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ABSTRACT 

 

Study of the Nuclear Transparency Effect at 4.2 A GeV/c 

 

The use of nuclear transparency effect of protons, +- and -- mesons in proton, and 

deuteron induced interactions with carbon at 4.2 A GeV/c, to get information about 

properties of nuclear matter is reported in this work. Half angle (𝜃1/2) technique is used to 

extract the nuclear transparency effect. The 𝜃1/2 divides the multiplicity of charged 

particles produced in nucleon-nucleon collisions into two equal parts depending on their 

polar angle in the lab. frame. Particles with angle smaller than (incone particles) and 

greater than (outcone particles) 𝜃1/2 are considered separate. The average values of 

multiplicity, momentum and transverse momentum of the protons +- and -- mesons are 

analyzed as a function of a number of identified protons in an event. We observed 

evidences in the data which could be considered as transparency effect. For quantitative 

analysis, the results are compared with cascade model. The observed effects are 

categorized into leading effect transparency and medium effect transparency. Analysis of 

the results shows that the leading effect is the basis of the observed transparency in the 

former case. The transparency in the latter case could be the reason of collective 

interactions of grouped nucleons with the incident particles. 
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1.1 Preamble 

The nuclear transparency (NT) effect, considered an important phenomenon is 

connected to the fundamental parameter of the medium -cross-section during the 

nuclear reactions. Therefore, its study could give important experimental information 

on particular properties of the nuclear matter. Definition of NT has already been given 

by a number of researchers [1-6]. Experimentally NT is defined as the ratio of the 

cross-section of a desired observable per target nucleon in a bound system to that of 

the cross-section of the same observable for a free nucleon [4]. It provides a measure 

of the attenuation effect of the nuclear medium to the propagation of hadron. The 

extent of nuclear transparency, a target nucleus presents to an incident particle is of 

vital importance to the study of strong interaction. The effect of NT is associated with 

dynamics of hadron-nucleus (hA) and nucleus-nucleus (AA) interactions and its study 

could reflects some particular properties of the medium. The nuclear transparency 

effect shows strong energy dependence. In nuclear-nuclear collisions, the energy 

dependence of the effect can contribute significant information about the structure [7, 

8] properties [9-11] and phases [12, 13] of nuclear matter at low, relativistic and ultra-

relativistic energies respectively. The projectile hadrons and nuclei usually absorb 

strongly in targets at low incident energies. However, the situation might change 

vividly at higher projectile energies due to the increase in transparency of the two 

interacting particles.  

At low energies, compound nuclear formation took place in heavy-ion collisions due 

to the absorption of a projectile in target. However, an exception to this rule was 

observed by [7] from heavy-ion carbon-carbon collisions. The author observed 

resonances in the collision of carbon with carbon near the coulomb barrier. These 

newly observed configurations of states were called the nuclear molecules. To 

observe these nuclear states, before presenting a considerable portion of rotation, the 

interacting and orbiting nuclei should neither separate nor fuse into a compound 

nucleus. It shows a remarkably weak absorption of the touching partial waves which 

confirms the surface binding of the system and averts its collapsing into a compound 

nucleus, which is the concept of nuclear surface transparency. Such phenomena are 

observed with many different projectile and target combinations for various incident 

energies of the projectile [14-18]. An increase in the incident energies above the 

resonance formation causes an increase in the width of the structure due to the 
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decrease in the interaction time. At energies around 10 MeV, instead of orbiting, 

scattering of a few light-nuclei shows a phenomenon of the nuclear rainbow. In such a 

situation refraction of several peripheral partial waves occur to the same scattering 

angle which increase the differential elastic cross-section [19]. The interference 

phenomena can explain these structures. At forward angles, the structures are 

diffractive in nature whereas at backward angles the structures are refractive [19]. The 

phenomena of refraction show that these nuclei with closed shells display a unique 

transparency related to the nuclear periphery. The transparency observed is a common 

feature of these interacting systems, which is a strong evidence of the weak 

absorption. The study of the nuclear transparency at low energies, exhibiting the 

behavior of resonant structure and refractive nature, can be used to probe the structure 

of nuclei. The remarkable results reported by [8] on the resonant structure in the 

carbon-12 and oxygen-16 alpha-type nuclei are configuration of nuclear molecule. 

These results show a clear evidence of the weak absorption in case of these interacting 

nuclei around and above the Coulomb energy.  The same kind of surface nuclear 

transparency is also expected in reactions where non alpha type projectile like 14C 

nucleus is used due to the very distinct structure [20, 21]. 

The phenomenon of nuclear transparency appeared due to some specific properties of 

a particular hadron is known the color transparency (CT) [22, 23] predicted by 

quantum chromodynamics (QCD) [24]. CT is another aspect of the nuclear 

transparency effect which predominates when a hadron is produced with 

configuration of small size. CT is the prediction of QCD that hadrons produced in 

exclusive reactions with sufficiently high four momentum transfers squared (Q2) can 

pass through nuclear matter with extremely reduced interactions [5, 25]. A special 

configuration is selected by the wave-function of hadrons in which quarks squeezed 

close to each other form a color neutral configuration of small size. The small size 

configuration (SSC) is some time referred to as Point like Configuration (PLC) as 

well. The transverse size (b) of the SSC depends linearly on the reciprocal of Q2. 

Perturbative QCD envisages that the interaction cross-section between a small qq  

dipole and the nucleus is proportional to the square of the transverse size of the 

hadron (b2) [26]. The reduced size of the SSC allows it to propagate through a nucleus 

with reduced attenuation known as CT. The increase in the NT versus Q2 indicates the 

appearance of CT as compared to the predictions of traditional nuclear physics 
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expectations. A lot of efforts have been made to search for the CT effect, including 

A(p, 2p) [4, 27-30] and A(e, e’p) [31-37] reactions with protons as a probe for 

studying the effect. Mesons were used on the premise that at high value of Q2, the 

transverse size of mesons (r⏊) is sufficiently smaller than those of the r⏊ of baryons. 

The results include,  -meson production [38, 39], di-jets production from the pions 

diffractive dissociation [40] and pion photo-production process [6, 41]. 

In heavy ion collisions at high energies, the nucleons could breakup and may lose 

their individual identity due to their high density and temperature. During such 

interactions the matter may pass through different phases. The properties of the 

nuclear matter and its signatures in its different phases are described in detail in [10]. 

The transition of the normal nuclear matter to the new dense phases of strongly 

interacting matter and the Quark Gluon Plasma (QGP) is a topic of longstanding 

interest in experimental as well as theoretical nuclear physics. A promising physical 

quantity commonly used to map this transition and to identify the underlying 

dynamics of hadronic matter is the transparency of the nuclear medium to the 

propagation of hadrons. 

In paper [42] we offer the use of nuclear transparency effect to identify the QCD 

critical point in central collisions. In paper [13], we presented the study of nuclear 

modification factor (R) versus thermal freeze-out temperature. The study gives a 

critical change in the behavior of R, at a value of 150 MeV.  In paper [43], it has been 

argued that the high density nuclear matter might be the source of high energy 

particles. It has been supposed that due to collective phenomenon, one or a few 

partons could get the energy of the partons system.  

In search of the nuclear transparency effect for particular properties of nuclear 

medium, we studied for the first time,  the behavior of average multiplicity, 

momentum and transverse momentum of protons [11], π+ -mesons [44], and π- -

mesons [45] as a function of a number of identified protons in an event using p12C- 

and d12C- interactions at 4.2 A GeV/c. The experimental data were obtained from the 

2-meter propane (C3H8) bubble-chamber of the Laboratory of High Energy of the 

Joint Institute for Nuclear Research (JINR, Dubna). The chamber was located in a 1.5 

Tesla magnetic field, and was irradiated with protons and deuterons accelerated to a 

momentum of 4.2 A GeV/c at the Dubna Synchrophasotron. In this experimental 

investigation, we analyzed 12757 pC3H8 (which correspond to 8971 p12C events) and 
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9016 dC3H8 (which correspond to 5807 d12C events), interactions at a momentum of 

4.2 A GeV/c. We used half angle (𝜃1/2) technique which divides the multiplicity of 

secondary charged particles in nucleon-nucleon collisions at the same energy into two 

equal parts; incone particles with polar angle (𝜃) smaller than the 𝜃1/2; outcone 

particles with 𝜃 greater than the 𝜃1/2. The values of average multiplicity, momentum 

and transverse momentum were studied for the incone and outcone protons and π± -

mesons separately, as a function of a number of identified protons in an event. All the 

results of the experimental data are compared with the Dubna version of Cascade 

Model. Fitting of experimental data and cascade code data in a linear function have 

been used for their quantitative comparison. In our investigations, we observed some 

signals of the nuclear transparency effect when the behavior of the average values of 

the characteristics didn’t depend completely or partially on the number of the 

identified protons. Analyses of the results show that the leading effect is the reason of 

the observed transparency for the incone protons.  Comparison of the experimental 

results with those obtained from the Dubna Cascade Model indicates that the signal 

on transparency for the incone π∓-mesons is due to the leading particles too. Because 

these are the π∓-mesons with high energy, small polar angle and their investigated 

characteristics are described satisfactorily by the model, they could be produced 

during charge exchange interactions of the leading nucleons. We observed that the 

signal on transparency coming from the behavior of the average characteristics of the 

outcone π∓-mesons could not be explained on the basis of the leading effect, because 

the effect is observed for the outcone π∓-mesons, having low energy and large angle. 

Furthermore, the model could not depict the results satisfactorily. Comparison of 

experimental data with cascade and coherent tube models shows that the observed 

transparency in case of outcone π∓-mesons is connected to the collective interactions 

of grouped nucleons in the target medium with incident projectile. The phenomena 

can be even stronger in central events. In the paper [46] we presented some 

information on average multiplicity of light nuclei production as a function of 

centrality in He12C- and C12C interaction. In the paper [47, 48] we studied the 

centrality dependence of the pseudorapidity spectra of relativistic charged particles. In 

reference [49], we discussed some results connected to the properties of central π−-

meson induced interactions with carbon nuclei at 40 GeV/c.  
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Chapter 2 

Review of the previous measurements of NT effect 
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2.1 Introduction 

Nuclear Transparency effect, an important phenomenon, is connected to the changes 

take place in the cross-section during the nuclear reactions (see sec. 2.2). The level of 

nuclear transparency, a target nucleus offer to an incident particle is of vital 

importance to the study of strong interaction. The effect of nuclear transparency is 

associated with dynamics of hA and AA interactions, the study of which could reflect 

some particular properties of the medium. In nuclear-nuclear collisions, the energy 

dependence of the effect gives significant information’s about the structure, properties 

and phases of nuclear matter (see sec. 2.5).  

 

2.2 Transparency effect and the reaction cross-section  

Starting with the expression for the reaction cross-section depending on energy, 

introduced by [50] 
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where   is used to represent mean free path of the particle and is given by 
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Effect of the coulomb potential effect can be corrected [51] by introducing the factor 

in the above formula 
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 with  is the reduced de-Broglie wavelength of the incident 

particle. Z and z are the charge of the target and projectile. Now comparing equation 

2.1 and 2.2 to get the expression for the transparency  

 

2
1/3 2( ) [1 ][1 ] (2.3)

( )
R o

E o

Zze
r A T

R E
     


 

This gives the value of T factor equal to the following expression 
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Equation 2.3 shows that how the nuclear transparency effect is connected with the 

cross-section of interaction. Expression 2.4 shows that the nuclear transparency 

depends on the ratio of two physical terms namely the effective diameter of the 

interacting system to the mean free path. Large value of the ratio 
2 ER


 implies,

2 ER
,
 which gives the transparency factor to be approximately equal to  

2

2
(2.5)

2 E

T
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The expression given above dictates that the total reaction cross-section is dependent 

on the effective surface area of the interacting system [52] 
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Glauber model [53] gives exponential attenuation of the hadrons propagating through 

the nuclear medium, where transparency is defined to be the persistence probability of 

hadron propagating through nuclear matter given by the following expression. 

( )
(2.7)

hN
tot AT

T e


   

Where T is the transparency and 
AT  is the thickness of nuclear matter in the 

interacting region. A simpler expression [54] for the nuclear transparency can be 

written as  

( ) 1
(2.8)
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e
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As we used proton and deuteron induced interactions with carbon nuclei, therefore, 

the cross-sections for p12C- and d12C are presented below using the idea of [55] for 

the cross-sections of  hadron-nucleus and nucleus-nucleus interactions.   
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2.3 Cross-section of Proton-Carbon interactions (p12C) 

2.3.1 Total p12C cross-section 

Total cross-section ( tot ) of proton-Carbon reviewed using equation (2.8) is given by 

12 12
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Where all the terms in equation 2.9 have usual meaning.  

 

2.3.2 Elastic p12C cross-section 

The partial cross-section in case of elastic scattering, given in the following 

expression, obtained from the square of the amplitude mean value of elastic 

scattering.  

12 12

12

2

2

21
2

[ ( )]1
(2.10)

4 [1 ( )]

pN p

totp C C
el pN p

tot C

T b
d b

T b





 

  

Similarly, the differential cross-section assume the form 
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2.3.3 Inelastic p12C cross-section 

The inelastic cross-section for p12C- interaction can be obtained by the difference of 

equation (2.10) from (2.9)  
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2.4 Cross-section of Deuteron-Carbon interactions (d12C) 

2.4.1 Total d12C cross-section 

 

Besides averaging over the separation of inter-nucleon distances, one has to average 

over the sizes of the nucleons as well for the total cross-section of deuteron with 

carbon (
12d C

tot ). 

The expression for the total cross-section will be the following: 
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The last term in the above expression is given by  
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2.4.2 Elastic d12C cross-section 
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12 12( )d C

sd d C XA   is the deuteron diffractive excitation cross-section. The last part of 

the first term is given by 
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2.4.3 Inelastic d12C cross-section 

To calculate inelastic cross-section of a deuteron induced interactions with carbon 

nuclei, one has to subtract the cross-section of elastic scattering from the total cross-

section as given below.  
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2.5 Nuclear transparency effect at different energies 

The Nuclear Transparency effect is strongly energy dependent. The projectile hadrons 

or nuclei are strongly absorbed with energies below 35 MeV. However, the situation 

changes histrionically at higher projectile energies of about 200 MeV/nucleon [56]. 

The free nucleon-nucleon (NN) interaction shows a minimum in tot  in the range 

from 150 to 350 MeV. This decrease in tot  is considered to be a reason of increasing 

transparency. This section contains some basic information about the transparency 

effect at different values of energy. 

 

2.5.1 Transparency effect at low energies 

At low energies, the effect of transparency can provide us with necessary information 

on the structure of the nucleus because transparency capability of different nuclei is 

distinctive. At low energies, when the interacting particles have energies over the 

Coulomb barrier, forms a cold residue “a fusion reaction.” The cold residue mass is 

equal to the full system mass. Mostly compound nuclear formation took place in 

heavy-ion collision due to the absorption of a projectile in target. However, an 

exception to this rule was observed by [7] from heavy-ion carbon-carbon collisions. 

