.26 ±0.106 0.77 ± 0.024 0.29 ± 0.03 4.5 47

84Kr-Em 1.73 ±0.043 1.44 ± 0.14 0.71 ± 0.07 0.95 32
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CHAPTER IV

AND
MULHFRACTALITY

IN THE FRAGMENTATION OF Mg 

PROJECTILE NUCLEI



4.1 Introduction

Nucleus-nucleus collisions at intermediate energy offer various possibilities 

to produce hot nuclei which often undergo break-up into smaller pieces having 

charges Zpp > 2, resulting nuclear multifragmentation, where the excitation energy is 

near the binding energy. Within this region lies the possibility of seeing a phase 

transition and critical phenomena in the nuclear matter limit. One of the most 

important challenges of heavy ion physics is the identification and characterization 

of nuclear liquid-gas phase transition believed to be the underlying mechanism of 

nuclear multifragmentation process [1-2]. The striking characteristics of the systems 

undergoing continuous phase transition that might have taken place in the final stage 

of fragmentation of heavy ion collisions are believed to be the occurrences of 

fluctuations of the fragments charge (mass) distribution, that exist on all length 

scales in a small range of the control parameter. Such fluctuation may diverse or 

even tend to vanish near some critical value of the control parameter. A number of 

works on multifragmenting system at low energy ~ 1 AGeV [3-7] over all impact 

parameters exhibited large scale fluctuations. In the study of heavy ion collision, 

numerous techniques have been developed to analyze the fluctuations and the 

correlations for various physical quantities. In particular, one of the most powerful 

and promising possibilities seems to be the analysis of event-by-event data in terms 

of intermittency which is a statistical concept initially developed to study turbulent 

flows [8-9]. Intermittency in physical systems is studied by examining the scaling 

properties of the moments of the distributions of relevant variables over a range of 

scales. Bialas and Peschanski first introduced the concept of intermittency to the 

study of dynamical fluctuations in the density distributions of particles produced in 

high energy collisions. To examine the intermittent pattern of fluctuations Bialas and 

Peschanski proposed the method of estimation of scaled factorial moments which 

has the advantage of quantifying dynamical fluctuations without the spurious 

influence of statistical fluctuations [8,10-12].

To understand the underlying physics of hadronization in QGP-hadron type 

phase transition, several works have been subsequently carried out to study the 

dynamical fluctuation of the prduced particles using SFM technique. There exists
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an abundant evidence of power law behaviour of produced particles in experimental 

data of e+e- annihilation [13-15], muon-hadron [16-17], hadron-nucleus [18-19], 

and nucleus-nucleus collision [18-22]. Later the technique of scaled factorial 

moment was also applied to study non-statistical fluctuations in the emission process 

of slow and fast target fragments. The investigations have been carried out with 

160-AgBr (2.1 AGeV), 160-AgBr (60 AGeV), 32S-AgBr (200 AGeV), 28Si-AgBr 

(14.5 AGeV), 24Mg-AgBr (4.5 AGeV) [23-27]. All these analyses show the presence 

of intermittent type of fluctuations in the emission of slow target fragments.

However, no such studies have been reported so far regarding the spatial 

distribution of projectile fragments. Projectile fragments have the momentum per 

nucleon almost equal to that of the parent nucleus and hence they are essentially 

emitted inside a narrow forward angle around the direction of the incident beam and 

remain relativistic. Hence unlike the target fragments, the heavy fragments of the 

projectile nucleus are very closely spaced having a very small angular separation. It 

has therefore always been a challenging task to study any such physical quantity that 

is related to the spatial distribution of the PFs. To understand thoroughly the 

complicated mechanism of heavy ion collision one has to take into account how the 

produced particles as well as the fragments of both TFs and PFs coming out of an 

interaction are distributed in phase space.

In general, the constituents of the spectator part of the projectile as well as 

the spectator part of the target'Can be well separated at energies like this work. But 

the experimental work on high energy A-A collisions carried out with electronic 

detectors to study PFs have limited coverage in the pseudo rapidity range. Nuclear 

emulsion on the other hand is a global A% detector and has the best spatial resolution 

(O.lmrad) among all the detectors currently in use in experimental high energy 

physics [28-29]. Even the largest collaboration [30] that has been formed to study 

different characteristics of projectile fragments with active detectors has reported 

their limitation over the angular acceptance. Because of this advantage nuclear 

emulsion has been found to be a useful tool particularly to study those properties 

which are related to the spatial distribution of emitted particle. Intermitteney in the 

high energy A- A collisions is one such property. In this work an attempt has been
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made to study the emission spectra of projectile fragments in the light of 

intermittency (self similarity).

The concept of intermittency is in turn intimately connected to the fractal 

geometry of the object under investigation and hence the dynamics of the underlying 

physical process [31]. Mandelbrot [32], the pioneer, showed a new way of looking 

into the world of apparent irregularities or fractals. Fractal geometry allows us to 

mathematically describe systems that are intrinsically irregular at all scales. A fractal 

structure has the property that, if one magnifies a small portion of it, it still shows 

the same complexity as the entire system. Such behaviour of fractals is called ‘scale 

symmetry’. Usually the term fractal is used to characterize systems with properties 

of self-similarity in general. If these properties can be described by a single 

exponent, one has a simple or homogeneous fractal, a monofractal. In a more 

complex case, the term multi-fractality is used when discussing generalized scaling. 

The most notable property of fractals is their dimensions. A formalism for treating 

fractal dimension and its generalization had already been developed and has been 

applied effectively to the study of intermittent behavior in turbulent fluid. The 

intermittency exponent <J>q characterizes the fractal structure of the distribution via 

the anomalous fractal dimensions dq as dq = <|>q /(q - 1)), where q is the order of the 

moment. The anomalous fractal dimensions describe how the distribution changes 

with increasing resolution and reflect the fractal and multifractal structure of particle 

emission.

As mentioned earlier, there are phenomenological hints for intermittent 

behavior in the emission pattern of charged secondaries emitted from high energy 

nuclear collisions. It was Carruthers and Ming [33] who, possibly for the first time, 

investigated the fractal dimension in hadronic multiparticle production. Later 

Dremin [34] suggested the study of correlation dimension; Lipa and Buschbeck [35] 

considered other generalized dimensions. Hwa [36-37] then pointed out that in none 

of the above mentioned investigations a formalism could be developed for a 

systematic study of the fractal properties that can provide an effective means of 

describing a highly non-uniform rapidity distribution of produced particles. He then 

identified a new set of moment, called generalized moment, Gq that can be
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determined from particle multiplicities in narrow rapidity windows and drew some 

important inference on the nature of the dimensions Dq that are generalizations of 

the fractal dimensions for multifractal sets. Hwa also discussed the general 

properties of the spectrum of scaling indices and indicated how it can provide an 

effective means of describing a highly non-uniform rapidity distribution.

Here in this chapter an attempt has been made to interpret the observed 

power law dependence of normalized factorial moments on the phase space bin size, 

which is a signature of the self similarity in fluctuation pattern of particle 

multiplicity, in terms of fractal geometry.

Meanwhile, Satz and coworkers [38-39] studied the moments of the 

distribution of the size of spin clusters in the two-dimensional Ising model and 

found that intermittency occurs around and can be associated with the critical point 

of that system. In particular, they point to the usefulness of the (factorial) moments 

as a method for studying fragmentation or decay mechanisms [40].

