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ABSTRACT 

 

Nuclear Coalescence Effect at High Energies 

 

Some average characteristics of light nuclei produced in pC, dC, 
4
HeC, and 

12
CC- 

interactions at 4.2 A GeV/c, are studied as a function of centrality. The centrality is fixed 

by the number of identified protons. The experimental data is taken from 2m propane 

bubble chamber installed at LHE (JINR), Dubna. Experimental results are compared with 

the results calculated from the simulated data of two Monte-Carlo event generators; 

Fritiof model and Cascade Evaporation Model. With increasing the mass of projectile, 

both the models describe the behavior of average multiplicity of light nuclei well, 

whereas the average momentum and average transverse momentum are badly described 

by the models. However, in 
12

CC-interactions, systematical deviation of average 

multiplicity of light nuclei from the model predictions is observed in central events. 

The behavioral change in average multiplicity, average momentum, and average 

transverse momentum are observed in same interval of centrality in 
12

CC-interactions. 

This change and deviation from models are suggested as some signals of nuclear 

coalescence effect.  
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Introduction 
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1.1 Preamble 

The study of centrality dependent properties of hadron-nucleus and nucleus-

nucleus interactions is a significant experimental method to acquire information 

regarding the states of hot and dense matter created during the collision progression. 

These experiments point out that the behavior change in some intervals of the centrality 

as some significant phenomena. If the regime change, observed in the different 

experiments takes place explicitly twice, this would be the most straight experimental 

verification of a phase conversion from hadronic matter to a phase of deconfined quarks 

and gluons. However, second point of regime change has not been observed clearly, 

moreover it (the first transition)  has been observed for hadron-nuclear, nuclear-nuclear 

interactions in the range energy from heavy ion synchrotron (SIS) energy up to 

relativistic heavy ion collider (RHIC) energy and almost for all particles. After the point 

of regime change saturation is observed. The simple models cannot clarify the effect. For 

this it is necessary to suggest that the dynamics must be same for all such interactions 

independent of energy and mass of the colliding nuclei and their types. The method to 

illustrate the phenomena may be statistical or percolative due to their critical nature [1]. 

The effect could not depend on the mass of the colliding nuclei so the belief that the 

mechanism to explain the phenomena could be the percolation cluster creation [2-4]. 

Large percolation cluster may be produced in these reactions irrespective of the colliding 

energy, but the structure, maximum density, and temperature of hadronic matter may 

depend on energy and masses of colliding nuclei in the cluster construction. The study of 

the effects linked with configuration and decay of the percolation clusters in heavy ion 

interactions at ultrarelativistic energies could be the first step for getting the information 

of the onset stage of deconfinment. 

There are great chances of the light nuclei emission [5-8] in hadron-nucleus or 

nucleus-nucleus collisions as the accompanying effects of percolation cluster formation 

and decay. It is clear that two types of light nuclei emitted in these collisions: first type is 

light nuclei which were produced as a outcome of fragmentation of the colliding nuclei 

(nuclear fragments), the second one is the light nuclei produced as a result of nuclear 
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coalescence mechanism, in which protons and neutrons are recombined to make a bound 

states of nuclei. Light nuclei are relatively huge objects compared to simple hadrons and 

their binding energies are very small compared to freeze out temperatures, which are in 

the range of 100 MeV. The light nuclei formed through the coalescence mechanism can 

be observed in the experiment near freeze-out, and bear information about this late stage 

of the collision. In an experiment we can detach these two types of nuclei from each other 

by means of the subsequent ideas: the average multiplicity of first type nuclei (nuclear 

fragments) have to reduce by some regularity with centrality of collisions. The 

production of the nuclei through coalescence mechanism (second type) can change this 

regularity in reduction of light nuclei yields and also their average PT as a function of the 

centrality. 

To get the information about the nuclear coalescence effect, we studied some 

average properties (multiplicity, momentum, and transverse momentum) of light nuclei as 

a function of centrality, produced in pC, dC, 
4
HeC, and 

12
CC-interactions at 4.2A GeV/c. 

Centrality is defined by the number of identified protons in an event. We used the data 

taken from 2m propane bubble chamber, installed at laboratory of high energy (LHE) 

physics of Joint institute of nuclear research (JINR), Dubna. In the bubble chamber 

Propane (C3H8) gas in liquid state is used as target and as well as a liquid to create tracks 

of particles by producing ionization. In total, we analyzed 12757 (twelve thousands seven 

hundred and fifty-seven) events of pC3H8, 9016 (nine thousands and sixteen) of dC3H8, 

22975 (twenty-two thousands nine hundred and seventy-five) of 
4
HeC3H8 and 39543 

(thirty-nine thousands five hundred and forty-three) of 
12

CC3H8. The events with carbon 

were separated using the criteria based on the determination of total charges of secondary 

particle, protons in backward direction, slow protons and negatively charged particle 

production. This criteria separate about 71,74 and 64 percent of total  events of 
12