The author observed resonances in the collision of carbon with carbon near the 

Coulomb barrier. These newly observed configurations of states were called the 

nuclear molecules. Energy of the system close to the Coulomb barrier causes 

phenomena of orbiting known as nuclear molecule which is observed in a number of 
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nuclei ranging for light up to medium heavy projectile-target combinations. The 

orbiting system is made of arrangement of projectile and target nuclei. The system 

revolves around their common center of mass, form a quantum-mechanical system 

demonstrating a characteristic rotational band of states/resonances of intermediate 

width [18]. To observe these nuclear states, before presenting a considerable portion 

of rotation, the interacting and orbiting nuclei should neither separate nor fuse into a 

compound nucleus. This shows a remarkably weak absorption of the touching partial 

waves which confirms the surface binding of the system and averts its collapsing into 

a compound nucleus, which is the concept of nuclear surface transparency. Such 

phenomena are observed with many different projectile and target combinations for 

various incident energies of the projectile [14-17]. An increase in the incident 

energies above the resonance formation causes an increase in the width of the 

structure due to the decrease in the interaction time. At energies around 10 MeV, 

instead of orbiting, scattering of a few light-nuclei shows a phenomenon of the 

nuclear rainbow. In such a situation, refraction of several peripheral partial waves 

occurs to the same scattering angle which increases the differential elastic cross-

section [19]. The interference phenomena can explain these structures. At forward 

angles, the structures are diffractive in nature whereas at backward angles the 

structures are refractive [19]. The phenomena of refraction show that these nuclei 

with closed shells display a unique transparency related to the nuclear periphery. The 

transparency observed is a common feature of these interacting systems, which is a 

strong signal of the weak absorption. The study of the nuclear transparency at low 

energies, exhibiting the behavior of resonant structure and refractive nature, can be 

used to probe the structure of nuclei. The remarkable results reported by [8] on the 

resonant structure in the carbon-12 and oxygen-16 alpha-type nuclei are configuration 

of nuclear molecule. These results show a clear evidence of the weak absorption in 

case of these interacting nuclei around and above the Coulomb potential.  The same 

kind of surface nuclear transparency is also expected in reactions where non alpha 

type projectile like 14C nucleus is used due to the very distinct structure [20, 21]. 

 

2.5.2 Transparency effect at relativistic energies 

At relativistic energies the effect of transparency can provide necessary 

information about the properties of nuclear matter as well as the properties of the 
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incident particle. At relativistic energies the study of nuclear transparency effect in 

hadron-nucleus and nucleus-nucleus collision was done by [1] using “half angle” (θ½). 

The value of the θ½ was defined as an angle which divides the multiplicity of 

secondary charged particles into two equal parts in nucleon-nucleon (NN) interaction. 

They studied the behavior of s-particles (the particles with >0.7 in the emulsion 

experiments as a function of g-particles (the particles with 0.23≤ <0.7). They 

observed that with increasing the number of g-particles (Ng) the values of the average 

multiplicity of the inner cone s-particles did not change being approximately equal to 

the multiplicity of these particles for the pp-collisions. So it was claimed to be the 

observed “transparency.” Though the values of the average multiplicity of the out 

cone s-particles decreased linearly with a number of g-particles. The Ng -dependences 

for the values of the average pseudorapidity (<>) inner cone s-particles 

demonstrated that the values of the <> decreases linearly with Ng. So the observed 

transparency in the case of multiplicity could not be confirmed as total transparency. 

Similarly, in the ref, [3] the effect of “transparency” of nuclear matter in interactions 

between --mesons and carbon nuclei was investigated at P
-=40 GeV/c.  The 

following are their findings.  

(1) For all chosen values of the limiting emission angle n (2.50, 80, and 100) 

the average multiplicity of the - mesons of the inner cone does not depend on the 

number of emitted protons (Np), and for n =2.50 and 80 it coincides with the results 

for the -p interactions;  

(2) the fact that the average multiplicity of the +- mesons of the inner cone is 

independent of the number of protons (Np) emitted from the carbon nucleus does not 

mean total “transparency” of the nucleus to these particles, since their average energy 

decreases with increasing Np.   

It means that different mechanisms could be the reason of the nuclear transparency 

effect. This reason could be the property of the nuclear matter or it could be the 

properties of a specific hadron. For searching the properties of the nuclear matter, we 

studied the behavior of the average characteristics of protons [11], 𝜋+-mesons [44] 

and 𝜋--mesons [45] as a function of baryon density. Complete description of the last 

three references is given in chapter 5 “Results”. The nuclear transparency effect 

appears due to the special configuration of a particular hadron in a nuclear medium is 

intensively studied around the globe at different research centers. The phenomenon of 
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nuclear transparency appeared due to some specific properties of a particular hadron 

is known the color transparency (CT) [22, 23] predicted by QCD [24].   

CT is another aspect of the nuclear transparency effect which predominates when a 

hadron is produced with configuration of small size. CT is the prediction of QCD that 

hadrons produced in exclusive reactions with sufficiently high four momentum 

transfers squared (Q2) can pass through nuclear matter with intensely reduced 

interactions [5, 25]. A special configuration is selected by the wave-function of 

hadrons in which quarks squeezed close to each other form a color neutral 

configuration of small size (SSC). The small size configuration is some time referred 

to as Point like Configuration (PLC) as well. The transverse size (b) of the SSC is 

depends linearly on the reciprocal of four momentum transferred square (Q2). 

Perturbative QCD envisages that the interaction cross-section between a small qq  

dipole and the nucleus is proportional to the square of the transverse size of the 

hadron b2 [26]. The increase in the value of Q2 results the production of SSC. Now it 

is clear that small size hadron will have small interaction cross-section. Thus, for CT 

to be observed clearly, it is necessary that the hadron should remain small for as long 

as it traverses the dimension of the nucleus. The high speed of a hadron and the 

production of its SSC itself are possible only when large momentum transfer takes 

place during the collision between the target and impinging particle. A reduced 

interaction because of the color screening is experienced between the hadron of 

reduced transverse size before expanding to its original dimensions. The reduced size 

of the SSC allows it to propagate through a nucleus with reduced attenuation known 

as CT. The increase in the NT versus Q2 indicates the appearance of CT as compared 

to the predictions of traditional nuclear physics expectations. A lot of efforts have 

been made to search for the CT effect, including A(p,2p) [4, 27-30] and A(e,e´p) [31-

37] reactions with protons as a probe for studying the effect. Mesons were used on the 

premise that at high value of Q2, the transverse size of mesons (r⏊) is sufficiently 

smaller than those of the r⏊ for the baryons. The results include,  -meson production 

[38, 39], di-jets production from the pions diffractive dissociation [40] and pion 

photo-production process [6, 41]. A brief description of the work done is this area is 

given below. 
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2.5.2.1 Three quarks (qqq) system as a probe for Nuclear Transparency 

2.5.2.1.1 NT in Quasi-elastic A(p,2p) reaction (BNL): The first experiment on the 

Nuclear Transparency in A(p,2p) Quasi-elastic reaction was performed at Brookhaven 

National Laboratory (BNL). The following three measurements are noteworthy.  

Carroll et al., [4] measured pp elastic scattering cross-section from hydrogen and (p, 

2p) quasi elastic scattering cross-section from Lithium, Carbon, Aluminum and Lead 

at different incoming momentum ranging from 6 to 12 GeV/c. Experimentally the NT 

factor was determined by the following expression. 

(2.19)
pA

pp

T
z




   

Where pA  -the p-p elastic cross-section in a nucleus, is parameterize as o A and 

pp  is a p-p cross-section in a free nucleon. The following were their findings.  

a. The nuclear transparency in case of aluminum as target rises more than 

two time with incident momentum ranging from 6 to 9.5 GeV/c. The 

transparency observed falls back considerably after 9.5 GeV/c.  

b. The region in which significant decrease in the transparency of 

aluminum occurs is the one where the cross-section of absorption in 

free proton-nucleon interaction has low energy dependence.  

I. Mardor et al., [27] also performed the simultaneous measurement of elastic and 

quasielastic scattering of proton in 1H and 2H, 12C respectively with Q2 of about 5 to 

6.4 (GeV/c)2 with 5.9 and 7.5 GeV/c incident momenta. Here the authors additionally 

used the cms scattering angle from 83.70 to 900. As before, the nuclear transparency 

effect was defined by equation (2.19). They found that at 5.9 GeV/c incident 

momenta, the 12C transparency decreases by factor two from cms scattering angle of 

850 – 890. At the maximum value of cms angle the 12C transparency increases with 

incident momentum from 5.9 to 7.5 GeV/c, which is an increase by more than 50%. 

In the case of 2H the NT do not depend on cms angle or on incoming momentum. So 

in the case of cms angle near 900 an increase in transparency was observed for 

incident momenta used in that study, which is also consistent with the results obtained 

by Carroll et al., described above. 

A. Leksanov et al., [28] also carried out the energy dependent measurement of nuclear 

transparency using E850. Here they measured pp elastic scattering cross-section from 
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1H and (p, 2p) quasi elastic scattering cross-section from 12C at different incoming 

momentum between 5.9 and 14.4 which leads to momentum transferred squared 

between 4.8 and 12.7 GeV/c. The Nuclear Transparency was defined by equation 

(2.19).  

 

Figure 2.1 NT versus the momentum of incident beam using BNL resources [28]. 

They concluded their findings in the following manner.  

a. The transparency ratio varies with energy and increases with 

increasing energy with a strong deviation from the conventional 

Glauber picture of nuclear transparency. 

b. The transparency ratio increases with increasing incident energy below 

10 GeV/c 

c. The third observation of the study was the decrease in the NT after 10 

GeV/c 

In Fig. 2.1 given above straight shaded line is the Glauber calculation whereas the 

solid line is the fit to the 1/oscillation in the proton-proton scattering data 

Results obtained by the first experimental setup (BNL) are inconsistent with CT but 

the results can be explained in terms of nuclear filtering or charm resonance states. In 

the strongly interacting matter, the suppression in the long distance amplitude is 

known as nuclear filtering. This implies that large quark separations will be filtered in 

the nuclear medium, whereas the small separation between quarks will continue to 

travel with small diminution. The filtering of large quark separation while allowing 
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the small quark separation causes the suppression of oscillation phenomena arise as a 

result of long distance amplitude interference with the short distance amplitude. In 

this case, the cross-section of proton induced interaction with hydrogen (free proton) 

is a combination of two components; the perturbative QCD small component and a 

large component. A resonance production take place according to the authors [57] and 

model of independent scattering of quark [58, 59]; and as given by the authors [60], 

the reduction in the large component due to nuclear filtering, the transparency should 

behave (s10𝛔pp)
-1 and may also behave like the inverse of the spin asymmetry ANN [57, 

60]. 

 

2.5.2.1.2 NT in Quasi-elastic A(e,e´p) reaction (SLAC): - Experimental searches on 

the onset of Nuclear Transparency in Quasi-elastic A(e,e’p) reaction were conducted 

at SLAC and JLab. The measurement of the SLAC NE18 experiment [32, 33] is given 

in Fig. 2.2.  

 

Figure 2.2 NT effect from quasi elastic A(e,e´p) reaction versus Q2 [33] 

 

At SLAC, A-dependence of above mentioned reaction has been studied with 

deuteron, carbon, iron, and Gold as target nuclei at square transferred momentum 
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ranging from Q2 = 1 to 7 (GeV/c)2. NT which is a function of mass number of target 

nuclei and momentum transfer squared is a measure of the probability that the particle 

under consideration after receiving momentum leaves the nucleus with exceedingly 

reduced interaction. Fig. 2.2 shows the NT decreases with increasing A. They found 

no substantial rise in the nuclear transparency versus Q2 within errors in any of the 

nuclei studied.  

2.5.2.1.3 NT in Quasi-elastic A(e,e´p) reaction (Jlab): - D. Abbott et al., [34], 

studied the A(e,e´p) reaction using Carbon, Iron and Gold as targets at momentum 

transferred squared varied from 0.6 to 3.3 GeV2. They observed that the results on 

carbon as a target do not produce considerable increase in the nuclear reduction in the 

range of energy where the nucleon-nucleon tot  increases significantly because of 

pion production. At large value of Q2 little or no dependence of energy is observed for 

the nuclear transparency as predicted by traditional nuclear Physics calculation of the 

Glauber model. 

K. Garrow et al., [35] have studied the same quasi-elastic reaction using 2H, 12C, and 

56Fe as targets up to 8.1 (GeV/c)2. Dependence of the NT on Q2 and the mass number 

(A) was investigated to get the observance of CT phenomenon. They found no 

indication for the initiation of CT up to Q2 = 8.1 (GeV/c) 2. 

Figure 2.3 shows  measurements [37] which could not confirm the results obtained by 

researchers at BNL. Because of the easiness of the ep interaction as compared to pp 

interaction, the reaction “A(e,e´p)” was proposed as an substitute to [28]. But 

unluckily, all experiments (Bates [31], SLAC [32, 33] and JLab [35]) were 

unsuccessful to confirm the phenomenon of CT even at high values of Q2 as is clear 

from Fig. 2.3. The experimental results are well-matched with the one obtained under 

the same condition by Glauber and Pandharipande and Pieper type models [61]. 
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Figure 2.3 Behavior of NT effect versus Q2
 [37].  

 

In Fig. 2.3 the stars represents the deuteron data, whereas squares are used for carbon, 

circles for iron, and triangles for gold.  The MIT Bates results are represented by 

small open symbols [31], the SLAC experiment NE-18 data is represented by large 

open symbols [32, 33], the small solid symbols are results from two JLab experiment 

[34, 62] at low Q2, whereas the extension of the Jlab data to high momentum transfer 

squared is represented by the large solid symbols [35]. The dashed line is a 

Pandharipande et al. Glauber calculation [61] the solid lines represents the straight 

line fit with Q2 > 2.0 (GeV/c)2. The (p,2p) experiment of Carroll et al. and others as 

described above found indications of increase in nuclear transparency (see Fig. 2.1)  

while the experiments (see Fig. 2.2 & Fig. 2.3) found no evidence. As we know the 

presence of nuclear transparency depends on formation of a small-size configuration 

by hard scattering. The value of Q2 of the experiment NE18 (e,e’p) which varies from 

1 to 7 GeV2 is large enough for the formation of PLC. The quick expansion of the 

SSC/PLC to its typical size is the very hindrance for the non-observation of increase 

in the nuclear transparency. Therefore K. Sh. Egiyan et al., [63] suggested a new 

approach of using target consisting of light nuclei such as deuteron and double 

scattering to produce PLC at intermediate momentum transfer squared and to get the 

suppression of expansion effect. 
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L. L. Frankfurt et al., [64] studied the electro disintegration d(e, e′p)n of polarized and 

un polarized 2H targets versus Q2. Since, the final state interactions (FSI) depend 

strongly on the energy of the spectator nucleon. The FSI arise when a knocked out 

nucleon, in this case the proton, interacts with other nucleons, which in the present 

case is the neutron.  Particularly FSI arise when the important contributions to the 

scattering amplitude come from inter-nucleon distances which is of the order of 1.5 

fm. But the received energy may cause to produce a small size configuration, which 

evolves with time. If the SSC/PLC is still small after propagating through the distance 

of about 1.5 fm, the Final State Interactions are suppressed. As a result considerable 

CT effects are predicted to occur for about 4 (GeV/c)2 to 10 (GeV/c)2, which can 

increase or decrease the cross-section of interactions. As no conclusive model 

independent evidence for CT has been observed for qqq system (baryons). One would 

expect an easy and prior onset of CT for mesons production as compared to that for 

hadrons, because it is most feasible to produce a small b  in a two quark ( )qq  system 

than in a system of three ( )qqq  [65].       