Later Ploszajczak and Tucholski first introduced the SFM analysis for the 

study of dynamical fluctuations in fragment size distributions [3, 41-43] in the 

break-up of high energy nuclei in the nuclear emulsion. They studied the break-up of 
197Au nuclei at around 1 GeV/nucleon, and showed that the factorial moments of the 

charge distribution of the fragments increased like a power law with the increasing 

charge resolution, thus exhibiting the property of self similarity or otherwise the 

intermittency and concluded that the study of intermittency in nuclear fragmentation 

is relevant in the search for critical phenomena. Thus, it has been believed that 

cluster size distributions are intermittent at the critical point. A similar analysis, 

confirming the existence of intermittency in nuclear fragmentation, was later applied 

to the break-up of U and Xe nuclei with energies a few GeV/nucleon [4-9]. In 

this work an attempt has also therefore been made to study the possible signature of 

non thermal phase transition in the light of intermittency and self similarity in spatial 

as well as in the fragments charge distribution for 4.5 AGeV minimum biased 24Mg- 

Em interactions.
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4.2 Mathematical formalism for intermittency analysis

Before presenting the details of the method of analysis related to the 

estimation of SFM one important technical difficulty in studying this parameter 

should be addressed.

In the study of the fluctuation in phase space variable, scaled factorial 

moments are estimated following two techniques - one, called horizontal averaging, 

takes into account the non-statistical part of fluctuation in spatial distribution of 

particles in an event while the other, called vertical averaging, characterizes 

dynamical fluctuation in event space. The technique of vertical averaging has the 

limitation of losing information about the fluctuation in spatial distribution in an 

event. The method of horizontal averaging though takes into account fluctuations in 

density distribution in phase space in an event, has the limitation of its dependence 

on the shape of the single particle density distribution spectrum and therefore needs 

to be corrected by a factor called Fialkowski factor [44] to make it shape 

independent [44-45]. However, the shape dependence of the horizontally averaged 

scaled factorial moments can also be eliminated by converting single particle density 

distribution spectrum from t\ (cos 0) space to a distribution in x(tf), where x(*l) is a 

new cumulative variable [35,45-47] defined as:

•7

X (v ) (4.1)*7 max

In the above equation, the numerator corresponds to the total number of PFs 

which have r| values less than or equal to a particular value of t| and the denominator 

corresponds to the total number of PFs in the entire sample of data. Obviously, the 

new variable x(q) should vary from 0 to +1.
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4.2.1 Horizontally scaled factorial moment

Following the technique of Bialas and Peschanski [8,10] in the study of 

intermittency, the pseudorapidity interval Ar) is divided into M bins of equal size, 

8r| = Arj/M.

Let nm be the number of particles in the m111 bin, where m can take the values 

from 1 to M.

For a single event, the qth order scaled factorial moment is defined as [8,10]:

p - m q-x f Hm ~ ^.............................................................(jlm ~g + V)
q n(n-\)................(n-q +1)

(4.2)

where n is the total number of particles in the event in the pseudorapidity interval, 

and M is the number of bins in which %(q)) space is divided into bins of equal size:

d% = •z*
M M

(4.3)

M

Here, « = 2X

For an ensemble of events having varying multiplicities, the expression for 

scaled factorial moment is modified as [48]:

-1)......... (”,-g + l)
<n>q

(4.4)

Here, <n> represents the mean multiplicity of projectile fragments of the population 

in the full %(tj) space and is defined as:

1
<n>= NeV i=l

(4.5)
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On averaging over the number of events in the data sample, the horizontally 

averaged normalized or scaled factorial moments is expressed by the following 

relation:

1 1 A
<F> = —-— < — Vnm(n -1)------(n -q-l)>

q < n >q Mti (4.6)

where 1 M
n = —Y\nn

Now dividing %(tj) space into M bins one can find out the values of <Fq > 

and plot them for different values of M.

4.2.2 Vertical scaled factorial moments

The vertical scaled factorial moments are defined by the relation:

i M
fv= — y

* M %
nm(nm~l)..... (nm-q +1)

< n„ >H (4.7)

On averaging over all the events in the data sample we get the vertically 

averaged normalized or scaled factorial moment of q411 order which is given by:

<f;> = J_ y_L Ynm(nm -1)... (nm -g + 1)
M £{ NeV ^ < nm >q (4.8)

1 N'V

where, <nm > = E nm
^ eV /=1

is the average multiplicity of the mth bin over the whole data sample comprising the 

number of events, Nev.

It has been shown by Bialas and Peshanski that for purely statistical 

fluctuations <Fq> is essentially independent of the bin size or the number of bins
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M. However for the presence of any dynamical contribution to the fluctuation, the 

scaled factorial moment should follow a power law of the form F qc M*'.

Thus a linear plot of In < Fq > against In M with positive slope confirms self

similar pattern in the emission spectra of the projectile fragments. The positive 

exponents, <j>q, referred to as intermittency indices, characterize the strength of the 

intermittency signal.

The intermittency indices can be obtained from the asymptotic behaviour 

represented by:

Ain < Fq > 
Ain M (4.9)

The power law behavior of the scaled factorial moments is envisaged [48-49] 

to be due to the fractal nature of the multi-particle spectra. Lipa and Buschbeck [35] 

have correlated the scaling behaviour of the factorial moments to the physics of 

fractal and multifractal objects through the relation:

dq =
(q-1)

(4.10)

where dq is called the anomalous dimension. It is used for the description of 

the fractal objects. Thus, using the above relation, the anomalous dimension dq, can 

be calculated directly from the intermittency index <J)q. The order independence of dq 

indicates monofractal behaviour of multiparticle spectra, whereas an increase of dq 

with q indicates the presence of multifractality in the emission spectrum.

4.3 Mathematical formalism for fractal and multifractal analysis

The self similarity observed in the power law dependence of scaled factorial 

moments reveals a connection between intermittency and fractality. The particle 

number density in each phase space bin depends on whether the resolution of the 

binning is larger or smaller than the angular separation between neighboring 

particles [50]. It has been found that if the resolution is of the order of the average
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separation of two neighboring particles in the phase space, then the binning of the 

phase space with that resolution may result in some empty bins. Considering the 

empty bins in the distribution are analogous to the holes then the set of non-empty 

bins would form a fractal set [50].

In fractal approach, it has been suggested that the nuclear interactions can be 

treated as geometrical objects with non-integer dimensions. Out of various methods 

that have been proposed to investigate the fractal structure, Hwa [36] was the first to 

provide the idea of the generalized multifractal moments Gq to study the 

multifractality and self-similarity in. multiparticle production. If the particle 

production process exhibits self-similar behavior, then a modified form of Gq 

moment in terms of step function [37] shows the remarkable power law dependence 

on phase space bin size.

With this concept of fractality, the fractal moments Gq have been defined to 

evaluate parameters which characterize the fractal properties.

In this approach, as mentioned earlier, a given pseudorapidity interval in an 

event, ^X ~ Jmax ~ Xmm is divided into ‘M’ bins of equal size:

(4.11)

thIf nm denotes the number of particles in the m bin, and if non empty bins 

are also included, then ‘m’ would run from 1 to M. The total number of particles in 

an event is calculated using the following relation:

M

(4.12)
m-\

The fraction of particles in the mth bin is given by, pm = nm/n. The quantity 

pm is a small number and fluctuates distinctly from bin to bin. The multifractal 

moment Gq introduced by Hwa is now defined [36, 50] as:
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(4.13)G q

M
Z (p»)
m=1

q

where the summation is carried out over all the non empty bins only which 

constitute a fractal set and q is the order of the moment. Because of the very nature 

of the formulation of Gq, i.e., summation over non empty bins only, the fractal 

moments can be calculated for any positive or negative integral or non integral order 

(value of q) and thus may take a dominant role over other multiplicity moments in 

revealing the dynamics of multiparticle production through the study of fluctuations 

in the density of produced particles. When averaged over all the events in a data 

sample in which the total number of events is Nev, <Gq> is expressed as:

< G q (4.14)

A given rapidity distribution is said to exhibit self-similar behaviour and 

hence of fractal nature if <Gq> exhibits a power law behaviour [50-51] over a range 

of small d% in the following manner:

< Gq >cc {dxYq (4.15)

The exponent rq may be determined from the observed linear dependence of In <Gq> 

on In x using the relation:

Xq = llm dX-M>
Ain < G q >

Alnd% (4.16)

One of the most basic properties of the fractals which describe the scaling 

behaviour is the generalized dimension Dq, introduced by, Hentschel and Procaccia 

[52]. xq is related to Dq for all values of q, by the following relation:

D
q-1

(4.17)
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Here, Do is the fractal dimension, Di is the information dimension and D2 is 

the correlation dimension [36, 53-54]. If Dq decreases with the increase of q, the 

emission pattern is said to be multifractal. On the other hand, if Dq remains 

constant, then the emission pattern is referred to as monofractal [52,55].