CC , 

4
HeC  and dC-interactions respectively, that was estimated by the known crossection 

(geometrical cross-section ) of CH(carbon-hydrogen) and CC interactions and hydrogen 

carbon ratio in propane molecule. The coalescence mechanism of nuclei formation 

(coalescence effect) is studied first time for the above mentioned interactions. The 

experimental results are compared with the results obtained by the simulation of two 
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Monte-Carlo event generators, Cascade Evaporation Model and Fritiof Model. Using the 

above mentioned idea of separating light nuclei formation mechanisms, we observed 

some signals of nuclear coalescence effect [9] in 
12

CC- interaction first time for this set of 

data. The models are unable to explain the behavior of average momentum and transverse 

momentum of light nuclei produced in the interactions.  
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Chapter 2 

Review of the nuclear coalescence effect 
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2.1 Introduction 

Heavy ion collisions at relativistic and ultrarelativistic energies are used to create 

the new states of matter. The study of these states can give essential information about 

the creation of universe and the fundamental constituents of the matter Quarks and 

Gluons. The state containing Quarks and Gluons known as quark gluon plasma (QGP) 

[10] can be created at very high energy and high density (Heavy ion) collisions. The 

present experiments could not identify this state yet; however it is expected in Large 

Hadron Collider (LHC) experiments, which has been running since 2009. The possible 

formation of QGP state in different experiments is shown in Fig. 2.1 (phase diagram). 

The theory of strong interactions quantum chromodynamics (QCD) [11] predicts the 

formation of QGP at sufficiently high temperature (150-180 MeV) and high density (7-

10) times of normal nuclear matter density as shown in Fig 2.1. It is evident from figure 

that the both energy and density can be met in ultrarelativistic heavy ion collision  at 

LHC. No doubt the QGP state form during these experiments but the formation time is 

too short to detect it directly. However, physicists are trying to detect this state by 

indirect methods. Some predictable marks of QGP are outlined here. 
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Fig 2. 1 Baryon density and temperature phase diagram of hadronic matter and Quark Gluon 

Plasma. The area between the phase boundaries illustrates the mixed phase. The phase transition 

of various systems are shown with arrows. Normal nuclear matter density is 0 0.15 GeV/fm3 

[12]. 

  

 Dilepton production: A pair of quark and anti-quark can interact by means of a 

virtual photon to create a lepton and an anti-lepton (frequently called dilepton). Since the 

leptons are not deflected by strong interaction and reach the detectors easily through this 

medium. The momentum distribution of these leptons carries information on the 

thermodynamical state of the medium. 

 Thermal Radiation: like dilepton creation, through a quark-antiquark   

interaction, a photon and a gluon can also be produced. As photon is electromagnetic 

force career particle and do not take part into strong interactions, hence passes to 
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detectors without any interaction. The momentum distribution can give essential 

information about the medium of quarks and gluons.  

Strangeness Enhancement: The strange particle production and its enhancement in 

heavy ion collisions as compared to the proton-proton (pp) collisions can also be used as 

signal of QGP formation, because high energy densities in QGP are more favorable for 

strangeness production. 

 J/Ψ suppression: In a Quark-Gluon-Plasma (QGP), color screening due to the existence 

of free quarks and gluons (analogous to Debye screening seen in electrodynamics), the 

Charmonium (c¯c) can dissociate, which results in the suppression of J/ Ψ production, a 

typical mark of QGP.  

HBT: The Hanbury-Brown-Twiss effect is used to measure the size and mass distribution 

by the space time correlation of particles.   

Jet suppression: In nucleon collisions, high energy partons (jets) can be formed through 

deep inelastic scatterings. In a deconfined medium of constituents, the jets lose huge 

energy during the interactions. As a result jets or high energy particle are suppressed in 

QGP medium. 

Light nuclei production as probes of final state effects: The light nuclei produced in 

final state of interactions at freeze-out stage when the interactions are ceased can give 

information about this late stage of collision evolution. 

 To understand dynamics of collision, the participant spectator model is used 

which gives the geometrical picture of collision mechanism, as depicted in Fig 2.2. 
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Fig 2.2 The participant spectator model [13]. 

Two nuclei are coming to collide in center of mass frame, the transverse distance 

between their centers is known as impact parameter (b). The overlapping area of both 

nuclei is the participant region and nucleons of this area, which take part into interaction, 

are named as participants. The non overlapping area of colliding nuclei is the spectator 

region and nucleons of this area are known as spectators. In experiments, it is impossible 

to measure the impact parameter of colliding nuclei. However, a parameter known as 

centrality is used to estimate the participant region of colliding nuclei and is related to the 

impact parameter. The minimum impact parameter (b0) indicates the most central 

collisions (head on collision), whereas large impact parameter (bR1+R2, R1, R2 are 

radii of colliding nuclei) refers to peripheral collisions. Hence the centrality is a varying 

parameter like impact parameter and nothing is exact central or peripheral. In modern 

high energy collision experiments, the centrality is estimated in percentage by using 

detections techniques and analyzing methods. The central or participant region of 

colliding system is hot and dense and matter undergoes enormous changes in its states 

depending upon the colliding energies. Mostly, new particles are created in this region. 