 

2.5.2.2 Two quarks ( )qq  system as a probe for Nuclear Transparency:  

2.5.2.2.1 Search for Nuclear Transparency in Pion Photo Production of 

4He(γn→pπ-) reaction: - D. Dutta et al., [41] measured NT using photon as projectile 

on 4He and transparency for π--meson was searched in the reaction of the type 𝛾+ n  

π - + p. The experiment was done at JLab in which photon with energy from 1.6 to 4.5 

GeV range and the center of mass scattering angle θ = 700 and 900 were used. This 

was a different approach in the study of NT in photo induced reactions. They 

concluded that the NT results in this study deviated from the traditional calculation of 

nuclear physics models as is shown in Fig. 2.4 which provided a standard check of 

traditional Glauber calculations. Furthermore the nuclear transparency effect 

measured form the study as a function of Q2 well explain the results obtained by 

Glauber model which take into account the QCD phenomenon with CT effect. 
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Figure 2.4 The NT of 4He (𝛾, p π -) at center of mass angle θ for pions with 700 left figure and with 900 

right figure as a function of momentum transferred squared (|t|) in units of (GeV/c)2 [41].     

 

2.5.2.2.2 NT in Pion Electro Production of A(e,e´π+) reaction: - B. Clasie et. 

al., [6] measured the cross-section and hence the NT of the pion electro production 

from deuteron-2, carbon-12, copper-63 and gold-179 and hydrogen-1 targets. The 

experiment was used the first time for such studies. The value of momentum 

transferred varied from 1.1 to 4.7 (GeV/c)2. This experiment was done at JLab in 

Experiment E01-107. The author used the ratio of (σA/σH) from the data to (σA/σH) 

from model of electro production from nuclei to extract the nuclear transparency 

without the final state interactions (FSI) of π-N- interactions.  
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Figure 2.5 NT using π CT, as a function of momentum transferred for deuteron, Carbon, Aluminum, 

Copper, and Gold as indicated above [6]. 

 

The nuclear transparency for the above mentioned targets are shown in Fig. 2.5 in the 

lab frame for different mass numbers of the target nuclei and the parameterization T = 

Aα-1 is used for fitting to the results. The dark band in Fig. 2.5 is the uncertainty of Q2 

dependence from model. The level of this uncertainty is of the same order for all the 

targets. The dashed and solid lines are respectively the Glauber+CT and Glauber 

calculations [66], whereas the dotted and dot-dash lines are respectively the results 

obtained using Glauber+CT and Glauber models [12]. The author also used short 

range correlations (SRC) effect in calculating the CT. The results presented in Fig. 2.5 
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suggest an increase in the nuclear transparency which is also consistent with the 

calculation of theoretical models including CT effect. Furthermore the author studies 

the behavior of NT for nuclei with different mass number (A). The values of α was 

determined from the fit with the parameterization T = Aα-1. The value of α determined 

from this experiment is about 0.76 as shown in Fig. 2.6. In this figure the current 

studies are represented by the circles with error bars representing systematic and 

statistical uncertainties. The crisscrossed structure is the values of α from π – A 

interactions [67]. The Glauber and Glauber with CT effect [66] and Glauber with SRC 

and CT effect [12] are represented by solid, dotted, and dashed lines respectively. 

 

 

Figure 2.6 The behavior of fitting parameter α as a function of Q2 [6].  

 

The author used super ratio of (σA/σ2
H) calculated from the data to (σA/σ2

H) calculated 

from model and the ratio of (σA/σ12
C) from the data and (σA/σ12

C) from model, in 

addition to the conventional way of calculating nuclear transparency effect. They 

found that behavior of NT as a function of the four momentum transfer squared and 

atomic number show deviations from the calculation of Glauber model, and are 

consistent with the QCD calculations of color transparency.  

 

2.5.2.2.3 NT of ρ0 lepto-production (Fermi Lab):-  M. R. Adams et al. [38] 

measured the NT in production of exclusive incoherent ρo from different nuclear 

targets including hydrogen, deuterium (2H), carbon (12C), calcium (40Ca), and lead 



24 

 

(208Pb). In this experiment the projectile energy of 470 GeV was used. The 

experimental setup used was the E665 spectrometer [68] in the Fermilab Tevatron 

muon beam. The group claimed the increases in the nuclear transparencies.  

 

Figure 2.7 NT versus A for three different values of Q2 [38]. 

For each region of Q2 considered in this study, the exclusive production cross-section 

(𝛔A) of ρo from a nucleus is fit to 𝛔A = 𝛔0 A
 . The transparencies which are given by 

equation (2.19) of the 1H, 2H, 12C, 40Ca and 208Pb versus atomic mass number for 

three different regions of Q2 are shown in Fig. 2.7.  

 

 Figure 2.8 The fitting parameter   as a function of Q2. Error bars represents statistical errors 

only [38].  
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Fig. 2.8 shows the values of   versus Q2. The values of α’s are 0.64, 0.685 and 0.893 

respectively for Q2 equal to 0.212, 1.08, and 5.24 GeV2. Where   =1 corresponds to 

complete transparency.  

 

2.5.2.2.4 NT of ρo lepto production (HERMESH): -  

K. Ackerstaff et al. Hermes Collaboration [69] measured the exclusive incoherent 

electro production cross-section of the ρo (770) -meson and hence the transparency 

from Hydrogen, deuteron, Helium (3He), and Nitrogen targets as a function of 

coherent length (lc) of the interaction of fluctuations in qq  in the nuclear matter. The 

four-momentum transfer squared greater than 0.4 GeV2 was used with loss of positron 

energy ranging between 9 and 20 GeV.  The results are shown in Fig. 2.9 in 

comparisons with some of the previous experiments, such as with photon (open 

diamonds) [70] where they measured the transparency to incoherent ρo production 

with photons energy of 4 GeV and 8 GeV and at FNAL the E665 collaboration 

measured with muons energy of 470 GeV (open circle) [38]. Due to the energy loss 

from 20 to 370 GeV, the Q2 bins given in Fig. 2.9 calculated by [38] correspond to 

wide ranges in coherent length shown by the horizontal error bars. The Glauber 

calculation are represented by the dash curves for 3He and 14N obtained by [71]. 

 

 

Fig. 2.9 Behavior of NT versus coherent length (lc), the error bars show the quadrature addition of 

statistical and systematic uncertainties [69]. 
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The NT effect observed in this study (Fig. 2.9) show a decreasing behavior with 

increasing coherence length (lc) of the virtual photon qq -fluctuations. The 

transparencies extracted from the data agree well with the previous measurements and 

models including high energy ISI and FSI. 

HERMESH Collaboration [39] also studied the exclusive coherent as well as 

incoherent electro production of ρo from hydrogen (1H) and nitrogen (14N) targets 

versus coherent length and Q2 as shown in Fig. 2.10. The NT was observed to 

increase with increasing lc in case of coherent ρo electro production and decrease with 

increasing lc of incoherent ρo electro production. They found a rise of NT with Q2 for 

fixed coherence length, which are in good agreement with CT taken from calculation 

of theoretical model. 

 

. 
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Figure 2.10 NT versus Q2 at several different coherent lengths [39]    

 

Figure 2.10 [39] shows the behavior of NT versus Q2 for fixed coherent length lc 

which has a slope consistence with CT. An increase of 2.5𝛔 has been observed from 

traditional calculations.  
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2.5.2.2.5 NT of ρo lepto production (Jlab):-  The CLAS collaboration [72] in search 

for the medium modification through the properties including mass(m) and width (w) 

of ρo from the ρ, ω, and φ vector mesons produced in 2H, 3H, 12C and 56Fe targets at 

zero temperature and typical nuclear densities. This experiment was the photo 

production of the light vector mesons with decay channel to positron and electron 

pairs, i.e., the experiment for the first time used leptons as probe as well as leptons in 

the decay channel [73]. In order to eradicate the final state interaction, the rare decay 

of the ρo meson to e+e− pairs was successfully detected. The extraction of the mass of 

ρo was made in a model independent way after the removal of the ω, and φ signals. 

They found a small change well-suited with zero with respect to the mass of ρo-

meson. They also measured with consistence the typical nuclear effects for example 

Fermi motion and collisional broadening. The results obtained by CLAS collaboration 

were found to be different from the KEK proton synchrotron measurement [74] where 

they detected the three light vector mesons from the same decay channel but was 

produced with 12 GeV energy of proton beam. L. El Fassi et al., (The CLAS 

Collaboration)  [75] have measured the nuclear transparency of the incoherent 

diffractive production of ρo in 12C, 56Fe and 2H targets using electron beam of 5 GeV 

as function of lc and Q2. The nuclear transparency was defined to be the ratio of the ρo 

production in nucleus to ρo production in deuterium. The measured transparencies for 

both carbon and iron versus lc are shown in Fig. 2.11. 

 

Figure 2.11 NT versus coherent length (lc) [75] 
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Fig. 2.11 shows no dependence of NT on lc because of shorter value of lc from the 

radii of carbon and iron. The error bars inside dash are the statistical uncertainties 

whereas the error bars outside of it are the quadrature addition of systematic and 

statistical uncertainties. Figure 2.12 shows the NT effect versus Q2. It is clearly 

indicating the onset of color transparency, as the ratio increases with increasing the 

value of Q2. A linear fit is used for the result and the slope of the fit as given in Table 

2.1 is compared with the KNS [76] model, GKM [77] model and the FMS [78] model. 

The findings of this research are in good agreement with the first two but yield larger 

value than the third one. 

Table 2.1 the comparison of the slopes obtained from fitting of the behavior of NT versus Q2 

for 12C and 56Fe with KNS, GKM and FMS [75]. 

 

 

Figure 2.12 NT effect versus Q2 and comparison of experimental data with different models as 

mentioned above [75]. 
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2.5.2.2.6 NT in Di-jets diffractive dissociation (Fermi Lab): - Aitala et al., [79] 

studied the pions diffractive dissociation versus the mass number of the target into 

two jets with 500 GeV/c obtained from coherent scattering of carbon and platinum. 

The data was obtained from the 1992 run with fixed target spectrometer [80] at Fermi 

lab using E791 experiment and recorded 2 × 1010 π−-nucleus interactions. While 

extrapolating to asymptotically high energies (where minimum time tends to zero), 

they found α ∼ 1.6 shown in Fig. 2.13, where the cross-section was fitted to
o A 

. This value is consistent with the value obtained from the model incorporating color-

transparency effect.  

 

Fig. 2.13 Coherent π  diffractive dissociation with 500 GeV/c from phton on 78Pt and 12C [79]. 

 

2.6 Transparency effect at Ultra-relativistic energies   

One of the latest trends in the advancement of experimental high-energy physics is to 

search for new states of strongly interacting matter and to identify the QGP [81] 

predicted qualitatively by QCD [24]. Collision of atomic nuclei at high energies, are 

expected to melt them into QGP, a dense and hot nuclear medium made out of quarks 

and the strong force mediating particles, gluons. Nuclear matter formed during 

collision of heavy-ion at high energies is characterized by energy density. Partons 
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produced in initial hard processes traverse this dense matter and lose their energy via 

radiative or collisional mechanisms. Measurement of the RAA/Rcp of inclusive 

identified hadron spectra is the most direct access to the mechanism of parton energy 

loss in medium as well as to get characteristic properties of the QCD medium formed 

in ultrarelativistic heavy ion collisions. NT is an important nuclear effect being used 

to get the information about different phases of nuclear matter as well as the 

properties of QGP [42, 82]. At ultra-relativistic energies nuclear modification factor 

(R) is used to measure the NT. In the literature one can find two different ways of 

defining the nuclear modification factor denoted by RAA and RCP [83]. The former is 

defined as the ratio of a given observable yield in central AA collision divided by 

binary collisions to the same observable measured in NN collisions as given below.  
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yield in the central to peripheral collisions scaled to the number of binary collisions, 

given by the following expression. 
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Due to the lack of appropriate pp data, which enables calculation of RAA, a ratio of 

central to peripheral spectra is used (RCP), on the premise that ultra-peripheral events 

look very much like elementary collisions. For completeness a brief description of the 

QGP is given here. QGP, the quark-gluon plasma is a state of nuclear matter at high 

temperatures and/or densities of the baryons, where hadrons lose their identity. One 

may get the QGP state at laboratory conditions using collisions of heavy nuclei by 

increasing the energies and masses of interacting system. This started a continuous 

development and up gradation of research facilities which centers on heavy ion 

collisions at relativistic and ultra-relativistic energies. Now to create the different 

states/phases of nuclear matter and the possible formation of QGP, collisions of nuclei 
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at very high energies and high densities are required. Since the collisions are very 

violent and the timescales involved are very short, the formation of QGP depends on 

the initial conditions for the matter produced in the collision. More precisely, it 

depends on the distributions of partons in the wave-functions of the two nuclei before 

the collision. In collision of nuclei at high energies, multi-particle production is 

controlled by modes in the nuclear wave-function carrying a small fraction of 

momentum x of the nuclear momentum [84, 85] . Understanding the correct initial 

conditions therefore requires the understanding of the properties of these small x 

modes. A sophisticated effective field theory approach has been developed to describe 

the properties of partons at small x [86-89] forming a color glass condensate (CGC) 

[86, 87, 90, 91]. The CGC is characterized by a bulk scale s  which grows with 

energy and the size of the nuclei. For RHIC energies, s  is of the order of 1-2 GeV 

[92-95] provided s  is a constant as for cylindrical nuclei. For further details on the 

subject the reader is referred to [96-99] where the initial conditions for nuclear 

collisions are formulated in the CGC. Increasing density and temperature of the 

nuclear matter may lead to a number of phase transitions including the first-order 

phase transition of restoration of a specific symmetry of strong interactions -chiral 

symmetry that is strongly violated at low temperatures and/or densities of the baryon 

charge. Nevertheless, to produce the conditions at which one may create the QGP in 

laboratory and pick up a signal of its formation, one needs a lot of material and 

intellectual resources. Fig. 2.14 shows the pictorial diagram of central heavy ion 

collisions with time.  

 

 

Fig. 2.14 The diagram shows the collision of heavy nuclei at high energies with time. Image prepared 

by Steffen Bass, Duke University 

 

There might be a large number of different phases in case of a typical heavy-ion 

collision. Fig. 2.14 shows five different phases of a typical heavy ion collision. They 
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are: I. pre-interaction state; II. mixed phase due to parton-parton interaction; III. QGP 

phase; IV. hadronization and V. freeze-out. In the pre-interaction state, two nuclei are 

approaching each other with high velocity. Reaction plane is defined by the direction 

of initial beam and by its space orientation. The impact parameter denoted by b and is 

defined as the perpendicular separation between the centers of the two colliding 

heavy-ions, is located in the reaction plane. In the case of the most central collision 

the value of b is equal to zero. In the second stage when these heavy nuclei come 

close to each other and start to overlap, the parton-parton interaction is expected 

because of high energy and centrality, which leads to the mixed phase of the strongly 

interacting system. After the overlap of the matter distributions of the two colliding 

nuclei, the properties of the nucleon-nucleon interaction are not well defined. Medium 

effect -the modification of the properties of the constituents, and at relativistic 

energies the changeover to the QGP occurs. The critical value of temperature for the 

formation of such plasma is of the order of 170 MeV. The idea of QGP is illustrated 

with the following example. Consider a certain volume containing baryons. 

Experiments have shown that baryons have non-zero spatial volume [100]. Thus 

clearly a critical volume exists where baryons fill the volume completely and at this 

critical volume it is assumed that the baryon structure vanishes and forms the plasma 

of quarks and gluons. Here it is worth pointing out that the quarks are still confined by 

the strong interaction but now instead of being confined within hadrons they are 

confined within the allowed volume. Now the energy density is much higher in this 

volume unlike the environment found inside nucleons. The matter inside the volume 

is proposed to be in a state known as a QGP. It is believed that the early universe went 

through a QGP phase as it expanded and cooled. Hadronization is the next step in the 

interaction setup where reduction in the energy density takes place. Reduction in the 

temperature and density is caused by the expansion in central system. In case of 

central collisions, for symmetry, the expansion is symmetric azimuthally. The matter 

starts to expand collectively into transverse directions. At a quantitative level, features 

of this process may be understood on the basis of the self-similarly and cylindrically 

symmetrical hydrodynamic expansion. In this case, the velocity is proportional to the 

distance from the axis of symmetry. The system will expand and cool until the energy 

densities and temperatures are no longer sufficient to sustain a thermally equilibrated 

system. At a temperature of about 15 fm/c, the momenta of the particle will 

kinetically freeze-out and the particles will stream freely without further strong 
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interactions. In each state, the matter can be characterized by its different density and 

temperature. Besides these, there is another very remarkable parameter, namely the 

transparency (Tr) of matter, which may equally be used to characterize these states. 