Later by introducing a step function to suppress the low multiplicity events 

for which the statistical fluctuation is large, Hwa and Pan [37] proposed a modified 

Gq moment to investigate the fractal properties of the emission spectra of different 

charged secondaries. In this investigation, the generalized moments Gq is first 

estimated in % (cos0) space using [24, 56] the relation:

(4.18)

Here 0(nm - q) is a step function such that 0(nm - q) = 1 for nm » q, and 0(nm - q) = 

0 for nm < q.

The vertically averaged horizontal moment, <Gq>, is then calculated as:

<Gq> = (4.19)

A power law dependence of <Gq> on the phase space bin size, or on the 

number of phase space bins M, of the form represented by the equation <Gq> <x

M~Iq indicates self similarity in the emission pattern [24,37,56], The exponent rq, 

called the fractal index, can be obtained from the asymptotic behavior.

It is worthwhile to mention here that up to this stage of analysis of 

multifractality, no technique has so far been adopted to filter out the statistical part 

of the fluctuation. Since <Gq> of Eq.(4.19) contains contribution from both 

statistical as well as dynamical components, it is therefore necessary to extract the 

dynamical information from the mixture of the two.
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To calculate the statistical contribution to <Gq>, n particles are distributed 

randomly in the specified phase space. For each event, fractal moment is calculated 

with redistributed particles and the <G*> is obtained by averaging the statistical

Gq's. The dynamical component of <Gq> is then estimated by using the following 

formula given by Chiu [57]:

<Gf > = < 0„ > Mh

If <Gq> contains purely statistical information, then

(4.20)

< G?" > =M l-q (4.21)

Under such condition:

dyn
Tq = q- 1 (4.22)

Thus, any deviation of from q - 1 indicates that <Gq> contains

dynamical information.

The self-similarity of a fractal object is characterized by the generalized 

dimension Dq which is now defined by the relation:

rdyn

Dq = ~~i (4-23)

4.4 Non-thermal phase transition for spatial and size distribution of projectile 

fragments

In heavy ion collision a type of transition in which the new phase may not 

exhibit thermodynamical behavior often referred to as non-thermal phase transition. 

It is already shown in ref. [58-59] the intermittent behavior in the final state of 

multiparticle production in a heavy-ion collision may be a projection of non-thermal 

phase transition believed to occur during the evolution of the collision which in turn 

would be responsible for the occurrence of anomalous events. It is convenient and
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better to find a suitable observable which can be measured experimentally and can 

provide information about phase transition (thermal or nonthermal). It has been 

assumed that a self similar cascade of multiparticle system is not consistent with the 

creation of particle during one phase, but instead requires a non-thermal phase 

transition [13, 60-61]. The intermittency exponent (J)q is related to a parameter Xq 

which provides the signature of non-thermal phase transition. We can study the non

thermal phase transition with the help of the parameter,

Xq = (^+\yq, (4.24)

where <j)q is the intermittency index. The condition that such non-thermal phase 

transition may occur is that the function Xq, is predicted to have a minimum value at 

q = qc, where qc need not necessarily be an integer. Among the two different regions 

q < q0 and q > qc, the numerous small fluctuation dominates the region q < q0 but 

in the region q > qc dominance of small number of very large fluctuations occurs. 

There is a co-existence of the liquid phase of the many small fluctuation and the dust 

phase of a few grains of very high density fluctuation, depending on whether we 

probe the system by a moment of order q < qc or q > qc respectively.

4.5 Results and discussion
Part A: On the spatial distribution of PFs 

4.5.1 Angular distribution of charged projectile fragments

The measurements on angular distribution of various charged secondaries 

emitted from each interaction were carried out according to the procedure already 

mentioned in section 2.7.3.

In the study of the relativistic heavy ion collision, the spatial distribution of 

emitted charged secondaries are often defined in terms of what is called 

‘pseudorapidity’t] that is related with the emission angle 0 through the relation:

t) = -In {tan (0/2)} (4.25)
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The angular distribution of various charge projectile fragments in the 

pseudorapidity space is plotted in Fig. 4.1. It can readily be seen from this plot that, 

as expected, the PFs are emitted in the extreme forward angle following a Gaussian 

distribution.

Fig. 4.1 Angular distribution of projectile fragments in i|(cos0) space.

As is evident from the very definition, the shape of the single particle density 

distribution spectrum in %(t|) space should be flat in nature. In Fig. 4.2, we present 

the frequency distribution of emitted projectile fragments of the work in xOl) space. 

As expected, the best fitted lines for the data points are found to be flat in nature, 

with slope m = 0 and correlation coefficient R = 1.
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Fig. 4.2 Frequency distribution of projectile fragments in xOl) space.

4.5.2 Scaled Factorial Moment Analysis for spatial distribution of projectile 

fragments

4.5.2.1 Variation of In <Fq> with In M

Fig. 4.3 shows a plot of In <Fq> against In M in x(n) space for different order 

of moments q = 2-5 for all the projectile fragments with Zpf>1 for 4.5 AGeV 24Mg 

projectile with emulsion targets. The straight lines drawn are the least square fit to 

experimental data points with Pearson correlation coefficients R equal to 0.875, 

0.917, 0.952 and 0.954 for q = 2,3,4, and 5 respectively. From this figure, the SFM 

is observed to increase linearly with decreasing bin widths, indicating thereby the 

presence of intermittent behavior in the emission spectrum.
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Fig. 4.3 Variation of In <Fq> with In M for the spatial distribution of various 

PFs for Mg-Em interactions at 4.5 AGeV.

4.5.2.2 Variation of <j>q with q

The intermittency indices <f>q which characterize the strength of intermittency 

effect have been obtained for the linear dependence of In <Fq> on In M. The values 

of slope parameter <j)q obtained for the interactions of 4.5 AGeV 24Mg nuclei with 

emulsion target are listed in table 4.1. Fig. 4.4 shows <(>q versus q plot. The errors 

indicated in the plot are the statistical errors only. The slopes are observed to 

increase with the order of the moments.
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Fig. 4.4 Variation of the exponent <j>q with the order of the moments q for 

Mg -Em interactions at 4.5 AGeV.

4.S.2.3 Variation of anomalous dimension dq with q

As stated earlier, Lipa and Buschbeck [35] for the first time had correlated 

the sealing behavior of factorial moments to the physics of fractal and multifractal 

objects. They pointed out that the intermittency index <j>q has a special significance 

from the point of view that the anomalous dimension, dq, which is used for the 

description of the fractal objects, can be directly computed from the intermittency 

index <j)q using the Eq. (4.10).
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Fig. 4.5 Variation of anomalous dimension dq with q for Mg-Em interactions at 

4.5 AGeV.

As mentioned earlier, the order independence of dq is associated with the 

monofractal behavior of multiparticle spectra whereas an increase will indicate 

multifractality. In Fig. 4.5, the variations of anomalous dimension dq with the orders 

of the moment q are shown for the emission spectra of PFs. From this figure it can 

be readily seen that dq increases linearly with q thereby indicating multifractal 

pattern of the emission spectra of the projectile fragments.
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Table. 4.1 Values of the slope parameters <t>q for the collisions of 4.5 AGeV Mg 

nuclei with emulsion targets.

q 't’q R

2 0.088 ± 0.07 0.986

3 0.349 ± 0.074 0.977

4 0.550 ± 0.05 0.966

5 0.792 ± 0.078 0.967

4.5.2.4 Variation of %q with q

The variation of ^q, estimated from the values of <j>q of the table 4.1, with q 

is shown in Fig. 4.6. From this plot no observed minimum at q = qc could be seen 

indicating no evidence of non thermal phase transition in the spatial distribution of 

projectile fragments.