There are two spectator regions as shown in figure above, projectile spectator region and 

target spectator region. The spectator parts of projectile and target nuclei disintegrate into 

small fragments (mainly, light nuclei or nucleons), and new particles can also be boiled 

off from this region, depending upon the energy of remaining part. In fixed target 

experiments the particle evaporated from either part can be separated by their 

momentums. Fragments of projectile spectator are high energy particle whereas the target 
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fragments are slow (low energy) particle. In collider experiment pseudo rapidity is used 

differentiate the particle of different kinematical regions. In the last stage of collisions, 

observed light nuclei are mainly, from the spectators’ part of colliding nuclei. However, 

the nuclei can be formed during the expansion of participant region as recombination of 

nucleons and the procedure is known as coalescence mechanism or nuclear coalescence 

effect. Main objectives of present study study are to identify the nuclei formed through 

coalescence mechanism in central zone. 

2.2 Nuclear coalescence effect. 

 The procedure of recombination of nucleons having close relative momentum 

and same phase space is known as nuclear coalescence effect. A probability based theory 

[14] gives the following expression  

 

 
    

   
      

    

   
  

 

 2.1 

Where  
    

   
   is the density of nuclei of mass number A,  

    

   
  is the density of 

protons, BA is proportionality constant or scaling factor known as coalescence parameter 

and  is relativistic factor. The Nuclei synthesis was discussed in detail in the reference 

[14]. Here we discuss some models used to describe the above expression and nuclei 

formation in hot and dense zone of collisions. 

2.2.1 Simple coalescence model  

The simple coalescence model [15] was developed for deutron formation in 

proton nucleus collisions. It describes that in collision evolution static nuclear optical 

potential and strong force between proton and neutron organize them in a bound state 

(deutron). Considering the proton and neutron densities in momentum space, the density 
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of deutron is proportional to product of proton and neutron densities at equal momentum 

per nucleon. Under the phase space consideration the following expression was 

developed.  

 
 
    

   
      

    

   
    

    

   
   2.2 

Where 
    

   
 ,   

    

   
   and   

    

   
   are densities of deutron, proton and neutron. Since 

detection of neutrons is difficult in experiment,  so the above expression was rewritten by 

assuming same densities of neutron and proton as 

 

 
    

   
      

    

   
  

 

 2.3 

Where   

 

       
       

            
2.4 

Here m is the mass of nucleon, p
2
/m=2.225 MeV is the binding energy of the 

deutron, │V0│ is the depth of the optical potential, and j (pR) is a dimensionless function 

which, depends on nuclear  optical potential of the target nucleus. The above expression 

was extended [16] to describe the emission of heavier nuclei in nucleus-nucleus collisions 

and the expression took the form of equation 2.1. 

 



12 

 

 
   

    

   
      

    

   
  

 

  
2.5 

And  

 
              

 

  

 

  
   

  
 

 
  

  
   

 
2.6 

Where SA is the spin, N and Z is the neutron and proton numbers of the composite 

particle of mass A, Rnp is the ratio between neutrons and protons of colliding nuclei and 

p0 is the momentum radius within which nucleon will coalesce to make the bound state of 

a nucleus. 

For more violent nucleus-nucleus collisions, the coalescence parameter depends 

upon spin of cluster and momentum radius p0, rather than the binding energy and optical 

potential as given in equation 2.3. This model was used to describe the light nuclei 

production at different energies (from Bevalac to SPS) in different experiments [17]. The 

values of coalescence parameter B2 for deutron and B3 for triton or helium (
3
He) as a 

function of kinetic energy per nucleon are presented in Fig 2.3. it is evident from figure 

that experimental data  give the constant coalescence parameters for different verities of 

colliding systems, which is consistent with model that coalescence parameters is  

independent  of  beam energy. The relation 2.5 holds for the data measured at fixed 

impact parameter or at same centrality and is not applicable for minimum bias 

interactions. The interactions varying from the most central to the most peripheral 

collisions are known as minimum bias interactions. The figure also shows the values of 

B2 and B3 for matter and anti-matter measured for minimum bias events (impact 

parameter varying from minimum to maximum) in experiment E858[18] and E814 [19], 

which are not consistent with model predictions. The model discussed above cannot 

describe this deviation. The result of experiment NA44 [20] for central events (minimum 
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impact parameter) are also shown in Fig 2.3, which are again inconsistent with model 

prediction. The discrepancy of experimental data and model calculations is due to the 

failure of model to take into account spatial separation of nucleon, because with 

increasing energy of colliding ion spatial separations’ has important role in phase space 

calculation in addition with relative momentums. The Fig 2.3 also shows very intrusting 

result that the coalescence parameter for antideutron increases with the energy of 

colliding system, whereas for deutron it decreases with almost same ratios as B2 for 

antideutron increases. The discussion about the creation of anti matter is beyond the 

scope of present work, therefore discussion is only limited to matter. 
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Fig 2.3 Coalescence scaling factor BA for matter and anti matter plotted as a function of the 

kinetic energy per nucleon T/A (GeV) [17]. 