We believe that the appearance and critical change in the NT could give the necessary 

information for the identification of different phases as well as formation of QGP. 

In paper [13] we discuss some ideas connected with the identification of QGP using 

the information coming from the freeze-out state. The main idea is that the values of 

transparency (Tr) for different states of time evolution of heavy ion collisions are 

different (Tr3, Tr4 and Tr5). To characterize the Tr it is convenient to use the nuclear 

modification factor (R). 

To confirm the above idea we use data coming from different heavy ion generators 

and experiments. Fig. 2.15 shows the result of the behavior of R function defined as 

the ratio of particle yields at central to peripheral collision versus the temperature of 

thermal freeze-out (Tth) produced in gold-gold (Au-Au) collisions at 200A GeV/c. 

Different colors in Fig. 2.15 correspond to different particles and anti-particles. The 

behavior of the R is studied for all the octet baryons and a few octet pseudo scalar 

mesons as well as for their corresponding antiparticles. The results show that the 

behavior is independent of the type of particle used. The data is simulated using the 

Fast Hadron Freeze-out Generator (FastMC) [101]. The FastMC model is a model 

which can be used to study and examine several physical quantities for stable hadrons 

and their resonances produced in the collision of heavy ions at high energies.  
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Fig. 2.15 The behavior of R is shown as a function of thermal freeze-out temperature in unit of GeV. 

Different colors in the figure correspond to the ratio of different particles or anti-particles yield 

produced in central to peripheral Au+Au collisions [13]. 

 

Using this model generation of new particles can be made by chemical or thermal 

freeze-out hyper surface given by a parameterizations or a numerical solution of 

relativistic hydrodynamics with given initial conditions and equation of state [101]. 

There are two regions in the behavior of R as a function of the Tth (see Fig. 2.15). In 

the first region one can see that in the freeze-out state R is almost a linearly increasing 

function of the Tth independent of the types of particles and the second region is a 

straight line, which has no dependence on Tth, it can be regarded as a regime change. 

Now one can see that the study of the R versus thermal freeze-out temperature shows 

a critical change and saturation at a temperature about 150 MeV. This critical change 

in R is actually due to the critical change in the transparency of the medium, which 

shows the changing properties/phase of the medium. 

The Ref. [102] discussed on the different mechanisms for the apparent sQGP 

transparency at LHC. They argued that theoretical opportunities contributing to this 

apparent decreased opacity or increased transparency of the sQGP relative to the jet 
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energy loss models (DGLV/WHDG)  extrapolated to LHC from RHIC include: 

Baryon anomaly [103-105]; Gluon feedback [106]; conversion of quark jet from a 

Gluon [107]; self-energy of the Gluon [108, 109]; and if coupling of the jet-medium is 

reduced at LHC than at RHIC, i.e., ( ) ( )?s sLHC RHIC   The authors [102] 

reported parameter-free RAA(pT, s) predictions of high pT pions in lead-lead collisions 

at 
NNs = 2.76 and 5.5A TeV based on jet energy loss models (DGLV/WHDG). The 

nuclear modification factor of the 𝜋o-mesons production RAA was defined as a ratio of 

the 𝜋o-mesons spectrum measured in Pb+Pb collision of a given centrality and 

normalized binary NN collisions (Nbc) [110], to proton-proton collisions derived to 

inelastic events. In their investigations they observed a strong dependence of the 

suppression of 𝜋o-mesons on collision centrality, and claimed that the pT dependence 

of RAA in the most central collisions reveals the same behavior for most hadron 

spectra measured at the LHC energy. The D-mesons production and their nuclear 

modification factor [111] has been studied in p+p and Pb+Pb collisions in ALICE 

experiment at s  = 7 and s =2.76TeV and at 
NNs = 2.76TeV, respectively. Those 

measurements were made using the hadronic decay channels. Since the ALICE 

detectors have very high resolution and capabilities of hadron identification, therefor 

D mesons are reconstructed with high accuracy.  The authors reported the evolution of 

the RAA of ,oD D  and *D
versus pT in the two centrality bins ranges 0–20% and 

40–80%. in the former case, for pT > 5 GeV/c a clear suppression of about factor 4–5 

is observed. The authors claimed that the suppression in the latter case shows the 

presence of the hot and dense nuclear matter produced during the collision of ultra-

relativistic heavy ions. 

In reference [112], the nuclear modification factor of charged particles, quantified by 

the ratio of the yield of these mesons in p–Pb collisions to the same mesons yield in 

pp as a function of pT is calculated using the following expression.   
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where 

2 pPb
ch

T

d N

d dp is the yield of the charged particles in a given pT and pseudorapidity 

bins in p-Pb collisions. The results obtained using nuclear modification factor in the 

case of p-Pb collision is compared by the central and peripheral Pb-Pb collisions 
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[113]. The nuclear modification factor in this study is about one for pT ≥ 2 GeV/c 

with coverage of 0.5 < pT < 20GeV/c. This effect shows that in the case of lead-lead 

collision at LHC energies [113-115], the strong observed suppression in central 

collisions is a signature of the formation of strongly interacting matter created during 

heavy ion collisions.  
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3.1 An introduction to the Monte Carlo Event Generators 

The purpose of an event generator is to use computer programming to generate events 

as closely as possible to an ideal detector. This cannot happen in a single go, but to 

handle the problem reasonably accurate, one have to divide the process into a number 

of steps. In a real event generation, most steps involve the splitting of one task into 

two, or into very small sub steps, with the secondaries free to branch in their turn. As 

is clear from the name, “event generator”, the output has the same average behavior 

and has same variations as real data, should be in the form of events. Now what 

causes the fluctuations in the real data is the underlying theory of the quantum 

mechanics. To ensure the fluctuations in the data from generators, relevant variable 

are selected using techniques (based on Monte Carlo simulations), according to the 

desired probability distributions. In an experiment, the accelerated particles produce 

interactions in a detector. The secondaries produced by these interactions are 

perceived by detectors. Out of all events the interesting interactions are recorded. 

Afterward by using the known information of the events, the momenta of the particles 

and their types are deduced.  Now using these information’s, one may proceed with 

the Physics analysis. In the case of event generators, the production of events is done 

by event generators instead of produced by a real machine. The behavior of the 

detector is simulated in different programs, which explain that how the particles 

produced by the event generator traverse the detector, and how they follow the curved 

path after passing through a magnetic field etc. The output in the case of event 

generator has the same form as the real data obtained by the detector. Thus, the same 

Physics analysis chain can equally be applied in the two cases.  

The event generators which are used so far, for high energy particle-nucleus and 

nucleus-nucleus collision are broadly divided into two categories by [116]. The first 

category of models include all models which assume that particle-nucleus collisions is 

a multistep process which consist of independent collisions with nucleons 

encountered when propagating through a target nucleus. This category include Intra-

nuclear Cascade Models [117], Leading particle Cascade Model [118-121], Energy 

Flux Cascade Models [122], Multiperipheral Regge Type Models [123, 124] and 

various types of Statistical and Hydrodynamical Models [125]. We used the Cascade 

model, a typical example of the first category of models. The center of mass energy 

available for the production of new particles in these models is given by s ≤ 2mPlab. 
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The second category includes all models which assume that a particle-nucleus 

collision is a single step process where a few nucleons in the nucleus interact 

collectively with the incident particle [126]. We used Collective Tube Model (CTM) 

[116], a typical example of the second category of models. In such models the 

effective center of mass energy available for the production of particles is 

approximately given by seff ≃ 2kmPlab, where km is the mass of the system that 

interacts collectively to the incident particles with k the number of nucleons that lie 

behind the struck nucleon and recoil collectively. The value of this mass is of the 

order of a few times the mass of a single nucleon. Plab is a momentum of the incident 

particles. The model has been successfully applied to various processes at low and 

high pT [127-133]. For first category of models as per definition given above 

transparency could appear as a result of simultaneous action of different effect. This 

kind of transparency does not carry any information about particular properties of the 

medium.  For the second category of the models, the collective response of the 

nucleons provides the information about some specific property of the medium. That 

is why the main goal of this work is to look for the transparency effect of nuclear 

matter and to understand whether the effect connects with the first category of models 

or it does connect with second one. The description of the two models used as typical 

examples for the two categories is given below. 

 

3.2 CASCADE MODEL: 

Cascade model has proven to be the most important model used to describe the 

general features of relativistic nucleus-nucleus collisions. It is an approach based on 

simulation using Monte-Carlo techniques and is applied to situation where multiple 

scattering is important. The basic assumptions and procedures of the cascade model 

are given in [134, 135]. A brief description of the model is presented here. The 

cascade model does not include any medium effect or collective properties and that 

each colliding nuclei is treated as a gas of nucleon bound in a potential well. The 

model is used for multiple scattering based on Monte-Carlo simulation techniques.  

Particle production takes place when a projectile interacts with target after absorbing 

momentum. The produced particles interact elastically or inelastically with other 

nucleons and produce new particles. This process continues till the moving particle 

either leaves the nucleus or is absorbed. A diffused distribution is assumed for the 
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potential of nucleus and density of nucleus and in the normal state correlation 

between nucleons is taken into account. In Monte Carlo study of the time evolution of 

two interacting nuclei, the inter dependence of target and cascade are accomplished 

through density of the nucleons correlations from colliding nuclei in intra nuclear 

collisions. The Pauli principle and the energy momentum conservation are obeyed in 

each inter-nuclear interaction. The remaining excited nuclei, after the cascade stage 

are described by the statistical theory in the evaporation approximation. In 

comparison with the experimental data we used the same conditions to both sets of 

events.  

In case of collision the nucleons taking part in the interaction are determined by the 

following consideration [136]. 

2 2 2

int( ) ( ) ( ) (3.1)k i j l i j Db x x b y y R           

Where bk and bl are components of the impact parameter, i and j are for the two 

counterparts in the unprimed and primed coordinates. The radius of the strong 

interaction is given by Rint which is of the order of 1.3fm and the de Broglie reduced 

wavelength of the incident particle is given by D . The interacting nucleon can pass 

each other without collision or they can interact elastically or inelastically as is 

described above. 

The corresponding probabilities are given by the following expressions 
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where eq. 3.2 gives the total probability and 3.3 and 3.4 give the probability for elastic 

and inelastic interactions respectively. The time of interaction is determined by the 

following expression in the rest frame of target nucleus  

( )
(3.5)

j i

ij

z z
t

v


   

in the above equation v is the projectile speed. The nucleons interaction is ascribed a 

Fermi motion and the projectile momentum is transferred to the rest frame of the 

target. The following form of the Fermi momentum distribution is assumed  
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2( ) , 0 ( ) (3.6)fP p dp p dp for p p r     

With 
2 1/3(3 ( )) (3.7)fP r    

Oscillator densities are used For nuclei with mass A, B ≤ 10 and RA = 1.07A1/3 fm and 

c = 0.545 fm. If a nucleon has energy lower than the Fermi energy, the interaction will 

be rejected. This process continues until an interaction occurs.  

The time is augmented by 
ijt  after the first interaction and the coordinates of the 

moving particle are changed by 
k k ijz z vt  . The newly produced particles 

coordinates are fixed by the coordinates of the projectile or target nucleons. Similarly 

all possible interactions are considered. Each newly produced particle can collide with 

nucleons in a tube containing nucleons with radius int DR   along its track.  

The interaction time is determined by 
/( )

ik

k

r r
t

v


  where kv  is any k cascade particle 

velocity with 
k

v  its radius vector  

The interaction with minimum time is considered among all. This process continues 

till the end of all possible interactions. The number and charges of spectator nucleons 

along with charges of the absorbed mesons at the end of fast cascade stage determine 

the nuclear residual charge and mass number. The target nucleus excitation energy 

determines the energies of mesons and nucleons absorbed. Same is the case with the 

projectile nucleus excitation energy for which the same procedure is applied. The 

target nucleus excitation energy will be linearly proportional to the emitted nucleon 

when one ignores the absorption of the mesons and nucleons. 

 

3.3 Collective Tube Model 

Because of its simplicity, CTM has a great advantage among the various models used 

for multi-particle production in hadron induced interactions with nuclei. It claims that 

the target nucleus in participant region behave collectively (like a big hadron) instead 

of quasi free nucleons when hit by a projectile hadron. For more information about 

the model one may read the references [116, 127-129, 137-139]. A brief description 

of the tube model which is mainly extracted from the reference [116] is given below. 
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Fig. 3.1 Schematic diagram showing the interaction of hadron with a nucleus in the frame work of 

collective tube model (a) shows the situation before collision whereas (b) shows the situation after 

collision [138].  

 

Figure shows a schematic representation of the particle nucleus collision in the frame 

work of the CTM, where A-Ae is the spectator part of the target nucleus, X is the 

excited part of the hadronic matter which subsequently decay to hadrons consisting of 

mainly pions. The CTM for particle induced interaction with nuclei at high energies is 

based on the following two suppositions 

 

3.3.1 The supposition of Tube 

In a particle induced interaction with a nucleus at high energy, the nucleon and those 

lie fully behind it form a tube and recoil collectively with a cross-section ( ) . Here 

  is a free parameter because the effective particle tube cross-section is different 

than the free nucleon cross-section. This implies that in the case of particle induced 

interaction with a nucleus at high energies, the interaction is actually a particle-tube 

interactions, with the nucleons outside the tube are spectators. If there are k numbers 

of nucleons that lie behind the stroked nucleon, considered to act as a tube, then their 

effective mass is given by mk. The cms energy squared for such kind of collision is 

nearly given by  



43 

 

2 (3.8)eff m labs k P 
  

 

Where mk  is the mass of the system that interacts collectively to the incident particles. 

The value of this mass is of the order of a few times the mass of a single nucleon. Plab 

is a momentum of the incident particles. It is assumed that the whole tube recoil 

collectively provided the shock velocity inside a dense tube is small compared to the 

velocity of the incident projectile. Thus, CTM assumes that incident particle interact 

collectively with a tube of nucleon in the nuclear matter, whereas other collective 

models assume that the incident particle interact with multi-nucleon cluster/coherent 

fluctuation of nuclear matter occupying small volume. The idea of collective 

interactions of nucleon was given by a number of researchers [126, 140, 141], but the 

first experimental evidence which supported strongly this idea was given by A. M. 

Baldin [142]. In their work, they bombarded nuclear targets with high energy 

deuterons. They observed particles in the forward cone with energy significantly 

greater than the average energy per nucleon in the incident deuteron. The supposition 

(l) can explained with the effect observed by Baldin et, al., [142] which can be further 

tested by looking for the massive produced particles in particle-nucleus interactions at 

incident energies well below the threshold for their production in particle-nucleon 

collisions. Similarly one can also search for some nuclear effect which could be 

connected to the particle-tube collision. Another assumption regarding the credibility 

of the particle tube model is the supposition of universality explained below.  

 

3.3.2 The supposition of Universality 

The quantum numbers independent quantities in the collision of particle with a 

particle should also be quantum numbers independent of particle collision with a tube.  