Fig. 4.6 Variation of A,q with the order of the moment q for Mg-Em interactions 

at 4.5 AGeV.
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4.5.3 Fractal Analysis in the spatial distribution of projectile fragments 

4.5.3.1 Variation of ln<Gq>withlnM

To calculate the statistical contribution to <Gq>, equal number of events are 

generated in cos0 space by a random number generator with cos0 values lying 

between -1 and +1. The eos0 values are then converted into %(r|) values using 

Eq. (4.1). <G"> is then estimated using Eqs. (4.18) and (4.19). The variation of

In <Gq> with In M for q = 2, 3 and 4 for experimental data as well as for random 

number generated events are shown in Fig. 4.7. The solid lines are for the 

experimental data points and the dotted lines are for the equal number of generated 

events.

In M

Fig. 4.7 Variation of In <Gq> with In M for experimental and random number 

generated events.
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4.S.3.2 Variation of T®xp with q

The exponents rqXP, obtained from the portion of linear dependence of

In < Gq > with In M as a function of the order of the moment q, for experimental data 

are plotted in the Fig. 4.8. The values of the exponents are found to increase with q.

Fig. 4.8 Variation of xqxp with q for Mg-Em interactions at 4.5 AGeV.

4.5.3.3 Deviation of exponents from q-1

exp
Since the exponent xq as obtained above, are estimated from the 

experimental data set, it contains statistical component also. The dynamical 

component of exponent r is then estimated using the relation:
H

dyn exp st
r = T - t + q-1q q q n (4.26)
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st
where rq represents the slopes of randomly generated data obtained from In < Gq >

dyn
vs In M plot. Fig. 4.9 shows the deviation of rq from q-1.

Fig. 4.9 Deviation of exponents from q-1.

4.S.3.4 Variation of Dqyn with q

The value of generalized dimensions Dq for various values of q have been 

estimated using Eq. (4.23) for the emission spectrum of projectile fragments with 

%(t|) as phase space variable in 24Mg-Em interactions at 4.5 AGeV and their 

variations with different order of moments q = 2 - 4 are shown in Fig. 4.10. It is 

observed from the figure that the generalized dimensions Dq decreases linearly with 

q, indicating multifractality in the emission spectra of projectile fragments.
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Fig. 4.10 Variation of Dqyn with q for Mg-Em interactions at 4.5 AGeV.

The values of rqxp for experimental data points, rq for generated events,

dyn dyn dyn
obtained from the slopes of the best fitted lines, rq , q - 1 - r and Dq for 

different orders of moment are listed in table 4.2.
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Table. 4.2 Values of Tq for spatial distribution of projectile fragments.

q exp

rq (R)
<(R) dyn

rq
dyn

q-1- rq or

2 0.711 ± 0.018 0.905 ±0.017 0.805 ± 0.035 0.19415 0.805

(0.991) (0.995)

3 1.207 ±0.072 1.87 ±0.175 1.337 ±0.247 0.6625 0.668

(0.985) (0.974)

4 1.77 ±0.073 2.97 ±0.174 1.8 ±0.247 1.2 0.6

(0.989) (0.986)

The deviation of from q - 1 is clear from this table and this deviation is

more as we go to the higher order of moments. This indicates that Gq contains 

information about dynamical contribution to the fluctuations.

Part B: On the charge distribution of Projectile Fragments

4.5.4 The Fragments multiplicity distribution

The multiplicity distribution of all the charged fragments with Zpf = 1-12 is 

shown in the Fig. 4.11.
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36-

Fig. 4.11 Multiplicity distribution of projectile fragments.

4.5.5 Scaled Factorial Moment Analysis for fragments charge (mass)

distribution.

Following Eq.(4.6) the scaled factorial moment analysis has been performed 

for searching intermittency signal for fragments charge distribution with the 

experimental data of this work. Here M is the total number of bins as the fragment 

charge interval As (1-12) is divided into bins of equal width 8s = As / M. n is the 

fragment multiplicity in the interval As. For non flat fragment multiplicity 

distribution varying within a finite bin of width 8s introduces an extra M-dependent 

correction factor Rq which is given by:

R 1 y < nm >
. v Mik <«>*

(4.27)

Thus, <Fq>/Rq = <Fq>c measures the contribution of dynamical fluctuations. 

In doing so, one must be careful in selecting the smallest bin, which must not be
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smaller than the charge resolution of the detector [62]. If self-similar fluctuations 

exist at all scales of 8s, the corrected factorial moment of the order q is given by 

<Fq>c = (As/ 5s) . The exponent (j>q is the slope characterizing a linear rise of 

ln<Fq>c with -In 8s for all bins of 8s, which increases with the increasing order q of 

the moment.

4.5.5.1 Variation of In <Fq>c with -In 8s

Plots of ln<Fq>c against -In 8s for different orders of moments are shown in 

Fig. 4.12. It can be readily seen from this plot that the moment for the fragment 

multiplicity distribution continue to increase according to power law with the 

decreasing bin width 8s variable, thereby indicating the intermittent pattern. The 

errors shown in this plot are standard deviation and the straight lines drawn are the 

best fitted lines for the respective data points. The different values of intermittency 

indices, <t>q along with the correlation coefficient R values for the present work and 

the values reported earlier are shown in table 4.3.

Fig. 4.12 Variation of of In <Fq>c with -In 8s for charge distribution in the 

interactions of Mg nuclei with emulsion targets at 4.5 AGeV.
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Table. 4.3 Values of the slope parameters <J>q for charge distribution of projectile 

fragments in Mg-Em interaction at 4.5 AGeV.

System Energy (0qfor ^qfor <z>qfor ^for ^qfor Reference

q~2 q=3 q=4 q=5 q=6

(R) (R) (R) (R) (R)

Mg-Em 4.5 0.080± 0.216± 0.571± 1.121± PW

> 0.017 0.035 0.137 0.334

(0.940) (0.963) (0.924) (0.888)

Kr-Em 0.95 0.011± 0.038± 0.081± 0.134± 0.196± 63

0.002 0.004 0.007 0.010 0.014

(0.892) (0.949) (0.968) (0.974) (0.976)

Au-Em 0.1-1 0.010± 0.027± 0.049± 0.073± 64

0.011 0.017 0.023 0.030

Au-Em 10.6 0.005± 0.015± 0.026± 0.039± _ 64

0.004 0.005 0.007 0.009

U-Em 0.96 0.0068± 0.010± 0.013± 0.0163± 0.0191± 4

0.0002 0.0003 0.0004 0.0006 0.0006

4.5.5.2 Variation of <j)q with q

Variation of the intermittency exponent <j)q with q is plotted in the Fig. 4.13 

and is found to increase exponentially with the order of the moment q following the 

relation:

y = Ai*exp(-x/ti) + y0 (4.28)
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Fig. 4.13 Variation of <t»q with q in the charge distribution of projectile 

fragments for Mg-Em interactions at 4.5 AGeV.

The solid line represents the best fit to the data points with the values of the 

different parameters as, Ai= 0.27±0.013, yo = -0.046±0.039, ti= -1.31 ± 0.191 and 

R2 = 0.985 respectively. Such an exponential increase of (|>q clearly indicates strong 

intermittency in the fragments charge distribution of Mg-Em interaction.

4.5.5.3 Variation of anomalous dimension dq with q

Following equation (4.10) the variation of anomalous dimension dq with q is 

plotted in Fig. 4.14. for fragments charge distribution for the present set of 

experimental data. From this figure it can be readily seen that dq increases 

exponentially with q thereby indicating multifractal pattern in the size (charge) of 

,the projectile fragments as well. The R2 value for the fitted parameter is found to be 

0.978.
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0.30-

Fig. 4.14 Variation of anomalous dimension dq with q for Mg-Em interactions 

at 4.5 AGeV.