2.2.2 Thermodynamic Model 

A thermodynamic model of nucleus-nucleus collision is developed to illustrate the 

formation of light nuclear cluster during the collision evolution [14, 21]. After the 

collision the system expands and attains chemical and thermal equilibrium in which, the 

nucleon having separation in the range nuclei radii make bound state of different nuclei. 

The probability of formation of bound state depends upon the volume of colliding system 

at the last stage of collision evolution known as freeze-out stat. The interactions are 

seized and particles are free at this stage. The resulting expression for the invariant 

multiplicities of different species of light nuclei can be written in the form of expression 

2.1 and 2.5, but the scaling factor BA differs from inclusion of volume and excitation 

energy.  
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2.7 

Where V is the volume of the colliding system at freeze-out and the exponential 

term indicates excited state with binding energy E0 .Now the scale factor is inversly 

propotional to the volume. This model can explain well the data obtained at  Bevalac 

energies. 

2.2.3 Density Matrix Model 

The simple coalescence model is improved by taking into consideration of some 

quantum mechanical aspects of coalescence [22]. Density matrices are used to represent 

the particles distributions and the wave function is considered Gaussian in shape. Under 

the consideration of uniform phase space distribution the coalescence parameter took the 

form as  

 
                   

        
   

    
 
 
       

   
2.8 

Where VA is wave function parameter and v is the size parameter and can be 

linked to the mean square radius of the producing source of particles as  

            2.9 

The above models except simple coalescence model can illustrate the dependnce 

of coalescence scaling factor on centrality and colliding systems through changes in the 

volume of emmiting source. However, all these model do not take into account 
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momentum space corelation of emmiting particle which, leades to scaling factor BA 

having same values at any momentum for a specific colliding system and centrality. The 

result of experiment 802 presented in Table 2.1 [17], indicate the transverse momentum 

and rapidity dependance of coalescence parameter , which is inconsistent with these 

models. To overcome this problem wigner density approach is  used which is in good 

agreement with data and discussed in detail in referance [17]. 

Table 2.1 B2 values as function of rapidity (y) and transverse momentum per nucleon (PT/A) from 

experiment 802 for 7% σgeom central Si+Au collision. The numbers are calculated using measured 

values for proton and deutron dN/dy and slop (T) [17]. 

 

 From above discussion, it is concluded that the measurement of scaling factor BA 

gives only the ratio of differential cross-sections of nuclei to protons and does not give 

the direct evidance of coalescence mechanisms. 

2.3 Previous experimental observations  

Now the discussion is tuned to to the experimental observations about the 

mechanisms of light nuclei productions at different energies in different collisions. 

Synthesis of nuclei were studied in the collisions of silicicon with different targets at the 

beam energy of 14.6 A GeV/c [23]. They studied the dependance of coalescence  

parameter on centrality, beam energy and rapidity. The measured scaling factor BA in 

different centrality bins are ploted as a function of a parameter Ci, which is inverse of the 

centrality in Fig 2.4. Measurement shows strong centrality dependance, which is 

departure from coalescence models. The reson is simple as discussed above that these 

models are not valid for average or varying impact parameter i.e. for minimum bias 
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collisons. As discussed BA is simply the ratio of multiplicity of nuclei to some power of 

the multiplicity of proton. So the increase in BA means that the multiplicity of light nuclei 

are increasing and hence the multiplicity of protons  decrease to hold the  law of baryon 

number conservation. As we move from  peripheral to central collisions, the spectators ( 

nuclear fragments)  are going to decrease and  participant will increase,  which decreases 

the ratio of nuclei to protons (that is BA). 

 

 

Fig 2.4 Scaling factor BA as a function of inverse of centrality. 

The results of the coalescence parameter dependence on beam energy are shown 

in Fig 2.5 and rapidity dependence in Fig 2.6. The Fig 2.5 shows that scaling factor for 

deutron has some constant behavior at Bevalac energies but for AGS energies it 
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decreases, whereas the scaling factor for triton and helium decreases in both levels of 

energy. It may be concluded that with increasing the energy of colliding system the 

existence of heavy nuclei become less probable. In Fig 2.6 rapidity dependence is shown 

within a small interval of rapidity where BA is independent of rapidity. But it does not 

mean that BA remains constant through the whole rapidity region between forward 

rapidities to backward rapidities. When we consider full interval of rapidity it show 

strong dependence and will be discussed below. 

 

Fig 2.5 Coalescence scaling factor, BA, plotted as a function of incident beam kinetic energy per 

nucleon. All data were measured in minimum-bias collisions. 
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Fig 2.6 The coalescence scaling factor, BA, plotted as functions of rapidity for d, t, and He in 89%  

geom  Si+Pb collisions. 