For those quantities it is assumed that particle induced interactions with tube looks the 

same as that of particle induced interactions with nucleon in the same cms energy. 

Average multiplicity, variance, the distribution of multiplicity and different cross-

sections of inclusive interactions for production of particles with low pT are included 

in those quantities. 

In exclusive reactions at high energies the assumption of universality is violated in 

many cases with very few examples in inclusive reactions at high energies. In such a 

situation, the universality is replaced by a special case concerning the reliance of the 

cross-section of the particle induced interaction with tube on its quantum numbers. 
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The CTM can be applied to estimate particle induced interaction with nucleus from 

particle induced interactions with particle provided the knowledge of probability 

( , )P k A  that the incident particle encounters a tube of k nucleons in particle induced 

interaction with nucleus. In the independent particle approximation for the nucleus, 

the probabilities P(k, A) for the projectile to encounter a tube with k nucleons is 

calculated with the assumption that the tube act as a big hadron. The center of mass 

energy available in this case is given by s = 2kmPLab, where km is the effective mass of 

the nucleons which interact collectively to the incident particle and PLab is the 

momentum of the projectile in the laboratory frame as given above. This model 

assumes that the wave function of a nucleus with A number of nucleons is a product 

of A number of identical nucleon wave functions normalized such that it gives the 

correct density of the nucleus. The probability ( , , )P k A b  to find k nucleons interact 

collectively in a tube of cross-section   at transverse coordinate b from the center of 

a nucleus A is given by 

2 2 2

1
1

( , , ) [1 (1 ) ] (1 ) (3.9)
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d b P k A b d b d b e  
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Where T is the thickness of the nucleus at the transverse coordinate b given by  

( ) ( , )T b b z dz




   

Where  is the normalized nuclear function density with 3( )r d r A   

Using equation (3.10) one obtain the following expression for the probability  
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If projectile is a nucleon then equations (3.11) and (3.12) can be used to calculate 

P(k,A) representing the probability of its interaction with k nucleons in a tube. More 
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general form of the expression for the probability of such kind of interactions is given 

by 

( )2 1 1
1

( )( ) (1 [ ] )
1

( , ) (3.13)
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At the two extreme, either if the nucleon is considered to be opaque or transparent 

reduces the equation (3,13) to the following form 
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Coherent Tube Model can be used to predict many features of high energy particle 

induced interaction with nucleus and nucleus induced interaction with nucleus. In case 

of multi particle production CTM can be used to calculate the multiplicity of charged 

particles in a particle tube collision by the following expression 

( ) ( ) ( ) (3.15)pp o pp
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s
n s n s

s

      

( ) ( ) (3.16)pA pp An s n s k        

And their ratio is given by the following expression 
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where ( ) ppn s  and ( ) pAn s   are the multiplicities of charged particles obtained in 

pp collision and in a collision of particle with tube having k number  of nucleons 

respectively.  

The average multiplicity of charged particles as a function of tube disintegration is 

given by 

( ) ( ) ( ) (3.18)
p

A
N pp pZ

n s n s N       

Where ( ) ppn s   and ( )
pNn s   shows the multiplicity of charged particles obtained 

in pp collisions and in particle induced interaction with a tube containing Np number 

of protons in it. Their ratio is given by  
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( ) (3.19)
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Equation 3.19 can be used to calculate the number of charged particles recoil 

collectively due to the interaction of an incident hadron.  
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Chapter 4 

The Method and Experiment 
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4.1 The Method 

In the previously reported work [1, 3] the half angle technique was applied to extract 

information on nuclear transparency at high energies. In the first step, using nucleon-

nucleon collisions, the half angle was defined which divided the multiplicity of the 

secondary charged particles produced into two equal parts. Fig 4.1 shows graphical 

illustration of the half angle, defined from nucleon-nucleon interactions (see Fig. 

4.1(a)). In the second step, the average values of some characteristic properties of 

charged particles produced in hadron-nucleus (see Fig. 4.1(b)) or nucleus-nucleus (see 

Fig. 4.1(c)) collisions were studied as a function of the baryon density. Those 

characteristic properties were defined separately for particles with angle smaller than 

(incone) and greater than (outcone) half angle. The behavior of the average 

characteristics of the hadrons independent (completely or partially) of the baryon 

density was considered as a transparency effect. The transparency is expected for the 

incone particles due to their high energy and small angle. They can pass the medium 

with minimum interaction and hence matter will become transparent for those 

particles. For outcone particles the results are expected to be unlike the former case. 

They have to lose essential parts of their energies due to small velocity and hence will 

spend long time in the medium and can interact several times with inner nucleon of 

the nucleus. Thus, their characteristics have to be more sensitive to the baryon 

density. We have followed the method described in [1, 3].   

In our investigation, we determined the values of the θ1/2 to be 25o using pp collisions. 

The θ1/2 divides the particles into the incone and outcone particles. Particles with polar 

angle (θ) < θ1/2 are the incone particles and those with θ > θ1/2 are the outcone 

particles. We called NT as an effect at which the characteristics of the protons and π∓ 

-mesons in proton induced interactions with carbon nuclei (p12C) and deuteron 

induced interactions with carbon nuclei (d12C) do not depend (completely or partially)  

on the number of identified protons (Np) in an event. Np is used to fix the centrality of 

collisions because it is connected to the baryon density of nuclear matter. 
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Fig 4.1 Graphical illustration of the half angle, defined from nucleon-nucleon interactions. (a) NN- 

interaction defining half angle which divides the multiplicity of charged particles in to two equal parts. 

(b) NA- interaction (c) AA- interactions.  

 

Some terms are important to be addressed in Fig. 4.1(c). The perpendicular distance 

between the centers of two interacting nuclei represented by “b” is known as impact 

parameter. The impact parameter is very important to be determined as accurately as 

possible. To fix the centrality of collisions, theories or models make use of the impact 

parameter. Besides it great importance, it is not simple to fix the centrality of 

collisions in an experiment and cannot be measured precisely. Therefore, different 

experimental techniques are used to approximate this important parameter. In our 

case, we used the number of experimentally identified protons in an event to fix the 

centrality. The advantage of light nuclear interaction at relativistic energies is that the 

number of experimentally identified protons can be used to fix the centrality of 

collisions. Three distinct region are shown in Fig. 4.1(c) for the two interacting nuclei. 

The participant region is the region of overlap between the two nuclei. There are two 

spectator regions belonging to the projectile and target. The particles with high energy 
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are coming from the spectator part of the projectile, whereas the particles with low 

energy are coming from the spectator part of the target. 

 

4.2 The Experiment 

4.2.1 Methodological detail  

The experimental data were obtained using the bubble chamber, with propane (C3H8) 

in its active volume, of the High Energy Laboratory (LHE) of the JINR [143, 144] 

Dubna. The chamber was located in a 1.5 Tesla magnetic field, and was exposed to 

beams of light nuclei accelerated to a momentum of 4.2 A GeV/c with the 

Synchrophasotron at Dubna [145]. Almost all charged particles emitted at 4𝜋, 

provided they exceed the threshold value of the energy required for sufficient track 

formation, were recorded in the detector.  

The method to define the total numbers of inelastic interactions that the projectiles 

encounter in propane with carbon was given in [146-148]. The criteria could, 

however, separate only 70 percent of the total number of projectile carbon 

interactions. This estimation was made by using the known cross-section for the 

projectile-proton and projectile-carbon interactions. The remaining events were added 

statistically by introducing the relevant weights, occurring on protons and carbon 

nuclei relevant to the numbers expected from their inelastic cross-sections [148]. 

Except identified electrons, all negatively charged particles were recorded as 𝜋--

mesons. The last criteria is reasonable because more than 95 percent of the negative 

charged particles were 𝜋--mesons because the upper limit for the misidentification of 

electrons and strange particles with strangeness -1 do not exceed 5 and 1 percent 

respectively. The threshold value of average momentum for 𝜋∓-mesons registration 

was set to 70 MeV/c. Because of their short track, the pions were not registered in the 

bubble chamber below the threshold value of energy. Good identification of the 

charged pions was made up to ~ 500 MeV/c. All particles with a unit positive charge 

having momentum greater than ~ 500 MeV/c were given a weight factor to separate 

the 𝜋+ -mesons from protons. Visual separation of the 𝜋+ -mesons and protons were 

made up to the momentum of about 750 MeV/c on the basis of their ionization in the 

chamber. For the particles scattered at large angle to the camera object plan, a 

correction factor to consider the losses was introduced.  This criterion could restore 

about 3 percent of protons with momenta greater than 300 MeV/c and about 15 
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percent of slow protons with momenta less than 300 MeV/c [147].  Selection of 

protons was made by the statistical method which was used for the selection of all 

positively charged particles. Protons with a momentum less than 150 MeV/c were not 

identified, because of their short range in the chamber. Slow protons, usually coming 

from the spectator part of the target, with momenta less or equal to 700 MeV/c were 

identified by their ionization produced in the bubble chamber. The average error in 

measuring angles of the charged particles after interactions was about 0.8o, while the 

average relative error in defining momenta of the charged particles from their 

curvature was ~ 11 percent in the magnetic field. In this experiment, we used 12757 

pC3H8 (which correspond to 8971 p12C events) and 9016 dC3H8 (which correspond to 

5807 d12C events), interactions at a momentum of 4.2 A GeV/c. (for further 

methodological details see [149]). In the case of cascade code we used 50000 p12C- 

and 50000 d12C- interactions at the same energy. 

 

4.2.2 Synchrophasotron: 

Synchrophasotron was the main research facility at LHE available at the JINR, 

Dubna, till to the nineties of the last century. A schematic plan of the different 

accelerators complex and experimental areas of the LHE is shown in Fig. 4.2 taken 

from reference [145].  

 

Fig. 4.2 A schematic plan of the accelerator Centre of the LHE at JINR, Dubna [145]. 
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The Synchrophasotron accelerates beams of charged particles including protons, 

deuteron, alpha, carbon etc. The setup can also be used to accelerate secondary beams 

as well as polarized deuterons. The major parts of the compound are the sources of 

different ions, LU-20 high voltage pulse transformer in linear accelerator. The 

possibilities of a variety of different beams of ions and its intensities are limited by 

the parameter of the different components of the complex. LU-20 provides 

acceleration of ions with 0.33≤Z/A≤5MeV/u as well as proton up to 20MeV. 

Different sources of ions/nuclei including ionizer of electron beam – 

EBIS/KRION, duoplasmatron (Dp), sources driven by laser like LDS and Polaris, 

are used for injection into the Synchrophasotron. Detail of the different projectile 

particles used in the compound of injector is given in Table 4.1. 

 

 

Fig. 4.3 Top view of the JINR sychropasotron  

 

The Synchrophasotron started working in 1970 using collisions of relativistic nuclei. 

To check the hypothesis of cumulative particle production, the first experiment was 

performed with deuteron beam at 4.5 GeV/u [150-152]. 
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Table 4.1 the table shows the different types of projectiles available in the injector for use in the 

Synchrophasotron, their flux, duration of pulse and sources [153].  

Projectiles Flux Duration of pulse source Remarks 

Proton 1.5×1014 0.5ms Duoplasmatron E = 20 MeV 

Deuteron 1.0×1014 0.5ms ˶ E = 5 MeV/u 

4He 1.0×1013 0.5ms ˶ NA 

3He 3.5×1011 0.5ms ˶ NA 

7Li 5×1010 15μs Laser E=5 MeV/u 

6Li 3×109 15μs ˶ N.A 

12C 6.5×1010 25μs ˶ N.A 

16O 6×109 10μs ˶ N.A 

19F 2.5×109 6μs ˶ N.A 

22Ne 2×107 40μs KRION N.A 

24Mg 2×108 25μs Laser N.A 

28Si 1×108 25μs ˶ N.A 

32S1 4×106 80μs KRION-S N.A 

40Ar 2.5×106 80μs ˶ N.A 

84Kr 1×106 80μs ˶ N.A 

d  2.5×1010 100μs Polaris N.A 

 

 

4.2.3 Bubble Chamber  

A bubble chamber [154, 155] is a device that visualizes the track of charged particles. 

Charged particles during its flight leave a trail of bubbles, produced by their 

ionization in liquid of the chamber.  It consists of a tank filled with a superheated 

liquid close to its boiling point. With the flow of charged particle through the 

chamber, the fluid begins to boil along its path, producing small bubbles.  The cycle 

of an event consists of the following steps. The particle after accelerating to certain 

desired energy in an accelerator enters the chamber. The expansion of the chamber 
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causes the pressure to drop. During this bubbles start to form in the liquid. Since the 

chamber is surrounded by magnets, the charged particles follows curved path by their 

passage in the magnetic field. The chamber is illuminated and the bubble trails are 

photographed with cameras placed around the chamber. In the last step the pressure is 

increased again to make the chamber ready for the next cycle. The cycle begins again 

from the first step for recording the next event. Donald A. Glaser got the Nobel Prize 

award of 1960 in Physics for the bubble chamber invention in 1952. 

Bubble chambers are used with several different liquids. Organic liquids like propane 

(C3H8) and Freon (CF3Br), and liquefied inert gases like xenon and helium, are some 

of the examples used in the active volume of the bubble chamber. In our case, we 

used the propane (C3H8) as a liquid for the track of the secondary charged particles as 

well as a target. Some of the features of the propane are given below. Propane is a 

colorless and flammable gas. It is the 3rd member of the alkane series of 

hydrocarbons. It is obtained from natural gas as well as from the cracking of 

petroleum. It is used as a fuel, as a solvent and in preparation of some chemicals. 

Propane melts at a temperature of -190oC and boils at -42oC. 

 

 

Fig. 4.4 Bubble chamber photograph of K- interaction with proton. The photograph is taken from the 

CERN 2 meter hydrogen bubble chamber.  
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In the early stages of the bubble chamber, the photographs were scanned and analyzed 

with very basic equipment. But with the passage of time, the increased number of 

events from the bubble chambers demanded a change in the process of analyzing the 

photographs. Later on, some digitized tables and some automated techniques were 

used. For precise measurement, a large number of scanners were needed to manage 

and process the large number of photographs. For the purpose, computer technology 

was also developed with advancement in technology of the bubble chambers. In the 

beginning, slide rules and electromechanical calculators were used. The use of these 

calculators was quickly replaced by electronic computers.  

At first, templates were used for the measurements of the tracks curvature. After the 

development of computers, major changes were made in analyzing the events. To fix 

the coordinates of a track in a photograph, moveable film projectors were developed. 

The digitized measured coordinates of the points are recorded. The spatial coordinates 

are reconstructed by taking the data to a computer. Using the measured coordinates 

and value of the magnetic field in the chamber, the computer calculated the momenta 

of the measured tracks. 

The Fig 4.4 given above shows a historical event, in which a projectile particle K⎺ 

with momentum 4.2 GeV/c is traversing in the chamber. The projectile after collision 

with a proton, gives the following products.  

oK p K K       

followed by the following decays  

oK      
oK     

oK     

The following figure shows a bubble chamber photograph showing bubble tracks 

made by elementary particles. In the experiment, a beam of - -mesons interacts with 

a proton target inside the bubble chamber.  
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Fig 4.5 Photograph shows the track of particles produced in the liquid hydrogen bubble chamber by the 

interaction of --meson taken from the Berkeley Bevatron accelerator.  

 

The interaction produces the neutral particles 0 and K0. The neutral particles, 

because of their short half-lives decay quickly in to charged particles. 