4.5.S.4 Variation with q

Fig. 4.15 shows the variation of Xq with q for the size (charge) distribution of 

projectile fragments in the interactions of Mg nuclei with emulsion targets at 4.5 

AGeV. It is interesting to note that a distinct minimum at q~3.5 is observed; the 

observed minimum in the variation of Xq with q may be an indication for the 

occurrence of non-thermal phase transition in the size distribution of projectile 

fragments.
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Fig. 4.15 Variation of Xq with q for size distribution of projectile fragments for 

Mg-Em interactions at 4.5 AGeV.

4.5.6 Fractal Analysis of the charge distribution of projectile fragments 

4.5.6.1 Variation of In <Gq> with -In 5s

The data set for the various charges of projectile fragments has been 

analyzed further, applying the same concept of section 4.3 for evaluating Gq 

moments. Here also if the charge distributions have the fractal structure, then the Gq 

moment should follow a power law i.e.,

<Gq>oo(5s)r’ (4.29)

where xq is fractal index or mass (charge) exponent. From the linear 

dependence of In <Gq> on In 8s, xq can be calculated as:
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r Atofe)
? Aln(&)

(4.30)

To calculate the statistical contribution to <Gq>, equal number of events are 

also generated by random number generator with charge of the PFs lying between 1 

to 12 for Mg projectile beams. <G" > is then calculated for uncorrelated projectile

fragments in randomly generated events. From Fig. 4.16, a significant difference 

could easily be seen between the experimental and random data for the fragments of 

Mg projectile. The dynamical part of <Gq> can be determined from [57]:

<GT>=^r- (*)'" (4-31>
<G” >

Fig. 4.16 Variation of In <Gq> with-In 8s for fragments charge distribution 

in 4.5 AGeV Mg nuclei with emulsion target.
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4.5.6.2 Variation of Tq(exp) with q

6Xp
The exponents , obtained for the portion of linear dependence of 

In <Gq > with - In 8s is plotted in Fig. 4.17 as a function of the order of the moment 

q. The values of the exponents are found to increase linearly with q.

0.45-

0.42-

0.39- ■

2.0 2.5 3.0 3.5 4.0

q

Fig. 4.17 Variation of xq (exp) with q for fragments charge distribution in 4.5 

AGeV Mg nuclei with emulsion target.

4.5.6.3 Daviation of mass exponens from q-1

The dynamical component of exponent xqy” is calculated in a similar way

St
as done in section 4.5.3.3. In the present calculation, rq represents the slopes of
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randomly generated data obtained from In <Gq> vs -In Ss plot. Fig. 4.18 shows the

deviation of rdyn from q-1.
q n

Fig. 4.18 Deviation of mass exponents from q-1.

4.5.6.4 Variation of Dj[yn with q

The value of generalized dimensions Dq for various values of q have been 

estimated using Eq. (4.23) for the charge distribution of projectile nuclei with 

emulsion target, and their variations with different order of moments q = 2 - 4 are 

shown in Fig. 4.19. It is observed from the figure that the generalized dimensions Dq 

decreases linearly with q for the present set of data. Thus it is evident that there is a 

signature of multifractality in the charge distribution of projectile fragments.
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Fig. 4.19 Variation of Dqyn with q for fragments charge distribution in 

4.5 AGeV Mg nuclei with emulsion target.
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Table. 4.4 Values of rq for charge distribution of projectile fragments.

q exp
rq (R)

<(R) dyn
rq

dyn
q"1_rq

D*
q

2 0.22 ±0.097 0.83 ± 0.05 0.39 ±0.035 0.61 0.39

(0.954) (0.987)

3 0.28 ±0.17 1.86 ±0.22 0.42 ± 0.247 1.58 0.21

(0.948) (0.947)

4 0.28 ± 0.2 2.83 ±0.14 0.45 ± 0.247 2.55 0.15

(0.968) (0.958)

The values of rexp, rst, fdyn, q - 1 - and Ddy" for different orders 
q ’ q q n q q

of moment as obtained from the charge distribution of various projectile fragments
dyn

are listed in table 4.4. It is observed from this table that the value of rq deviates

from q - 1 and this deviation is more as we go to the higher order of moments. This 

indicates that Gq contains information about dynamical contribution to the 

fluctuations in the charge (mass) distribution of the fragments of projectile spectator.
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CHAPTER V

SYSTEM SIZE EFFECT 

AND
CRITICAL BEHAVIOUR IN NUCLEAR 

MULTIFRAGMENTATION



5.1 Introduction

Studies on intermediate energy A+A collision are of special significance 

from the point of view that such collisions are associated with abundant 

multifragment production [1]. The connection between the multifragmenation (MF) 

as decay mechanism of excited nuclei and a possible liquid gas phase transition 

taking place in the nuclear matter has been a subject of hot debate during the last 

two decades or so [2-4]. From the presence of the power law in fragment mass 

distribution and from the observation of the values of the exponents of various 

charge moments close to those of ordinary fluid, coupled with the strong similarity 

of the nuclear and Van-der-Waals potentials, it was inferred that multifragmentation 

of nuclei might be analogous to a continuous phase transition from liquid to a gas 

[5-7].

Campi [8-9] and Bauer et al. [10-11] showed that the methods of estimation 

of various moments of cluster size as used in percolation can be applied to analyze 

multifragmentation data to realize the possible association of criticality with such 

processes. Subsequently a large number of workers [8-23] have applied the 

technique of cluster approximation in analyzing projectile fragmentation data for 

various systems at different energies. From all such studies a number of important 

information about the possible liquid-gas phase transition in nuclear matter could be 

gathered. A few of these are: tentative estimation of critical temperature, estimation 

of Various exponents and their scaling behaviour [16-18, 24], system size 

dependence of the position and height of critical singularity [18], role of Coulomb 

and surface energies [25] on MF process etc.

Finite size effect [26-33] has been found to have considerable influence on 

MF mechanism. This is due to the fact that the hot piece of nuclear matter produced 

in any nuclear collision has at most a few hundreds of nucleons and so is not 

adequately described by the properties of infinite nuclear matter. As stated earlier 

surface and Coulomb effects can play a significant role in finite nuclear system. 

These effects have been evaluated and lead to a sizable reduction of the critical 

temperature [28]. Finite size effects have been found to reduce the temperature by 

2-6 MeV depending on the size of nuclei while the Coulomb force is responsible for
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a further reduction of 1-3 MeV. However large reductions due to small sizes are 

associated with small reductions from Coulomb effect. Consequently , in the range 

A=50-400 a total reductions of about 7 MeV is calculated leading to a “critical” 

temperature of about 10 MeV for nuclei or hot pieces of nuclear matter produced in 

collisions between very heavy nuclei. The authors of reference [28] indicate that, 

due to some approximation the derived values can be regarded as upper limits. 

Finally we can recall that in infinite nuclear matter, the binding energy per particle is 

16 MeV whereas it is about 8 MeV in a finite nucleus. A finite system like a nucleus 

with its limited number of constituents does not exhibit, in the neighborhood of 

critical point, a sharp singularity in the traditionally accepted signatures of critical 

behavior. It rather shows a rounded finite peak [18] at a temperature T = T' where T' 

is a temperature dependent on the system size. This temperature T' is regarded as the 

critical temperature of the finite system at and above which the distinction between 

the phases vanishes; T' corresponds to Tc, the critical temperature for an infinite 

system, as the system size approaches infinity. The effect of finite size thus not only 

lowers the peak value, but also lowers the critical point [34-35] thereby influencing 

even the order of phase transition.