The transverse momentum and rapidity dependance of the scaling factor are 

analyzed in gold-gold interaction at 11.6 A GeV/c [7]. The values of B2 and B3 are 

measured as d/p
2
 and 

3
He/p

3
 respectively, where d ,

3
He and p are  the numbers of 

deutrons, helium nuclei with mass number 3 and of protons respectively. The rapdity 

dependance is shown in Fig 2.7, and transverse momentum dependance is presented in 

Fig 2.8. The values of B2 and B3 have some constant behabvior at mid rapidities, 

whereas, at backward rapidities it is seem to decreases  with rapidity. Rapidity is a 

variable depends upon the energy and longitudnal momentum of particles and represents 

different kinematical regions of particle emissions in collisions. There are three types of 

rapidity  representing three kinemetical region: backward or low rapidities corrosponds to 

particles from spectator part of  target, mid rapidities  refer to the particles from central 

region of both colliding nuclei and forward rapidities represents the particles from the 

spectator part of  projectile. The Fig 2.9 shows that  rapidities are normalized by the beam 

(projectile) rapidity. The results from two experiment are ploted as a function of rapidity, 
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which shows that values coalscence parameter decreases sharply in backward rapidity 

(y<0.3) region and constant in midrapidity( y>0.3.) rgions. Since  midrapidiy  corosponds 

to central kinmetical zone and nuclei from this region are  believed to form as a result of 

coalescence of nucleons 

 

Fig 2.7 Coalescence parameters calculated through yield ratios d/p
2
 for B2 and t/p3 and 

3
He/p

3
 for 

B3 as a function of rapidity for pt<100 MeV (solid symbols). B2 and B3 results measured by AGS 

experiment 864 are presented in open squares.  

The Fig 2.8 shows the scaling factor for deutron and helium increases with 

increase in transverse momentum in a very narrow rapidity bin. The results are 

inconsistent with simple coalescence model described above and in agreement with 

prediction of the coalescence model considered by the author who includes the collective 

flow and constant profile density [24]. The thermodynamical model can explain the 

variation of BA with transverse momentum by the changes in volume of participant 

region, which may suppress due to pressure of high energy collisions. This pressure does 

not allow the particle to go apart; consequently they make bound states even at high 

transverse momentum. 
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Fig 2.8 Coalescence factors B2 (open circles) and B3 (solid circles) calculated by the yield ratios 

d/p
2
 and 

3
He/p

3
 as a function of pt for the rapidity interval 0.22,y/ybeam,0.25. 

The mass dependence of light nuclei production was studied at 11.5 AGeV/c in 

Gold-Gold (Au+Au) interactions [25]. They calculated the differential cross-sections of 

different species of nuclei and protons, and plotted as a function of mass number of 

nuclei A as shown in Fig 2.9. Sharp decrease in the differential cross-sections was 

observed with mass number of nuclei A. The increase in mass number of nuclei by one 

nucleon resulted in a decrease in the differential cross section by a factor of 50, which 

was too high from previous measurements at Bevalac energies. It was concluded that the 

formation of heavy nuclei as a result of coalescence is less probable.  
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Fig 2.9 Invariant yield as a function of nuclear number A. The bin size in rapidity is 0.2 (0.6 for 
7
Li). pT/A < 300 MeV. The line is a fit to the data with 26/48

A-1
.  

The invariant multiplicities of proton and different nuclei are measured in central 

and minimum bias interactions at 10.8 AGeV/c [26]. The measurements are compared 

with RQMD+ Coalescence model, which shows disagreement with experimental results. 

Deutron to proton and triton to proton ratios are measured only for target spectator 

regions [27] which were supressed in central events as compared to the minimum bias 

events. It is again an indication of decrease in  scaling factor BA with centrality. Deutron 

and antideutron were observed in Au-Au collisons at 200 A GeV/c[5]. The study of 

scaling factor B2  for deutron and antideutron showed that it decreases with centrality and 

increases with transvers momentum as shown in Fig 2.10 which is consistent with the 

results discussd above. The increase in B2 with centrality indicates the volume 

dependance of scaling factor as described in thermodynamic model. The volume and 
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scaleing factor BA can be related as (BA1/V) so the central events reflects the increase 

in the volume of parrticipant region of colliding nuclei. The dependance of B2 on pT  

further indicates that the medium is going to be dense and possibility of forming  the  

nuclei increases in dense medium.  
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Fig 2.10 Coalescence parameter B2 vs pT for deuterons (left panel) and antideutron (right panel). Horizontal 

bands indicate the systematic errors. Values are plotted at the true mean value of pT of each bin, the extent 

of which is indicated by the width of the gray bars along the x axis. 

The fragmentaion of projectile and target are studied in emulsion experiments[28]. Their 

result showes that multicharged fragments from both projectile and target decrease or 

saturate with centrality of collisons as shown in Fig 2.11 and Fig 2.12 below. In case of 

(Au-Ag/Br) the multiplicity of multicharged fragments  (NF+) increases with centrality 

(Nprod) and then sharply decreases, whereas a small increase in NF+ and then saturation is 

seen in Au-C/N/O and Au-H interactions with Nprod (centrality). 
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Fig 2.11 The mean number Ntot (•) of charged particles within the angle θf = 1.4◦ and the mean 

number NF (+) of multicharged fragments vs the number Nprod of produced particles in Au 

interactions with (Ag/Br) (a), (C/N/O) (b), and H nuclei (c), respectively.The mean total charge 

Qf within the angle θf = 1.4◦ from experiment (△) and RQMD model (■) are also plotted. 