 

Fig 4.6 Clear reconstructed tracks illustrating the interaction of Fig 4.5. 
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Figure 4.5 shows two particles produced in pair which do not produce track during 

their passage where each decay into pairs of charged particles after some time and 

produced tracks as shown clearly in figure 4.6. The primary reaction can be written as 

- + p 0 + K0 

The two product particles decay as follows:  

0 p + -,   K0  + + - 

Using figure 4.6 the momentum and angles of the secondary charged particles can be 

calculated. 

 

Fig. 4.7 Schematic diagram of the coordinates of the 2-m propane bubble chamber, which is used for 

measurements and calculations of physical quantities in the experiment.  The beam direction is in the 

direction of Y-axis.  

 

The dimensions of the bubble chamber used in our experiment are as follows 

X×Y×Z=65×210×43cm3. A schematic diagram of the coordinates of the 2-m 

propane bubble chamber is shown Fig. 4.7, which is used for measurements and 

calculations of physical quantities in the experiment. The beam direction is in the 

direction of Y-axis. The parameter for the two angles shown in the above figure varies 

between the limits −π/2 ≤ α  ≤ π/2 and 0  ≤ β ≤ 2π, where   is the angle made by the 

secondary particles with the XY-plane and   is the angle of the projection of particle 
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momentum in the XY-plane with the X-axis. Knowing the two angles one can 

calculate the following.  
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Chapter 5 

RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 



60 

 

5.1 Introduction 

In this section, a detailed description of the main results on the NT effect, obtained in 

protons and deuteron induced interactions with carbon nuclei at 4.2 A GeV/c are 

presented. As mentioned above, the NT effect is an important phenomenon, linked to 

the cross-section of the reaction. The effect is used to get information about properties 

of the nuclear medium. Half angle (θ½) technique is used to extract the nuclear 

transparency effect. θ½ divided the emitted particles in two groups: incone and 

outcone. The value of the half angle was defined as an angle which divides 

multiplicity of secondary charged particles produced in nucleon-nucleon collisions in 

two equal parts.  We studied the behavior of average values of, multiplicity, 

momentum and transverse momentum of the incone and the outcone protons, +- and 

-- mesons separately as a function of Np in an event. The experimental data were 

obtained from the 2-meter propane (C3H8) bubble chamber of LHE available at JINR, 

Dubna, which was positioned in a 1.5 Tesla magnetic field, and was exposed to beams 

of protons and deuterons accelerated to a momentum of 4.2 A GeV/c at the Dubna 

Synchrophasotron. In this experiment, we analyzed 12757 pC3H8 (which correspond 

to 8971 p12C events) and 9016 dC3H8 (which correspond to 5807 d12C events), 

interactions at a momentum of 4.2 A GeV/c. As is shown above that different 

mechanisms lead to the appearance of the NT in hA and AA interactions. The results 

are, therefore, compared with cascade model to see the possible influences of the first 

category of models. CTM is used in the cases where cascade fails to describe the 

results, to see the medium effect. Several cases were found where the behavior of the 

average characteristics did not depend completely or partially on the Np –The NT 

effect. These cases are divided into two groups, leading effect and medium effect, 

depending on their behavior in the distributions. The two cases are explained into 

three subsections of the results, the former being divided into further two sections. 

Before describing the different cases of the NT, let us grasp the summary of the 

results in the form a table. 
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Table 5.I Classification of nuclear transparency observed experimentally. 

 

 

Table 5.1 shows some classification of transparency observed experimentally. The 

average values of multiplicity, momentum and transverse momentum of incone and 

outcone protons’, π-- and π+- mesons’ are analyzed as a function of Np. Five different 

angles are considered including 𝜃 = 5o, 10o, 15o, 20o and 𝜃1/2 = 25o.  The different 

symbols used in table 5.1 have the following meanings. +: transparency effect; +L: 

explanation of the transparency in terms of leading effect; +C: the data is described by 

the Cascade model; +M explanation of transparency effect in terms of medium effect; 

---: dash line means no transparency effect observed. Let us discuss them in details. 

 

5.2 Average characteristics of incone protons in p12C and d12C 

interactions. 

The values of incone protons’ average multiplicity (<nin
p>p

12
C) in protons induced 

interactions with carbon nuclei (p12C) are shown in Fig. 5.1(a). The value of θ½ used is 

equal to 25o, but as an additional information we used the angles θ =5o, 10o, 15o and 

20o to understand the limits of the method and to check the possibility of the effect at 

any other angle. The experimental data are shown by geometrical symbols, (■) for 

θ½=25o, (□) for θ=20o, (▲) for θ=15o, (△) for θ=10o and (★) for θ=05o. The data of 

the cascade model are shown by lines with solid line for θ½=25o, broken line for 

θ=20o, dash line for θ=15o, dash dot line for θ=10o and dotted line for θ=05o. 
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The behavior of <nin
p>p

12
C at half angle θ½=250 doesn’t depend on Np in the 

region of Np = 2-8 having a slight positive slope (+0.040.02) for experimental data 

and (+0.060.01) cascade model. The values of the slope are obtained using fitting of 

the data in a linear function <nin
p> = A + B*Np. Where A and B are free parameters 

with B the slope of the line. The Np-dependence demonstrates clearly transparency for 

those protons. Same behavior can be observed for the values of the θ =15o and θ = 

200, but the values of <nin
p>p

12
C become less than 1.  The slope of the line decreases 

with angle and becomes negative for θ < 150. The values of <nin
p>p

12
C strongly depend 

on the Np at the values of θ =100 and 50. Hence the transparency disappears below 15o. 

Thus, we could say that the experimental data demonstrate clearly transparency for 

the protons with ½= 250, and doesn’t depend on the values of Np. The same behavior 

is observed for the protons with  = 200 and 150. The experiment over-estimates the 

data, which may come from the miss-identification of the fast 𝜋+ -mesons among 

these protons explained in detail below. 

 

Fig. 5.1(a) Behavior of the average multiplicity of incone protons in p12C as a function of a number of 

Np. The experimental data are shown by geometrical symbols whereas the data of the cascade model 

are shown by lines. 
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Figure 5.1(b) shows the incone protons’ average multiplicity (<nin
p>d

12
C) in deuteron 

induced interactions with carbon nuclei (d12C) from the experimental data and cascade 

model at 4.2 A GeV/c as a function of Np. The behavior is studied at different angles 

as shown before. Experimental data is shown by geometrical symbols and cascade 

data by different lines as before. The behavior of <nin
p>d

12
C at θ½=250 is having the 

same behavior with a slight positive slope (0.090.02) as was the case in p12C-

interactions. The slope of the line is obtained by fitting the line in linear function, 

<nin
p>d

12
C = A+B*Np. The Np-dependence demonstrates some transparency for these 

protons in the region of Np  3 and having values greater than 1 as in comparison with 

5.1(a) where the values were equal to 1.  

 

Figure 5.1(b) Behavior of the average multiplicity of incone protons in d12C- interactions as a function 

of Np. Geometrical symbols show the results from the experimental data for five different angles, 

whereas, the lines shows the results of the cascade model for those five angles.  

The behavior is independent of Np at θ =15o and θ = 200 but the values of <nin
p>d

12
C 

for θ = 200 are still greater than 1 and for θ =15 the values are equal to 1.  The values 

of <nin
p>d

12
C again depend on the Np at the values of θ =100 and 50 as was the case in 
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p12C data of Fig. 5.1(a). So the transparency disappears below 15o. The result of 

cascade model shows that the values of the <nin
p>d

12
C are less than 1 as was observed 

in the previous case of figure 5.1(a) and less than the values for the data coming from 

the experiment. Here again the experimental data over-estimate the cascade code data. 

The difference between the experimental data and cascade model can be explained as 

follows. As described, in the experiment, there is a possibility of misidentification of 

some of the fast +-mesons among these protons. They could appear as a result of 

charge exchange reactions N + N  N + N + π [156-158] of the leading nucleons 

[159]. The π+
 -mesons produced by the leading nucleons will possess high energies 

and small angles. Most of the kinetic energy during the charge exchange interaction 

will be taken by the π+ -mesons, because the lighter particles will carry higher kinetic 

energies. 

 

Figure 5.1(c) Behavior of the average momentum of incone protons in p12C- interactions as a function 

of Np. Different markers show the results from the experimental data for five different angles, whereas, 

the lines show the results of the cascade model.  

Now to be able to explain the nature of the observed transparency in the case of 

average multiplicity of incone protons in p12C- and d12C- interactions, we need to 
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consider some other characteristic properties of the same interactions. The values of 

incone protons’ average momentum in p12C (<pin
p>p

12
C) collisions are shown in Fig 

5.1(c). All the symbols and lines have the same meaning as explained above. There 

are two regions in the behaviors of the <pin
p>p

12
C versus Np. In the first region (N

p
=1-

3) the values of <pin
p>p

12
C decreases rapidly and in the second one region the values of 

<pin
p>p

12
C decreases slowly with N

p
. No transparency is observed in this case and the 

code data shows the same behavior as the experimental one. The behavior of 

<pin
p>p

12
C is independent of the different values of the angles used, and shows two 

behaviors of rapid decrease followed by a slow decrease. 

 

Figure 5.1(d) Behavior of the average momentum of incone protons in d12C- interactions as a function 

of Np. Geometrical symbols show the experimental data for five different angles, whereas, the lines 

shows the cascade model.  

 

Fig. 5.1(d) demonstrates the behavior of the average momentum of protons in d12C- 

interactions (<pin
p>d

12
C) as a function of N

p, 
for the experimental data by geometrical 

symbols and code data by lines. The behavior of <pin
p>d

12
C decreases with increasing 
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N
p
for all angles of experimental data as well as cascade model. The value of <pin

p>d
12

C 

increases with decreasing angle at a particular value of Np. The values of the 

experimental data are again greater than those of the cascade model because of the 

reason explained above in terms of the increase in the number of protons due to the 

additional fast +-mesons due to the charge exchange reaction.  

 

Figure 5.1(e) Behavior of the average transverse momentum of incone protons in p12C- interactions as a 

function of Np. Geometrical symbols show the results from the experimental data for five different 

angles, whereas, the lines shows the results of the cascade model. 

 

The behavior of average transverse momentum of protons (<pT
in

p>p
12

C) as a function 

of Np in proton induced interactions with carbon is given in Fig. 1(e). The geometrical 

symbols, as before, represent the experimental data and lines show the cascade model. 

The behavior is a decreasing function of Np after Np > 1. Fitting the data in a linear 

function shows a negative slope. Moreover the slope of the graphs becomes less steep 

with decreasing θ. The slope is the least for 5o (less negative -0.0120.005) then for 

25o (more negative -0.0260.004). The decrease in the magnitude of the slope of the 

line shows that particles lie in the incone are the least affected one by the baryon 
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density. Fig. 5.1(f) demonstrates the behavior of the <pT
in

p>d
12

C as a function of Np for 

the experimental and code data. The same markers and lines are used for the 

representation of experimental data and cascade data respectively. The behavior of 

average pT in d12C data is again a decreasing function of Np in experimental data as 

was the case in p12C data of Fig. 5.1(e).  Cascade model shows the same decreasing 

behavior with Np. At a particular value of Np, the <pT
in

p> decreases with decreasing 

angle. 

 

Figure 5.1(f) Behavior of the average transverse momentum of incone protons in d12C- interactions as a 

function of Np. Geometrical symbols show the results from the experimental data for five different 

angles, whereas, the lines shows the results of the cascade model.  

 

The behavior for the average characteristics of the incone protons in the protons and 

deuteron induced interactions with carbon nuclei is described at least qualitatively by 

the cascade model. Experimental data overestimate the average characteristics for 

these incone protons. The difference in the experimental data and cascade model 

could be explained in the following way. The projectile nucleons, during their charge 

exchange reaction (N + N  N + N + ) produced fast pions, the high energy + -

mesons could be an additional source among these incone protons in the experiment. 
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As explained in chapter 4, there was a difficulty in identification of the +-mesons 

above 500 MeV/c, while all positive particles with momentum greater than 750 

MeV/c were considered as protons. 

 

Now we conclude that although the average multiplicity of protons in p12C-

(Fig. 1(a)) and d12C- interaction (Fig. 1(b)) shows some evidence of transparency, but 

since the average momentum (Fig. 1(c), 1(d)) and average transverse momentum (Fig. 

1(e), 1(f)) of those protons are decreasing function of Np, therefore it is concluded that 

the medium is not completely transparent.  Our claim of the observed transparency for 

the incone protons’ average multiplicity could be explained in terms of leading effect 

[159]. The transparency effect observed in case of incone protons and its explanation 

is published in [11]. Leading particles are the high-energy projectiles which could 

give up a part of their energy during interactions. The particles will have maximum 

energy in an event and would be identified in an experiment as incone particles due to 

their high energy and low angle. Having high energy they are able to pass through the 

medium without losing a large fraction of their initial energy making the medium 

transparent. One comment is important here that increasing the mass of the projectile 

shifts the transparency towards high value of Np. Beside this the results of the p12C- 

interaction are well reproduced by the d12C- interaction. The difference in the 

experiment and cascade is due to the charge exchange reaction explained above. 

The same results were obtained using half angle technique in 𝜋-12C-interaction at 40 

GeV [3]. They observed that the average multiplicity of 𝜋- -mesons is independent of 

the Np. Furthermore they observed that the momentum of theses pions decreased with 

Np declared no total transparency. The transparency observed is also due to the 

leading effect, because in their case 𝜋- -mesons were the projectile particles. We 

reproduced exactly the same results of that experiment with protons and deuteron as 

projectile instead of pions and explained the results in terms of the leading effect 

transparency.  

 

5.3  Average characteristics of incone π--mesons' in p12C- and d12C- 

interactions 

In protons induced interactions with carbon nuclei, the behavior of average values of 

incone π--mesons’ multiplicity <nin


->p
12

C, momentum <pin


->p
12

C and transverse 
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momentum <pT
in


->p
12

C are given in Fig. 2(a, c, e) respectively as a function of Np (the 

designations are same with Fig. 5.1. In case of deuterons induced interaction with 

carbon nuclei, the values of the average characteristics <n in


->d
12

C, <p in


->d
12

C and 

<pT
in


->d
12

C of incone π-- mesons from experimental data and cascade model as a 

function of Np are given in the Fig. 2(b, d, e) respectively. Five different angles 

including θ½ = 25o and θ = 5o, 10o, 15o and 20o are used as before.  

The behavior of incone 𝜋- -mesons’ average multiplicity, <nin


->p
12

C, as a function of 

Np is shown in Fig. 3(a). The experimental data are shown by geometrical symbols, 

(■) for θ½=25o, (□) for θ = 20o, (▲) for θ = 15o, (△) for θ = 10o and (★) for θ = 05o. 

The cascade data are shown by lines with θ½=25o (solid line), θ = 20o (broken line), θ 

= 15o (dash line), θ  = 10o (dash dot line) and θ = 05o (dotted line). The behavior is an 

increasing function of Np at θ½ = 25o. The slope decreases with incone angle and 

shows the behavior of transparency at θ = 05o. The experimental data is described by 

the cascade model for all angles.  

 

Fig 5.2(a) The behavior of the average multiplicity of the incone 𝜋- - mesons produced in p12C as a 

function of Np. Experimental data is represented by different markers. The cascade model data are 

shown by lines. 
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Fitting of the data in a linear function <nin


-> = A+B*Np is used. The comparison of 

the two results demonstrates that the model could describe satisfactorily the 

experimental data. This shows that the behavior in the two cases is the same within 

the errors.  

Table 5.2 shows the comparison between the values of slope for the behavior of 

average multiplicity of incone 𝜋--mesons in experimental data and the cascade model 

in p12C- and d12C interactions. The table clearly shows that how the values of the 

slopes depends on angle.  The slope of the lines decreases in p12C- as well as in d12C- 

interactions. Thus, d12C data gives the same behavior as that of the p12C. 