EOS collaboration [18-19, 27] has analyzed the fragments mass distribution 

resulting from the interactions of 1 AGeV Au, La and Kr on carbon and observed 

that while for larger systems like Au and La the fragment yield distribution follows a 

power law with exponent values greater than 2; for Kr, the mass yield distribution is 

exponential with exponent value 1.88. They reported that there is a systematic 

variation in the peak value of the reduced variance, a2 for Au, La and Kr. For Au 

and La, the peak values of y2 are reported to be greater than 2 and for Kr, the 

smallest of the three, the value is found to be less than 2. Such variation in the peak 

value of y2 was attributed to system size effect ruling out the possible phase 

transition in Kr to be a continuous one. It has been argued by EOS group that a 

change in the size of the fragmenting nuclei changes the Coulomb energy [25] of the 

system which in turn shifts the critical point. In contrast to percolation [36], Ising 

[37] or microcanonical Monte Carlo (MMMC) [38] model predictions, they reported 

a decrease in the critical temperature with the increase of system size. Such
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observation was explained in the light of statistical multifragmentation model 

(SMM) [39] and attributed to the dominant role played by the Coulomb energy over 

surface energy in the multifragmentation mechanism. In other studies, it was found 

that finite size effect and Coulomb force lead to a considerable reduction in the 

critical temperature [17,19,28] and the critical temperature decreases with the 

decrease of system size. Thus there exists clear contradictions, both in theory and 

observation, about the roles played by charge and finite size of the nuclei in nuclear 

multifragmentation processes and till date it is not very clear which of these two 

effects plays the more dominant role in MF mechanism.

In chapter IV, to realize the signature of phase transition, the data of this 

work on Mg-Em interaction at 4.5 AGeV has been analyzed using scaled factorial 

moment technique and a clear evidence of non thermal liquid gas phase transition is 

observed for the charge distribution of the projectile fragments. In this chapter an 

attempt has been made, by using cluster approximation technique, to examine the 

influence of system size on the critical behavior of nuclear matter in the 

fragmentation of Mg nuclei at 4.5 AGeV.

5.2 Mathematical formalism

The distance s of a given event from the critical point is generally measured 

by taking a difference between the total charged fragment multiplicity, m and the 

multiplicity at the critical point, mc. Thus:

s = |m0-m| (5.1)

The total charged fragment multiplicity m as defined in ref. [8-10,17], is: 

m = Nf + Na + N pm (5.2)

where Nf, N0 and Nprot denote the number of heavy PFs with charge Zpf >3, alpha 

particles with Zpf = 2 and the number of emitted protons with Zpf = 1 respectively. 

Here Nprot is determined by using charge balance of the PFs, m is a parameter which 

is considered to be linearly related with the temperature T of the system.
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Thus, s = mc - m gives a measure of the distance of a given event from the critical 

point [16,41-43].

5.3 Charge moments and Conditional moments

In order to extract relevant information from experimental data we need 

exclusive experiments in which the sizes (generally the charges) of almost all 

fragments are measured event by event. The method of single event moments is used 

here, following campi.

For a single event, Campi [8-10] has defined the k moment of charge 

distribution as:

(53)

and for a collection of data, <Mk( e)> in the small bins of multiplicity m as:

1 1 f

7V 7V ' \'i,F

\
(5.4)

Here nz^ is the normalized charge distribution and is defined as nZfe = Nz^ / QPF,

Qpf is the sum of charges of all the projectile spectator protons, fast alpha particles 

and heavy projectile fragments with charges Zpf > 3. N denotes the total number of 

events in a given small range of e, and ^1° is the klh order charge distribution
if.

moment for i event.

These moments are related to the basic physical quantities. For example, 

is the number of fragments (minus one) present in the event i. M,(0 is the mass 

(or charge) of these M0(/> fragments,

M[,] = Z0-Zmax(i) (5.5)

and Afi(<) / Ml0 is the mean size of these fragments. Moments with k< 0 are mainly 

sensitive to the distribution of very light fragments.
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The variance of the distribution is given by:

aw _ ml
Mi

MI”'-’

Which is related to a quantity y2 defined as:

n(0
o-(,) ,

----------------+1-- 2 0
<Z(,) >2 M,w

This quantity is known as reduced variance.

(5.6)

(5.7)

5.4 Results and discussion
5.4.1 Frequency distribution of charged projectile fragments

Frequency distribution of various charged projectile fragments with Zpp >1 

emitted from Mg-Em interactions is plotted in Fig. 1(a). Similar distribution fitted 

with a power law has also been reported in projectile fragmentation of 238U at 0.96 

AGeV, 84Kr at 1.25 AGeV, I31Xe at 1.22 AGeV and 84Kr at 0.95 AGeV in nuclear 

emulsion [17,20-23,40]. For the experimental data of the present investigation, 

considering total number of system constituents as 12, yields of the fragments 

charge distribution, lying between 1-6, have been re-plotted in log-log scale in 

Fig. 1(b) and compared with the results of GU [17] works on Kr-Em interactions at 

0.95 AGeV. A straight line fit using least square approach to the respective data 

points gives the values of the exponent x, 2.54 ±0.417 and 2.12 ± 0.15 respectively 

for Mg-Em and Kr-Em [17] interactions.
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Fig. 5.1(a) Frequency distribution of various charged projectile fragments with 

Zpp >1 for Mg- Em interactions at 4.5 AGeV.

126



0.0 0.5 1.0 1.5 2.0 2.5 3.0
In ZPF

Fig. 5.1(b) Frequency distribution in log-log scale upto Zpf = 1-6 for Mg and 

1-13 for Kr-Em interactions.

5.4.2 Size effects on fluctuation in Zmax

It is known that a system exhibits significant fluctuations in the 

neighborhood of the critical point in a small range of the control parameter and 

appears at increasingly large scale as s - 0. Elliott et al. [18] have pointed out that in 

the study of the critical behavior of the nuclear system using cluster approximation 

technique; the most readily observed fluctuations in the cluster distribution are those 

in the size of the largest cluster.

In Fig. 5.2, the standard deviations of Zmax normalized with respect to the 

charge of the projectile are shown as a function of multiplicity for both Mg and 

Kr-Em interactions. While for Kr large fluctuations in the multiplicity range 

between 11-19 are readily seen from this plot with a peak at m = 17 ± 1, for Mg, 

such fluctuation is observed in the range of 4-9 with a peak at m = 5 ± 1. The
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distinct differences in the heights and positions of the two peaks as seen in Fig. 2 is 

believed to be due to different system size of the fragmenting nuclei [17-19,26,40].
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Fig. 5.2 Standard deviation of normalized Zmax as a function of multiplicity m 

forMg-Em and Kr-Em interactions.

5.4.3 Fluctuation in y2

The y2 values have been calculated event by event as a function of total 

charge multiplicity for Mg and compared the results with the results of the earlier 

works on Kr-Em [17] and are presented in Fig. 5.3(a). The error estimations are 

made considering these to be independent statistical errors only. It can readily be 

seen from this plot that a considerable change in the height and position of y2 values 

take place as one goes from Kr to Mg projectile system. While the peak height is 

almost 5 times more in case of Kr than that of Mg, the position of the peak is 4.5 

times less in Mg than that of the other one. In Fig. 5.3(b), the results of the present 

investigation have been compared with the result of EOS [26-27] works. It is
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interesting to see that both the height and position of the peak values of y2 vary 

systematically as one varies the system size from Au down to Mg via La and Kr. In 

the table 5.1, the values of these quantities have been listed for different systems as 

obtained by earlier workers of GU group [17] and EOS collaboration independently.

2.01

0.0- 0 Earlier GU work-Kr 
• Present work-Mg

i—'—i—■—i—'—i—•—i—•—i—■—i—>—i—■—i
0 5 10 15 20 25 30 35 40

m

Fig. 5.3(a) Variation of y2 with total charged fragment multiplicity m for 

Mg-Em and Kr-Em interactions.
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m

Fig. 5.3(b) Variation of y2 with total charged fragment multiplicity m for 

Mg-Em and Au, La and Kr on C.