The results of target fragmentation are shown in Fig 2.12 below, which shows that 

for slow particles (0.23, mostly light nuclei) Nb decreases with the centrality of 

collisions more sharply than in the case of projectile fragmentation. 
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Fig 2.12 The mean number Nb (◦) of measured slow (β _ 0.23) target fragments and the mean 

total charge Nch (•) of spectators calculated from RQMD model vs the number Nprod of 

produced particles in Au interactions with (Ag/Br) (a), and (C/N/O) nuclei (b).  

The above discussion can be concluded as: the nuclear synthesis is centrality 

dependent and the measurements of coalescence scaling factor BA does not give the direct 

information about the coalescence mechanism. It shows the corelation between protons 

and nuclei. Whereas the rapidity shows kinemetical regions of collisions and 

measurements of light nuclei production at mid rapidites are considered as some solid 

signal of nuclear coalescence effect.  

A different and simple idea is used to observe the coalescence mechanism. It is 

very obvious that the average multiplicity of light nuclei produced as a result of 

fragmentation of spectator parts of colliding nuclei in different interactions will decrease 

by some regularity with centrality. If the average multiplicity of light nuclei increases or 

it changes the regularity of decrease in multiplicity with centrality, then it will be the 

more direct evidence of mechanism of nuclear synthesis other than the fragmentation.  
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Chapter 3 

The Experimental setup 
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3.1 Methodological detail 

Data was analyzed taken from 2m propane (C3H8) bubble chamber, of the 

Laboratory of High Energy (LHE) of the JINR [29,30] Dubna. The chamber was located 

in a 1.5 Tesla magnetic field, and was irradiated with  the beams of protons and light 

nuclei accelerated to a momentum of 4.2A GeV/c in  Synchrophasotron [31]. Almost all 

charged particles emitted in 4 , with energy greater than the threshold energy of track 

formation, were recorded in the detector. Major components of experiments are briefly 

discussed below. 

3.1.1 Synchrophasotron: 

Synchrophasotron is an accelerator installed at LHE (JINR), Dubna and is used to 

accelerate the beams of charged particles and light nuclei up to relativistic energies. A 

schematic plan of the different  part of accelerators and experimental areas of the LHE is 

shown in Fig 3.1 taken from reference [28]. 

  

Fig 3.1 A schematic plan of the accelerator Centre of the LHE at JINR, Dubna [31]. 

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 
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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 (Dip), 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 3.1. 

 

 

Fig 3.2 A scale moke-up of the Dubna sychropasotron. 

The Dubna 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/c [32-34]. 
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Table 3.1 the table shows the different types of projectiles available in the injector for use in the 

Synchrophasotron, their flux, duration of pulse and sources [35]. 

Projectiles Flux Duration of pulse source Remarks 

Proton 1.5×10
14

 0.5ms Duoplasmatron E = 20 MeV 

Deuteron 1.0×10
14

 0.5ms ˶  E = 5 MeV/u 

4
He 1.0×10

13
 0.5ms ˶  NA 

3
He 3.5×10

11
 0.5ms ˶  NA 

7
Li 5×10

10
 15μs Laser E=5 MeV/u 

6
Li 3×10

9
 15μs ˶  N.A 

12
C 6.5×10

10
 25μs ˶  N.A 

16
O 6×10

9
 10μs ˶  N.A 

19
F 2.5×10

9
 6μs ˶  N.A 

22
Ne 2×10

7
 40μs KRION N.A 

24
Mg 2×10

8
 25μs Laser N.A 

28
Si 1×10

8
 25μs ˶  N.A 

32
S1 4×10

6
 80μs KRION-S N.A 

40
Ar 2.5×10

6
 80μs ˶  N.A 

84
Kr 1×10

6
 80μs ˶  N.A 

d  2.5×10
10

 100μs Polaris N.A 
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3.1.2 Bubble Chamber  

A bubble chamber [36,37] is a device used to visualizes  the track of charged 

particles. It consists of a tank filled with a superheated liquid at temperature equal to its 

boiling point and the pressure lesser than boiling pressure by a small amount. With the 

passage of charged particles, the liquid attains boiling pressure and starts boiling, 

producing bubbles along their path. The cycle of an event consists of the following steps. 

High energy beams of particles or light nuclei from accelerator enter into the chamber, 

passing through liquid with or without collisions with the atoms of liquid molecule. If a 

collision occurs it will be an event. New particles are produced in these events and these 

particles generate bubbles along their path depending upon their energies. Since the 

chamber is placed in a huge magnetic field, curved paths are followed by the charged 

particles due to this 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 

decreased to set the chamber ready for next cycle. The time during which, chamber is not 

ready for recording is known as dead time and it is few mille seconds. Successive events 

are recorded following the same procedure. The Nobel Prize of 1960 in Physics was 

awarded to Donald A. Glaser for designing the bubble chamber in 1952. 