 

Table 5.2 Behavior of the slope for the average multiplicity of incone 𝜋- -mesons in p12C- and d12C 

interactions at 4.2 A GeV/c for different angles 

p12C <n> d12C 

 

<n> 

 

θ Experiment cascade θ experiment Cascade 

5 0.00040.0004 0.0050.001 5 0.0010.001 0.0080.002 

10 0.003 0.001 0.0110.001 10 0.010.002 0.0120.003 

15 0.005 0.002 0.0160.001 15 0.020 0.003 0.0340.005 

20 0.0160.003 0.0260.002 20 0.0300.003 0.0470.006 

25 0.0200.002 0.0380.003 25 0.0370.005 0.0560.002 
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Fig 5.2(b) The behavior of average multiplicity of incone 𝜋- - mesons produced in d12C- interactions as 

a function of Np, emitted in the d12C-interactions at 4.2 A GeV/c.  

 

The behavior of <n in
->d

12
C as a function of Np, at different angles, are shown in Fig. 

5.2(b). Experimental data is given by the geometrical symbols and cascade data by 

lines. The results in d12C -interactions are similar to that of p12C. The <n in
->d

12
C in 

d12C as a function of the Np shows positive slope at 25o which decreases with 

decreasing angle and shows transparency at 5o. The above observations are verified 

by fitting the two graphs using linear function <n in


->d
12

C = A+B*Np (see table 5.2). 

Comparison of the two results demonstrates that the model could describe 

satisfactorily the experimental data. This shows that the behavior in the two cases is 

the same within the errors. Comparison of the two results demonstrates that the 

transparency is observed only for the 𝜋- -mesons which lie in the smallest incone 

angle.  
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Fig 5.2(c) The behavior of average momentum of  incone 𝜋- - mesons as a function of the Np, emitted in 

p12C-interactions at 4.2 A GeV/c.  

 

 The values of <pin


->p
12

C as a function of Np for the experimental and code data are 

given in Fig. 5.2(c) represented by the symbols for experimental data and lines for 

cascade model. The same markers are used for representation of the experimental data 

at different angles. Same is the case with the cascade data, which is represented by 

different lines at different angles. There are two regions for the behavior of the <pin


-

>p
12

C of those 𝜋- -mesons. In the first region (Np=0-5) the values of <pin


->p
12

C 

decreases slowly with Np and in the second one (for the values of Np > 5) the values 

of <pin


->p
12

C decreases rapidly. Those fast and small-angle incone meson's 

transparency could be connected to the leading nucleons [159]. Leading particles are 

highly energetic particles in an event which could give-up a part of their energy 

during interaction. The particles will have maximum energy in an event and would be 

identified in an experiment as incone particles due to their high energy and low angle. 

With high energy they are able to pass through the medium without losing a large 

fraction of their initial energy, making the medium transparent. They could appear as 

a result of charge exchange reactions [156-158] of the leading nucleon N + N  N + 
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N + 𝜋. The 𝜋- -mesons, produced by the leading nucleons, will possess high energies 

and small angles. Although these pions are not the leading nucleon but since they are 

produced by the latter, therefore, possesses properties like them.  

 

Fig 5.2(d) The behavior of the average momentum of the incone 𝜋- - mesons as a function of the Np, 

emitted in the d12C-interactions at 4.2 A GeV/c at various angles as shown. 

 

The idea is confirmed by the comparison of p12C, with d12C data given in Fig 5.2(d). 

The values of < pin


->d
12

C in case of experimental data are large compared to that in 

the cascade model and are even higher than the same values obtained for p12C. The 

higher values can be seen around Np = 2, which is the mass number of the projectile 

deuteron. In p12C the difference between model and experimental data is smaller than 

that of the d12C-data, because deuteron is a two nucleon system with one extra 

projectile neutron. This additional leading neutron could be an extra source of 

producing the fast and low angle 𝜋- -mesons. Since we have observed the 

transparency for those 𝜋--mesons lies in the smallest angle, therefore, they are the 

highest energy particles. These high energy small angle 𝜋--mesons could be produced 

by high energy nucleons during their charge exchange interactions. Most of the 
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kinetic energy during the charge exchange interaction will be taken by the 𝜋--mesons, 

because the lighter particles will carry higher kinetic energies.  

 

 

Fig 5.2(e) The behavior of the average transverse momentum of the incone 𝜋- - mesons as a function of 

the Np, produced in the p12C-interactions at 4.2 A GeV/c. Designations are the same as that of the 

previous figures  

 

Finally the behavior of average transverse momentum (<pT
in


->p
12

C) of incone 𝜋--

mesons as a function of Np are shown in Fig 5.2(e) and 5.2(f) for p12C and d12C data 

respectively. The behavior in these two cases also show that the <pT
in


->p
12

C of the 

mesons is a slowly decreasing function of Np. Fitting the data in a linear function also 

shows a negative slope. The leading nucleon during their passage through medium 

can transfer only a small fraction of their initial energy. Although these incone 𝜋--

mesons are not leading nucleon but are produced by them. Those 𝜋--mesons also 

behaves like leading particles, having high energy and lays in the incone. That is why 

these incone 𝜋--mesons show transparency for the <nin
> in both p12C and d12C but a 

slight decrease has occurred in <pin


-> and <pT
in


->. 
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The values for the <pT
in


->p
12

C as a function of Np for the experimental and code data 

shows the same behavior.  The experimental as well as Cascade data demonstrate 

some oscillations which increase with increasing θ. We cannot determine the degree 

of oscillation but the values of <pT
in


->p
12

C is higher in case of experimental data as 

compared to code data.  

The values for <pT
in


->d
12

C given in Fig 5.2(f) for d12C-collision as a function of Np for 

the experimental and code data are also the same.  One can see that the behavior of 

<pT
in


->d
12

C as a function of Np in experimental data and Cascade code has some 

negative slope. Again the experimental as well as the Cascade data demonstrate some 

oscillations which increase with increasing θ and that the values of <pT
in


->d
12

C is 

higher in case of experimental data as compared to code data. The fitting of the two in 

a linear function as before shows the similarity in the variation of the <pT
in


->d
12

C as a 

function of Np. 

 

Fig 5.2(f) The behavior of average transverse momentum of incone 𝜋- - mesons as a function of Np 

emitted in the d12C-interactions at 4.2 A GeV/c. 
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Now to summarize the discussion, we conclude that the behavior of <n in


->, <p in


-> 

and <pT
in


-> from experimental data is verified by the cascade model. As is discussed 

above Cascade model is one of the models which assume that particle nucleus 

collision to be a multi-step process, which consists of successive independent 

collisions with nucleons encountered when propagating through a target nucleus. 

Although we have observed some cases of transparency but those transparency effects 

do not carry any information on the particular properties of the medium, because 

those transparency effects are also connected to the leading nucleons.  

 

5.4   Average characteristics of outcone π--mesons' in p12C and 

d12C interactions 

Fig. 5.3 (5.3(a)-5.3(f)) shows the average values of outcone π- -mesons’ multiplicity 

<nout


->, momentum <pout


-> and transverse momentum <pT
out

-> in p12C- and d12C- 

interaction as a function of Np at five different angles. The designations are same with 

previous figures.  

 

Fig 5.3(a) The behavior of average multiplicity of outcone 𝜋- - mesons as a function of Np, emitted in 

the p12C-interactions at 4.2 A GeV/c.  
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The values of the <nout


->p
12

C at different angle including θ½ = 25o and 𝜃 = 5o, 10o, 15o, 

20o as a function of the Np are shown in Fig. 5.3(a), whereas the values of the <nout


-

>d
12

C at different half angle θ½ as a function of the Np are shown in Fig. 5.3(b). The 

values of <nout


-> in p12C and d12C data are increasing linearly with Np in both the 

cases. The linear fitting of the data results in a steeper slope in cascade model as 

compared to the slope in experimental data. Comparison of the slopes shows that the 

slope in case of cascade model has substantial increase (e.g. for 5o from 0.21-0.32) in 

d12C as compared to p12C results, while there is a very little increase (e.g. for 5o from 

0.16-0.18) in the slope of experimental data in d12C. Table 5.3 shows the comparison 

of the slope of the experimental data to the cascade model in p12C and d12C at different 

angles. Thus, one can say that cascade model could not describe Np dependence for 

outcone 𝜋--mesons <nout


-> in p12C- and d12C- interactions. Consequently, one can 

suppose that there might be some mechanisms that could have reduced the increasing 

multiplicity of the 𝜋- -mesons in the outcone. A possible mechanism could be the 

collective interactions of grouped nucleon in the target with projectile particle. So in 

case of p12C interaction the particle-tube interaction is responsible to prevent the 

increasing multiplicity of these mesons, while in case of d12C the tube-tube does the 

same job. That is why the multiplicity in the latter case remained almost the same. 

  

Table 5.3 Comparison of the slopes for <nout


-> of experimental data and cascade model are shown 

below in p12C- and d12C- interactions. 

p12C <n> d12C <n> 

θ experiment cascade θ experiment cascade 

5o 0.160.02 0.210.01 5o 0.180.01 0.320.02 

10o 0.160.02 0.210.01 10o 0.180.01 0.31 0.02 

15o 0.150.02 0.200.01 15o 0.170.01 0.30 0.02 

20o 0.140.02 0.1900.009 20o 0.160.01 0.290.02 

25o 0.130.02 0.1800.006 25o 0.150.02 0.260.02 
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Fig. 5.3(b) The behavior of average multiplicity of outcone 𝜋- - mesons as a function of Np,  produced 

in d12C-interactions at 4.2 A GeV/c. 

 

The values for the <pout


-> as a function of Np for these pions in p12C data are given in 

Fig. 5.3(c) for the five angles as shown in the legend of the graphs. The results of the 

experimental and the code data are different. Experimental data shows transparency 

whereas cascade model shows a decreasing behavior with increasing Np.  The code 

data demonstrates the existence of two regions for the behavior of the <pout


->p
12

C. In 

the first region (Np=0-5) the values decrease rapidly as compared to a slow decrease 

in the second region (Np>5) with Np. The <pout


-> 𝜃 = 5o and 10o in case of 

experimental data shows some similar behavior to that of the model data. In case of 

experimental data, the higher values of <pout


->p
12

C at 𝜃 = 5o and 10o around Np = 1 of 

these outcone meson's indicate the presence of the fast leading meson's in this 

category. 
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Fig. 5.3(c) The behavior of average momentum of outcone 𝜋- - mesons as a function of Np, emitted in 

p12C-interactions at 4.2 A GeV/c.  

 

In case of d12C- interactions, the values of <pout


-> as a function of Np are given in Fig. 

5.3(d). The results of the d12C are the same as that of p12C. The experimental data 

except at 𝜃 = 5o and 10o shows transparency whereas the code data shows a 

decreasing behavior with increasing Np.  The code data demonstrates the existence of 

two regions for the behavior of the <pout


->d
12

C. In the first region (Np=0-5) the values 

decrease rapidly as compared to a slow decrease in the second region (Np>5) with Np. 

In case of experimental data, the values of <pout


-> at 𝜃 = 5o and 10o gives higher 

values around Np = 1. The increase in the value of these outcone meson's indicate the 

presence of the fast leading meson's at these angles.  
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Fig 5.3(d) The behavior of average momentum of the outcone 𝜋- - mesons versus Np, in d12C.  

 

Fig 5.3(e) The behavior of average transverse momentum of outcone 𝜋- - mesons  versus Np, in  p12C. 
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Fig. 5.3(e) and 5.3(f) demonstrate the behavior of <pT
out


-> as a function of Np for the 

p12C and d12C data respectively. A clear difference can be observed between 

experimental data and cascade model. Experimental data shows transparency in both 

p12C and d12C data.  The code data consists of two regions. In the first region the 

values decrease rapidly, whereas in the second region they decrease slowly.  

 

 

Fig 5.3(f) The behavior of average transverse momentum of outcone 𝜋- - mesons as a function of Np, 

emitted in the d12C-interactions at 4.2 A GeV/c.  

 

Thus, we could say that the experimental data of the out cone π--mesons demonstrate 

some transparency which is not described by cascade model. This behavior could not 

be the reason of leading effect due to the fact that the out cone π- -mesons are 

secondary particles with small energy and large angle. In the two cases transparency 

seems to be more clear at level of <pT
out

->p
12

C 0.26 GeV/c and <pT
out

->d
12

C 0.28 

GeV/c. The region (R) which radiates pions after a hit by a projectile could be defined 

through the average transverse momentum of those poins as R~1/<pT>. Using the 

expression the values of R=3.6 for <pT> ~0.28 and 3.8 fm in case of <pT> ~0.26 
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GeV/c. Radius of the carbon nucleus is given by Rc = RpA
1/3 1.83 fm (here Rp is the 

proton radius ~0.8 fm, A=12 is atomic number of the carbon nucleus). Diameter of 

carbon nucleus is 3.67 fm, which is the same as that of the outcone pions radiation 

region. We can see the projectile did not change almost the values of the R, because in 

p12C and d12C interactions the values of R  are very close:  ~3.8 fm in p12C-

interactions and ~3.6 in d12C-interactions. Thus, we can say that the reason of the 

observed transparency is that the size of pion radiation region is not affected during 

the interaction with increasing the baryon density as well as with the mass of the 

projectile. A different mechanism is responsible for the transparency observed in this 

process, which seems to be connected to some particular properties of the medium. 

In the chapter 3 “Models”, it is mentioned that the various models, that are used so 

far, for the high energy particle-nucleus and nucleus-nucleus interactions, are divided 

into two categories [116]. Here we are concerned only with the second category of 

models that includes all models which assume that particle-nucleus collisions is a 

single step process, where a few nucleons in the nucleus, interact collectively with the 

incident particle. In such models the effective center of mass energy available is 

approximately given by  

2 (5.1)eff m Labs k P   

where mk  is the mass of the system that interacts collectively with the incident 

particle, its value is of the order of a few times the mass of a single nucleon. LabP is 

the momentum for the incident particles. We think that the observed transparency 

could be the result of the collective interaction of grouped nucleons with protons in 

p12C data and with grouped nucleon (deuteron) in d12C data. Using the following 

expression from [116] for the average multiplicity of secondary charged particles 

(<n(Np)>) as a function of the number of fast protons, Np, from the CTM, we can get 

approximately the number of nucleons in tube (ip). These are the number of nucleons 

which respond collectively to the incident particle. In the CMT [116, 127-129, 133] 

the multiplicity of secondary charged particles produced in collision of a projectile 

with a tube containing a few nucleons, is given by the expression:  

( ) ( ) ( ) (5.2)ip pp p

A
n s n s i

Z
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where ( ) ipn s  and ( ) ppn s  are the  multiplicities of the secondary charged 

particles produced in tube with ip nucleons and in pp-interactions respectively at same 

energy in center of mass.  A and Z are the mass number and charge number of target 

nucleus respectively (for carbon nucleus A = 12, Z = 6). For estimation we take  = 

¼ [160] which gives ip ~ 3.00.4 in p12C and 3.10.3 in d12C (the average value) 

which do not depend on “half angle” as shown in Fig. 5.4. 