To cross check the size effect, the variation of y2 is plotted against m / Zproj in 

Fig. 5.3(c). From this plot it is readily evident that the transition is taking place 

almost at same normalized multiplicity (temperature) for various systems under 

consideration. Collapsing of transition temperature (multiplicity) to a particular 

value, when normalized by respective beam size (charge) rather confirms size effect 

only.
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Fig. 5.3(c) Variation of y2 against m/ Zproj.

Table. 5.1 Variation of peak height and peak position in y2 with the system size.

Systems
compared

Peak Height 
of y2

Peak Position 
of y2

Reference

Au-C at 1
AGeV

3.24 28 ±3 EOS [26,27]

La-C at 1
AGeV

2.43 24 ±3 EOS [26,27]

Kr-C at 1
AGeV

1.93 18 ± 2 EOS [26,27]

Kr-Em at
0.95 AGeV

1.5 18 ± 1 GU group [17]

Mg-Em at
4.5 AGeV

0.39 5 ± 1 Present work

131



Thus, unlike EOS findings of ref. [25], the emulsion data of the present work 

for a smaller system like Mg confirms percolation, Ising and MMMC models 

prediction that the critical temperature should decrease with the decrease of size of 

the fragmenting nuclei [19,26-27].

5.4.4 Fluctuation in M2

Another traditional signature, often used in cluster approximation technique 

to realize critical behaviour, is the exhibition of a peaking behaviour in the mean 

value of second moment of charge distribution < M2> in a small bin of the control 

parameter. In the present investigation M2 is calculated excluding the largest 

fragment which for the present work is considered to be 9. While excluding the 

largest fragment generally half of the size is considered. This is mainly because to 

exclude the contribution of fission fragments. Since in present case fission is not a 

possibility, it is therefore considered to be Zpp= 9.

In Fig. 5.4(a), < M2 > for Mg-Em data is plotted against m and compared 

with the results of Kr-Em interactions [17]. Fig. 5.4(b) represents the same plot 

comparing present results on Mg-Em and earlier GU result on Kr-Em with EOS 

result on Au-C interactions. Clear evidence of size effect could be seen again with 

significant differences in the position and heights of the peaks.
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Fig. 5.4(a) Average of second charge moments as a function of multiplicity m 

for Mg-Em and Kr-Em interactions.
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CHAPTER VI

SUMMARY AND CONCLUDING
REMARKS



Summary and Concluding Remarks

The prime objective of the present investigation was to study the fluctuation, 

both in spatial as well as charge distribution of projectile fragments to realize the 

signature of liquid-gas phase transition.

The nuclear multifragmentation phenomenon was predicted and studied since 

the early 80’s. It is however only with the advent of powerful 4tc detectors that real 

advances had been achieved only recently. Such arrays of detectors allow the 

detection of a large amount of fragments and light particles produced in nuclear 

collisions at intermediate and high energies. The Equation of State describing 

nuclear matter, similar to the Van der Waals equation for classical fluids, foresees the 

existence of a liquid-gas type phase transition; multifragmentation was long-

assimilated to this transition. The dominant role played by surface and Coulomb
*

energy on multifragmentation mechanism has extensively been studied in the recent 

past. In this work an attempt was made to show the system size dependences on 

multifragmentation data, due to the interplay of surface and Coulomb free energies 

of the fragmenting system.

The fragmentation of relativistic nuclei is a source of information about their 

structure. Both the participant and spectator are relevant for studying the nuclear 

collision dynamics. Since nuclear emulsion is a global 4n detector and has the best 

spatial resolution (about 0.1 m rad) among all the detectors currently in use in high 

energy physics, this technique has been found to be an important tool particularly to 

study those properties which are related to the spatial distribution of the emitted 

particles. Intermittency in the emission spectra of high energy A+A collision is one 

such property. Until now, no result has so far been reported on the studies of 

fluctuation in the spatial distribution of PFs due to the difficulties of the

measurement of PF angle. In the present investigation an attempt was made to study
\

the fluctuations in the emission spectra of projectile fragments in terms of Scaled 

Factorial Moments (SFM) and generalized moments. Multiplicity characteristics of 

various charged projectile fragments has also been studied for the present 

multifragmentation data of 4.5 AGeV 24Mg-Em interaction.
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From this experimental work the mean multiplicity of all the projectile 

fragments for the entire data sample of present investigation on 24Mg-Em 

interactions at 4.5 AGeV is found to be 2.76 ± 0.37. The mean multiplicities of 

projectile fragments with Zpp = 1, Zpf = 2 and Zpf > 3 are found to be 1.57 ± 0.1, 

0.89 ± 0.09 and 0.47 ±0.11 respectively. The normalized multiplicity distribution of 

projectile fragments reveals that the number of events with no Zpf = q where 

q=T, 2, 3...is more than the number of events with a particular Zpp. Such 

observations are found to consistent with the results reported by other workers for 

lighter projectile like 28Si, but inconsistent with the results reported for heavier 

system like 197Au and 238U.

The projectile mass is found to have strong influence on the mean 

multiplicities of various charged secondaries emitted from high energy A+A 

collisions. However, a more strong correlation could be observed for smaller 

systems.

The average number of produced particles, fast protons and evaporated 

particles as well as the heavily ionizing fragments are found to decrease 

exponentially with QPf, that is, as one goes from central to peripheral collisions.

Correlation between average number of IMFs and the mass of the 

fragmenting system is one of the most interesting aspects of studying projectile 

fragmentation. For a given colliding system, the magnitude of Zb is independent of 

the beam energy and is also taken as a measure of the degree of centrality of the 

collision. It is found that the production of heavy and intermediate mass fragments is 

a function of the size of the fragmenting system.. Light, intermediate and heavy 

charge projectile fragments such as Zpp =1 & 2 and >3 show strong dependence on 

mass number of projectiles of similar energies. A systematic decrease in the system 

size has also been observed for the present multifragmentation data when compared 

with the results of other workers.

The horizontally averaged scaled factorial moment (SFM) analysis for 

spatial distribution of projectile fragments exhibits a power law behaviour with 

decreasing phase space bin size of the type <Fq> cc , where M is the number of
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bins in which a given pseudorapidity interval is divided. This thereby indicates an 

intermittent pattern in the emission of projectile fragments. Similar investigation of 

SFM on the size of the projectile fragments reveals a power law growth of < Fq > on 

bin width 8s, of PF charge(mass).

The different values of the exponents <|>q, called intermittency indices, 

representing the strength of the intermittency signal, are found to increase with the 

order of moments for both the spatial and charge distributions of projectile 

fragments.

The anomalous dimension dq = <j)q /(q-1) is found to increase linearly with 

the order of the moments ‘q’ for both the analyses, thereby indicating the 

multiffactal structure for single particle density spectrum.

To study the fractal behaviour of the multiplicity fluctuation, 24Mg - Em 

interactions data are investigated using the multiffactal moments, Gq as a function of 

phase space bin size M for the emission spectra of the projectile fragments. <Gq> 

shows a power law dependence on the phase space bin size of the form <Gq> oc 

M~x\ thereby indicating fractal nature of the emission spectra of projectile 

fragments. Similarly for the charge distribution of projectile fragments, the Gq 

moment have been found to follow a power law of the form <Gq> co (8s)Tq

The fractal indices x or the experimental data points and r" for the 

generated events are obtained from the slopes of the best fitted lines of the 

respective analyses. A clear deviation of rf' from q-1 as obtained for the present

experimental data points for single particle density and charge distribution clearly 

indicates that <Gq> contains dynamical information.

The generalized dimension Dq characterizing the extent of disordemess of 

the fractal object have been estimated for different order of moments for the 

emission spectra as well as for the charge distribution of projectile fragments with 

XOl) and Zpp as phase space variable. The variation of Dq with q = 2 - 4 show that 

Dq decreases linearly with q in either cases. This is considered to be a signature of 

the association of multifractality in both the emission spectra of projectile fragments
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from 24Mg - Em interactions at energy of 4.5 AGeV.