 Several different liquids are used in bubble chambers. Inert gases in liquid form 

like xenon and helium and organic liquids like propane (C3H8) and freon (CF3Br) are 

mostly used in the bubble chamber. In our case the propane (C3H8) in liquid form was 

used as a target and as well as liquid of bubble chamber for track formation of secondary 

charged particles. Propane is a colorless and flammable gas. It is the third member of the 

alkane series of hydrocarbons. It is obtained from cracking of petroleum as well as from 

the natural gas. It has different use, as a fuel, as a solvent and in preparation of some 

chemicals. Its melting temperature is -190
o
C and boiling is -42

o
C. A bubble chamber 

photograph is shown in Fig 3.3, which shows tracks of different charged particles 

produced in pK
-
 interaction. Reconstructed tracks are shown in right panel.  
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Fig 3.3 Bubble chamber photograph of K
-
 interaction with proton. The photograph is taken from 

the CERN 2 meter hydrogen bubble chamber. 

At early stages, it was very laborious to analyze the data from bubble chamber 

due to unavailability of modern equipments. But with the passage of time and 

advancement of the technology the process of analyzing photographs became easy. Later 

on, some digitized tables and mechanical techniques were used. For precise 

measurement, a large number of scanners were required to handle and process the large 

number of photographs. For this purpose, advance equipment was also developed with 

development in the technology of bubble chambers. Initially, slide rules and 

electromechanical calculators were used, which were replaced quickly by electronic 

computers.  

At first, curvature of tracks was measured by using templates. After the 

development of computers, major changes were made in analyzing the data. Moveable 

film projector was developed to fix the coordinates of a track in a photograph. The spatial 
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coordinates of the particles track are reconstructed with the help a computer. These 

coordinates and the value of magnetic field in chamber are used to calculate the 

momentum of the particles by the computers. 

The Fig 3.3 given above is a bubble chamber picture which shows the interaction 

of projectile K- with a proton at the momentum of 10 GeV/c. The following products are 

obtained in this interaction  

oK p K K       

Followed by the following decays  

oK      
oK     

oK     

 

Another bubble chamber photograph is shown in Fig 3.4, which shows the tracks 

of elementary particles produced in 
-
- meson proton interactions.  
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Fig 3.4 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 neutral particles 
0
 and K

0
 are produced which do not leave the tracks. These 

particles are decayed into charged particles due to their short half-lives. Two neutral 

particles are produced and passed through the chamber without generating ionization, 

then decayed into charged particle, which is evident from Fig 3.5. 
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Fig 3.5 A clear reconstructed tracks illustrating the interaction of Fig 3.4. 

 

 The reaction can be written as 


-
 + p 

0
 + K

0
 

The two product particles decay as follows:  


0
 p + 

-
,   K

0
  

+
 + 

-
 

With the help of Fig 3.5 the momentum and emission angle of charged particles 

can be calculated. 

The concerned bubble chamber used in the experiment has following dimensions 

X×Y×Z=65×210×43cm
3
. A schematic diagram of the coordinates of the 2-m propane 

bubble chamber is shown in Fig 3.6, which is used to calculate of different experimental 

physical quantities. The incident beam 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 
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≤ 2π, where   is the angle made by the secondary particles with the XY-plane and   is 

the angle of the projection of particles’ momentum in the XY-plane with the X-axis. 

Knowing the two angles one can calculate the following 
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Fig 3.6 A 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. 

  



38 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 

Analysis  
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4.1 Introduction 

This chapter describes how the physical results were extracted from the photographs of 

tracks obtained from 2m propane bubble chamber installed at LHE JINR. The data set 

consist of all elastic and inelastic interactions of projectile with propane (C3H8) molecule. 

Each interaction is known as an event. All charged particle emitted at 4, with energy 

greater than the threshold energy of the track formation are well identified in the 

chamber. The data set consist of the following information about the identified particles; 

a number of identification (id), momentum and emission angle of each charged particle. 

Other parameters can be calculated using the above mentioned parameter and with the 

help of Fig. 3.6. Mainly, identified particles are protons, pions, electrons, positrons 

photons and nuclei (singly and multicharged). Nuclei are identified in two groups, the 

first one contains deutron (d) and tritium (t) and the second one consist of the nuclei with 

charge number Z2.There are some particles identified as multicharged nuclei but their 

momentum could not be measured. The method used to analyze the data is described 

below in detail. 

4.2 Event selection 

As mentioned in chapter 3 that propane (C3H8) is used as target in bubble 

chamber where as relativistic beams of protons (p), deuterons (d), helium (
4
He) and 

carbon (
12

CC) as projectile. In total, we analyzed 12757 (twelve thousands seven hundred 

and fifty-seven) events of pC3H8, 9016 (nine thousands and sixteen) of d C3H8, 22975 

(twenty-two thousands nine hundred and seventy-five) of 
4
HeC3H8 and 39543 (thirty-nine 

thousands five hundred and forty-three) of 
12

CC3H8.  The following criteria [38-39] are 

used to separate the events of projectile with carbon from the events of projectile with 

hydrogen.  

I. Total charge of secondary particle must be greater than charge of 

projectile plus one. 
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II. The number of protons in backward hemisphere must be 1 or greater than 

one. 

III. Number of slow protons (with momentum P < 0.75 GeV/c) must be 

greater than one. 