 

Fig. 5.4 the average values of the number of nucleons in the collective tube as a function of angles used  

in case of p12C and d12C interaction at 4.2 A GeV/c 

The diameter of the carbon nucleus is about 3.6 fm which can accommodate ~ 2.5 

nucleons in its diameter. Our calculated value for the number of nucleons in the tube 

is close to the number of nucleon in the diameter of the carbon nucleus. These result 

give us an opportunity to say that the collective interactions of grouped nucleons in 

the nucleus is a reason for the transparency observed in the case of average 

characteristics of out cone - -mesons produced in p12C- and d12C-interactions. 
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5.5   Average characteristics of outcone π+-mesons' in p12C- and 

d12C-interactions 

The results for the out cone π+-mesons produced in p12C- and d12C-interactions 

indicated the same transparency as that of the outcone π--mesons (see Table 5.1), 

especially in case of d12C-interactions. So we could say that behaviors of the out cone 

pions’ average characteristics as a number of identified protons demonstrated 

transparency which could not be explain as the transparency due to leading effect. The 

effect could be considered as a signal on collective interaction of grouped nucleons in 

the medium. The descriptions of the average characteristics of outcone 𝜋+-mesons 

produced in p12C- and d12C-interactions are given below. 

 

Fig. 5.5(a) The behavior of average multiplicity of outcone 𝜋+ - mesons produced p12C as a function of 

Np. Experimental data is represented by different markers. The results from the cascade model are 

shown by lines. 

 

The average multiplicity of outcone 𝜋+-mesons in protons induced interactions with 

carbon nuclei (<nout
𝜋

+>p
12

C) at 4.2 A GeV/c as a function of Np is given in Fig. 5.5(a). 

The behavior is given for half angle, 𝜃1/2 =25o as well as for 𝜃 = 5o, 10o, 15o and 20o. 

Experimental data is shown by geometrical symbols while the cascade model data is 
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shown by lines as given in legend against each angle. The results from the d12C data 

under the same conditions are given in Fig. 5.5(b) having the same representation of 

geometrical symbols and lines for experimental data and cascade model respectively. 

The values of <nout
𝜋

+> in experimental data for p12C- and d12C- interactions decrease 

sharply with Np = 0 - 2 and then remained independent after Np>2. The data in case of 

Cascade model shows about the same behavior in case of p12C and altogether different 

behavior in d12C- interactions. In the case of p12C cascade model can qualitatively 

describe the results but not in the case of d12C data. The behavior of the data after 

Np>2 can be considered as some signal of the transparency effect.  

The cascade model over-estimates the <nout
𝜋

+> than the experimental data in both 

cases of p12C- and d12C- interactions.  

 

 

Fig. 5.5(b) The behavior of average multiplicity of outcone 𝜋+ - mesons produced in d12C as a function 

of Np.  

 

The values for the <pout
𝜋

+> as functions of the Np in p12C and d12C data are given in 

Fig. 5.5(c) and 5.5(d) respectively at five different angles described above. The results 

of the experimental and the code data are significantly different. The experimental 

data shows transparency for all values of angles including the half angle, whereas the 
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behavior of <pout
𝜋

+> decreases linearly with Np for all values of 𝜃. It means that the 

observed transparency is not described by the cascade model. 

Fig. 5.5(e) and 5.5(f) demonstrate the behavior of <pT
out

𝜋
+> as a function of Np for the 

p12C and d12C data respectively. One can see a clear differences between experimental 

and code data. Experimental data shows transparency, whereas cascade model shows 

a decreasing behavior with increasing Np. the code data could not explain the results 

of experimental data which shows a decreasing behavior of <pT
out

𝜋
+> with increasing 

Np. 

 

Fig. 5.5 (c) The behaviors of average momentum of outcone 𝜋+ - mesons produced in p12C as a function 

of Np.  
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 Fig. 5.5(d) The behaviors of average momentum of outcone 𝜋+ - mesons produced in d12C as a 

function of Np.  

 Fig. 5.5(e) The behavior of average transverse momentum of outcone 𝜋+ - mesons produced in p12C as 

a function of Np. 
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Fig. 5.5(f) The behavior of average transverse momentum of outcone 𝜋+ - mesons produced in d12C as a 

function of Np. 

 

Thus, we can say that the experimental data on behavior of the average characteristics 

of the out cone 𝜋+-mesons demonstrate some transparency which could not be 

described by the cascade model. This behavior could not be the reason of leading 

effect due to the fact that the outcone 𝜋+-mesons are secondary produced particles 

having small energy and large angle. The behavior in the current case is the same as 

that of the outcone 𝜋--mesons.  In the p12C- and d12C- interactions transparency seems 

to be clearer at level of pT ≈ 0.26 GeV/c. We can calculate the length of the tube (R) 

radiating pions through the average pT of 𝜋+-mesons as R ∿ 1/pT. The expression 

gives the value of R = 3.8fm. Diameter of the carbon nucleus is approximately equal 

to 3.67, which is the same as that of the length of the tube radiating pion. As we could 

see the projectile didn’t change almost the values of the R because in p12C- and d12C- 

interactions the value is 3.8fm. Thus, we can say that a reason of the observed 

transparency is that the size of pion radiation area doesn’t change during interaction 

with increase in the number of protons as well as with the mass of the projectile. The 
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transparency observed for the outcone 𝜋+-mesons is not described by the cascade 

model. It means that the behavior is connected to some effect beyond the scope of the 

model. Using the CTM, which assume that particle-nucleus collisions in a single step 

process, where a few nucleons in the nucleus respond collectively to the incident 

particle. In such models the effective center of mass energy is approximately given by 

equation (1). 

We think that the observed transparency could be considered as a result of the 

collective interaction of grouped nucleons with the proton and deuteron in p12C- and 

d12C- interactions. 

Using the expression from CTM [116] given in equation (5.2) for the average 

multiplicity of secondary charged particles as a function of the number of fast protons 

Np, we can calculate the number of nucleons (ip) in tube. Using CTM gives the value 

of ip = 3.1 ∓ 0.3 (the average values) independent of the angles used. 

 

5.6 Summary 

In this chapter, the use of the nuclear transparency effect of hadrons for particular 

properties of the nuclear matter is presented. Nuclear transparency is deduced from 

the study of average characteristics of hadrons produced in proton induced 

interactions with carbon nuclei (p12C) and deuteron induced interactions with carbon 

nuclei (d12C) at 4.2 A GeV/c as a function of a number of identified protons in an 

event. In this experimental investigation, we observed some signals on the 

transparency of these hadrons. We used the experimental data of the JINR, Dubna, 

having the 4 geometry measurements. We were able to use simultaneously five 

parameters: half angle; number of identified protons; the average value of 

multiplicity, momentum and transverse momentum for protons, π-- and π+-mesons. 

Several cases are extracted for which the behaviors of the mean value of: 

(1)  a) multiplicity of incone protons (with 100 < 𝜃1/2 < 250);  

 b) multiplicity (with 𝜃1/2 < 150), momentum (with Np<4) and transverse momentum 

of incone π- - mesons; 

 c) multiplicity (with 𝜃1/2 < 150), momentum (with Np<4) and transverse momentum 

of incone π+ - mesons; 

(2)  a) momentum (with 𝜃1/2  > 100) and transverse momentum of outcone  π-  mesons';  
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b) multiplicity (with Np ≥ 3), momentum and transverse momentum of 

outcone π+-mesons'. 

didn’t depend completely or partially on the number of identified protons – some 

signals on appearance of nuclear transparency effect. To characterize the signals the 

results are compared with the data obtained under the same conditions from the 

Dubna version of the cascade model (DCM), considered as a typical example of the 

first category of models explained in the method. Some simple calculation using CTM 

(taken as a typical example of the second category of models) is executed for those 

results which were not satisfactorily described by the DCM. Fitting by a linear 

function is used for the quantitative comparison of the data obtained from the 

experiment and DCM. The cases are mainly divided into two groups of transparency 

as given above. The case (1) has further three subcases. Which are the transparency 

due to the leading particles (case a)) and transparency due to the particles directly 

produced by the leading particles (case b) & c)). As the observed transparency in case 

b) & c) behave exactly like the leading particles, being produced by them, that is why 

these are categorized in the same case (1). We could conclude that, although the 

average multiplicity of protons ( case (1) a)) in p12C and d12C interaction shows some 

evidence of transparency, but since the average momentum and average transverse 

momentum of these protons are decreasing function of Np, therefore it is concluded 

that the medium is not completely transparent. Analysis of the results shows that a 

reason of the transparency could be the leading effect. Leading particles are the high-

energy projectiles which could give up a part of their energy during interaction.  The 

particles will have maximum energy in an event and would be identified in an 

experiment as incone particles due to their high energy /low angle. Having high 

energy they are able to pass through the medium without losing a large fraction of 

their initial energy because the projectile spent less time in its vicinity. The particles 

cannot interact more, and that is why medium seems transparent. Transparency of 

these leading protons does not provide information about the properties of the 

medium. The behavior of leading nucleon is described at least qualitatively by the 

cascade model. Experimental data overestimate the average characteristics for these 

leading protons. The difference in the two results could be explained with mixture of 

some of the fast +-mesons among the leading protons in the experiment. As 

explained in section 4.1, there was a difficulty in the identification of the +-mesons 
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above 500 MeV/c, while all positive particles with momentum greater than 750 

MeV/c were considered as protons. The fast +-mesons could appear as a result of 

charge exchange reaction N + N  N + N + . We believe that some contribution to 

the observed effect could give the existing short-range correlations (SRC) and the 

scaling power law s−N, (where N+2 is the total number of elementary constituents in 

the initial and final state), for exclusive two–body hard scattering. Due to SRC, the 

distance between inner nuclear nucleons decreases and the projectile could interact 

with several nucleons simultaneously (like the one in the coherent nucleon tube). The 

coherent tube interaction with hadrons could give some additional transparency too. 

The influence of these effects on the nuclear transparency could be studied using two 

particles correlation technique in our experiment.  

The transparency observed for the incone 𝜋∓ -mesons (cases (1) b) & (1) c)) are also 

satisfactorily described by the cascade model. These fast and small-angle mesons 

could also be connected to leading nucleons. They could appear as a result of charge 

exchange reaction N + N  N + N + . The transparency observed for the incone 𝜋∓ -

meson is also categorized as transparency due to leading effect, because these pions 

are directly produced by the leading particles. The pions produced by the leading 

particles will also have the highest energy. Because of the reason explained for (1) a), 

these pions also give up a small fraction of their energy during interaction. That is 

why the medium seem transparent to these pions. The idea is confirmed by comparing 

the p12C with d12C data. In p12C the difference between model and experimental data is 

smaller than the d12C data. This is because deuteron besides a proton contained a 

neutron and yields extra fast moving  -mesons. The mean momentum and transverse 

momentum of these incone  -mesons are large compared in d12C- interaction than in 

p12C as is explained above. 

The cases (2) a) and (2) b) are the results for the average characteristics of the outcone 

pions. Cascade model failed to explain the behavior in these two cases for all the three 

average characteristic properties. Furthermore, the transparency observed in these two 

cases could not be considered a reason of leading particles because the effect is 

observed for the outcone π- - and π+ -mesons (low energy secondary particles with 

large angle). We consider the result as some signal on appearance of the transparency 

which could be connected with some particular properties of the medium. The 

average values of momentum and transverse momentum of these particles don’t 



92 

 

depend on the number of identified protons. This means that in these cases, the 

particle emitting source length (R) doesn’t change during the interaction. Using 

simple formula, R~1/<pT> we can find that R~3.6-3.8 fm which is very close to the 

geometrical values of the carbon diameter ~3.67 fm. So the length of the tube 

radiating pions is of the same order of magnitude to that of the diameter of the carbon 

nucleus. Using simple formula for multiplicity <n(-)> in the collective tube model 

<n(-)>ip   <n(-)> 2*(<2ip >) one can calculate the number of nucleons (ip) in the 

tube which interact collectively with the incident particle. Using the expression given 

above we have calculated the value of ip ~ 3.00.4 in p12C- interactions and 3.10.3 in 

d12C- interactions. The calculated value of ip is in good agreement with a number of 

nucleon which could be accommodated in the diameter of the carbon nucleus. So it is 

concluded that the source of these particles could be the collective tube interaction. 
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Chapter 6 

Conclusion 
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In search of the nuclear transparency effect for particular properties of nuclear matter, 

we studied the behavior of the average multiplicity, momentum and transverse 

momentum of protons and π∓ -mesons as a function of a number of identified protons 

in an event using p12C- and d12C- interactions, for the first time, at 4.2 A GeV/c. The 

experimental data were obtained from the 2-meter propane (C3H8) bubble chamber of 

LHE available at JINR, the Joint Institute for Nuclear Research Dubna Russia, which 

was employed in a 1.5 Tesla magnetic field, and was exposed to beams of protons and 

deuterons accelerated to a momentum of 4.2 A GeV/c at the Dubna 

Synchrophasotron. In this experimental investigation, we analyzed 12757 pC3H8 

(which correspond to 8971 p12C events) and 9016 dC3H8 (which correspond to 5807 

d12C events), interactions at a momentum of 4.2 A GeV/c. We used half angle 

technique which divides the secondary particles’ multiplicity in the nucleon-nucleon 

collisions at the same energy into two equal parts; incone particles with polar angle 

smaller than the half angle; outcone particles with polar angle greater than the half 

angle. The half angle was defined as an angle which divides multiplicity of secondary 

particles produced in nucleon-nucleon collisions in two equal parts.  The values of 

average multiplicity, momentum and transverse momentum were studied separately 

for protons and π± -mesons as a function of a number of identified protons in an event.   

All the results of the experimental data are compared with the Dubna version of 

Cascade Model. Fitting of the experimental data as well as cascade code data with a 

linear function is used for their quantitative comparison. In our investigations we 

observed some signals of the nuclear transparency effect when the behavior of the 

average values of the characteristics didn’t depend completely or partially on the 

number of the identified protons. They are: 

- multiplicity of incone protons (with 100 < 𝜃 < 250);  

- multiplicity (with 𝜃 < 150), momentum (with Np < 4) and transverse 

momentum of incone π- - mesons; 

- multiplicity (with 𝜃 < 150), momentum (with Np < 4) and transverse 

momentum of incone π+ - mesons; 

- momentum (with 𝜃 > 100) and transverse momentum of outcone π-  mesons';  

- multiplicity (with Np ≥ 3), momentum and transverse momentum of outcone 

π+-mesons'. 
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Analyses of the results show that the leading effect is the reason of the observed 

transparency for the incone protons.  Comparison of the experimental results with 

those obtained from the Dubna Cascade Model indicates that the signal on 

transparency for the incone π∓-mesons is due to the leading particles too. Because 

these are the π∓-mesons which have high energy, small polar angle and their 

investigated characteristics are described satisfactorily by the model, they could be 

produced during charge exchange interactions of the leading nucleons. 

We observed that the signal on transparency coming from the behavior of the average 

characteristics of the outcone π∓-mesons could not be explained on the basis of the 

leading effect, because the effect is observed for the outcone π∓-mesons, having low 

energy and large angle. Furthermore, the model also could not describe the results 

satisfactorily. Using the values for the average transverse momentum of the outcone 

π∓-mesons, we have calculated approximately the size of pions radiation region, R ≈ 

3.6 fm. The value of pions radiation region, calculated from their average transverse 

momentum, is in good agreement with the diameter of the carbon nucleus. This 

resemblance is a clue pointing toward collective interactions of nuclei in the target 

with the incident projectile. Simple estimation of the number of nucleons using the 

Coherent Tube Model gives the values 3.1 from the average values of multiplicity of 

these pions. The number of nucleons interacting collectively, calculated using CTM, 

is in excellent agreement with the number of nucleons which could be accommodated 

in the diameter of the carbon nucleus placed side by side to each other. 

The last two points could be considered as some evidence that the interaction of 

collective nucleons in the coherent tube is the reason of the observed transparency 

effect. 
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