The intermittent behaviour in the final state of multiparticle production in 

relativistic nuclear collisions may be a projection of the occurrence of a non thermal 

phase transition. This aspect is investigated in terms of behaviour of A,q = (<j)q +l)/q. 

In the present study, for the interactions of 24Mg nuclei with emulsion, no distinct 

minimum has been observed for A,q versus q plot for the spatial distribution of 

projectile fragments, whereas for the charge distribution of projectile fragments, a 

distinct minimum has been observed. The observed minimum may be an indication 

for the occurrence of a non-thermal phase transition in the charge distribution of 

projectile fragments for the collisions.

The occurrence of non- thermal phase transition in the charge distribution of 

projectile fragments indicated the relevance of further analysing the gathered data in 

the light of criticality and possible liquid to gas phase transition.

From the cluster approximation technique analysis of the data of present 

investigation, a clear rise and fall pattern could be observed in the size of the largest 

cluster and the second moment of charge distribution. Such rise and fall pattern of 

these observables have been traditionally accepted as the signature of critical 

behaviour in nuclear matter. A comparison of the results of this work with the results 

of earlier works of GU group on Kr-Em and EOS data on Kr, La and Au interactions 

with C reveal clear evidences of system size dependences on multifragmentation 

mechanism.
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Abstract

Attempt has been made to examine the role of system size on the traditional signatures of critical behavior 
from a comparative study of Mg-Em at 4.5 AGeV and Kr-Em at 0.95 AGeV interactions. A number 
of relevant observables such as fluctuation in the sizes of the largest cluster, reduced variance and the 
mean value of second moment of charge distribution were estimated with the experimental data. From 
a comparison of our results with that of EOS collaboration for Au, La and Kr on carbon at 1 A GeV, 
a definite systematic variation in the heights and positions of the peaks could be observed with the change 
of fragmenting nuclei thereby confirming the effect of system size on MF mechanism.
©2011 Elsevier B.V. All rights reserved.
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1. Introduction

Studies on intermediate energy A + A collision are of special significance from the point 
of view that such collisions are associated with abundant multifragment production [1]. The 
connection between the multifragmentation (MF) as decay mechanism of excited nuclei and a 
possible liquid-gas phase transition taking place in the nuclear matter has been a subject of hot 
debate during the last two decades or so [2-4]. From the presence of the power law in fragment 
mass distribution and from the observation of the values of the exponents of various charge
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Effect of system size on the traditional signatures of 
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Abstract. The effect of the system size on a number of traditionally accepted signatures 
of cluster approximation technique of critical behavior have been examined for projectile 
multifragmenting systems like Mg at 4.5 AGeV and Kr at 0.95 AGeV. The results obtained 

• from analyzing our experimental data on the fluctuation of size of the largest fragments, reduced
variance and the mean value of the second moments of charge distribution provide clear evidences 
of size effect in terms of the height and position of the peaks of the studied parameters.

1. Introduction
Nucleus-nucleus collisions at intermediate energies offer various possibilities to produce hot nu
clei which may break up into smaller pieces having charges Zpj>3, resulting multifragmentation 
(MF). The measured fragment properties are expected to reveal information about a possible 
phase transition which was earlier theoretically predicted for nuclear matter [1-3]. The connec
tion between MF as decay mechanism of excited nuclei and a possible liquid-gas phase transition 
taking place in nuclear matter was initially motivated by the strong resemblance between van- 
der-waals potential and nucleon-nucleon potential [4,5]. The presence of the power law in the 
mass yield distribution of the fragments along with the values of the exponents close to that of 
an ordinary fluid led Purdue [6] group to suggest that multifragmentation of nuclei might be 
analogous to a fluid undergoing a continuous phase transition from liquid to a gas.

Although a considerable amount of work in understanding the statistical aspects of multifrag
mentation have been carried out by several groups [7-19], the mechanism of nuclear multifrag
mentation is not yet completely understood. One of the most complicated questions related to 
the liquid-gas phase transition in nuclear matter which is yet to be answered is the order of the 
phase transition. EOS collaboration, from analyzing the results of interactions of 1 AGeV Au 
on C using cluster approximation technique, has suggested that, MF of Au can be understood 
as due to a continuous phase transition. Similar results have also been reported for 1 AGeV La 
on carbon [20-22 ].

A continuous phase transition in nuclear matter is generally characterized by the presence of 
some characteristic signatures. One of the most striking characteristics of the systems undergo
ing continuous phase transition that might have taken place in the final stage of fragmentation 
of heavy ion collisions is that certain experimentally observed quantities might undergo fluctua
tions that exist on all length scales in a small range of the control parameter. These observables
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Abstract ■ The total charge of the projectile spectator fragments, Qp( Is taken as a measure of the degree of 
centrality of collision thus defining the collision geometry. In this paper the mean multiplicities of the different 
charged secondaries emitted in the interaction of 24Mg-Em at 4.5A GeV have been investigated as a function of 
the total charge Qpf of the projectile spectator fragments. It has been observed that the average number of the 
produced particles, <NS> and the heavily ionizing particles, <Nh> decreases exponentially with the increase of 
QpI showing strong correlation with the geometry of the collision. An attempt has also been made to compare 
these results with “Kr-Em interaction at 0.95A GeV.

Keywords: Nucleus-Nucleus collision, Collision geometry, multiplicity
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1. Introduction

According to participant spectator model [1] the interacting system in high energy nucleus- 
nucleus collision can be divided into three parts: a target spectator, a participant and a 
projectile spectator. The overlapping part of the two colliding nuclei is called the participant, 
and the non-overlapping portion of target and projectile nuclei are respectively called the 
target and projectile spectators. The model predicts that violent nucleon-nucleon collision 
takes place in the participant region and weak excitations and cascade collision takes 
place in the spectator parts. The participants produce many mesons, nucleons, photons, 
lepton pairs etc., and the spectators break into many nucleons and nuclei. There are 
relations between the participants and the spectators.

Relativistic nucleus-nucleus collisions are the unique tool to produce and study dense 
nuclear matter in the laboratory [2-4]. From straightforward geometrical considerations,
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Abstract : In the study of projectile multifragmsntalion, a number of properties such as multiplicities, energy 
of fragments etc. of the emitted Intermediate mass fragments (IMFs) are found to vary significantly with Zfc, 
where Zb is a measure of the mass of the fragmenting system, tn this work we report the variation of <W/Mf> with 
Z6 for 950 MeV/A wKr interactions with different targets of photonuciear emulsion. The maximum value of 
has been found to vary systematically with thejarget-mass. Further, from:this study, it has been observed that 
<Zb> is linearly correlated with the number of emitted prdjec{fle?prol6ris'(A/^fdr'the studied interactions.

Keywords : Nucleus-nucleus collision, multifragmentation, intermediate mass fragments.
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1. Introduction

in projectile multifragmentation process, a projectile spectator, on excitation, splits into 
several pieces of intermediate mass fragments (IMFs) which span the mass-range between 
alpha particle and fission fragments. It is believed that studies on the decay of such 
excited nuclear systems may provide information about the nuclear collision dynamics. 
The sum of all projectile fragments (PFs) with charge Z - 2, which is also known as 
bound charge Zb, gives the measure of the mass of the fragmenting system [1]. Correlation 
between average number of IMFs and the mass of the fragmenting system is one of the 
most interesting aspects of studying projectile multifragmentation. For a given collision 
system, the magnitude of Zb is independent of the beam energy and is also taken as a 
measure of the degree of centrality of the collision [2,3]. On the other hand, when the 
variation of <NIMF> is studied with Zb for a given projectile, in reactions with the lighter 
targets, the maximum value of the mean multiplicities of IMFs depend on the bombarding
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