IV. Negatively charged particle must be greater than two. 

This method separates about 71, 74 and 64 percent of total events of 
12

CC, 
4
HeC  

and dC respectively, that was estimated by the known cross-section of CH and CC 

interactions and hydrogen carbon ratio in propane molecule and calculated by using 

following expressions.  

For carbon atom the geometrical cross-section is given as   

        

Where r is the radius of atom and related to the mass number A of the atom as  

     
    

Where    is radius parameter and A is mass number of atom. For 
12

C we have  

       
         

           
  

For three atoms it will be   

            
  

Similarly for eight hydrogen atom we have  
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The propane molecule consists of three carbon and eight hydrogen atoms, so the 

ratio of geometrical cross sections of carbon and hydrogen is about 1.97. Using this ratio 

and total number of events the calculated amount of possible interactions of any 

projectile with carbon are summarized in Table 4.1. 

Table 4.1 Statistics of event calculated by geometrical cross-section.  

pC3H8 12757 pC 8971 

dC3H8 9016 dC 5807 

4
HeC3H8 22975 

4
HeC 13319 

12
C C3H8 39543 

12
CC 20594 

    

4.3 Particle identification 

 Particles are identified by their tracks, which are calculated by the momentums of 

produced particles and the magnetic field applied to the chamber. Every particle required 

minimum amount of momentum to produce the track particular to its mass. The average 

minimum momentum for pion registration is set to about 70 MeV/c, below this pion 

cannot produce visible tracks. All negative particles, except for those identified as 

electron are considered as 
-
 mesons. The contamination from the misidentified electrons 

and negative strange particles are about 5% and 1% respectively. The 
+
 mesons are 
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identified and differentiated from protons by ionization produced in chamber in the 

momentum region less than 0.5 GeV/c. The protons are identified well within the 

momentum interval 0.15-0.5 GeV/c, above this momentum the 
+
 mesons has 

contamination with protons. The chamber measured light nuclei, deuteron (d) and triton 

(t) as mixture and differentiated well from other positive particles in the momentum 

interval 1-3GeV/c. above and below the range of momentum the d and t cannot be 

separated from protons. The contamination with proton below is up to 7% and above 

greater than 30%. We have considered the d and t with the momentum interval. All nuclei 

with   charge Z  2 are identified together. There is no constraint on their momentums; 

they leave the visible tracks depending upon their mass. There is no possibility to identify 

the nuclei species separately because they produce about similar ionization in bubble 

chamber. Low momentum nuclei (multicharged or singly charged fragments) could not 

be identified due to their short length tracks. More experimental details are given in refs. 

[39,40]. Momentum of charged particles was measured by the curvatures of their tracks 

and the magnetic field of the chamber.  

4.4 Centrality 

Impact parameter (b) is the transverse distance between the centers of two colliding 

nuclei and is immeasurable in experiments. However, it is estimated by measuring 

another parameter known as centrality, which is the inverse of b. In fact centrality 

measures the participant region of the colliding nuclei. This region could be estimated by 

many ways [38-39], counting the numbers of participant nucleons, number of spectators, 

total multiplicity of charged particles, energy loss, etc. We used the number of identified 

protons (Np) in an event as centrality [9, 43-45]. Number of identified protons (Np) is 

calculated as  

Np= all protons (with any momentum) +
+
 (with momentum >0.5 GeV/c)- 

-
 

(with momentum >0.5 GeV/c)-protons ( with momentum >3 GeV/c). Since the projectile 

(except proton) and target nuclei were isospin singlet, it was assumed that equal number 
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of 
-
 and 

+ 
mesons were produced. We excluded the protons with momentum greater 

than 3Gev/c and emission angle  is less than 4

, due to misidentification with d, t. 

The systematical errors reported in ref. [40] are 11 % in measurement of 

momentum and about 0.8 % in measurement of emission angle .  

4.5 Average values and error calculation 

The average values are calculated by using the formula; 

 
          

 

   

 
4.1 

Where X is average value of variable x and p(x) is the probability of the 

observation of variable. Statistical errors are calculated by standard deviation method 

using the following formula. 

     
 

  
  

 

 
         

 

   

  4.2 

Where x
-
 is the error,  is standard deviation, m is the number of events, xi value 

of variable and x
-
 is average value. 

Fitting is used for quantitative comparison of experimental data in different 

regions. Linear function <N>= a*Np+b is used for fitting. 

Experimental results are compared with the predictions of two models; Fritiof 

model [47], and Cascade Evaporation model (CEM) [48-49], which are described below. 

Forty thousand events are analyzed from each code for all interactions. 
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4.6 The Monte-Carlo Codes 

The Monte-Carlo codes are necessary tools in high energy experimental physics, which 

give the approximate picture of known physics and comparison with experimental data 

can give the clear pictures of different processes. The simulated data from two codes are 

used for comparison with experimental data some details about these codes are given 

below  

4.6.1 Fritiof model 

The Fritiof code is Monte Carlo simulation program of inelastic hadron-hadron, 

hadron- nucleus, and nucleus-nucleus interaction. Basically it is designed for the energies 

higher than 10 GeV, but it has been modified for lower energies [47]. The code assumes 

all hadron-hadron interactions as binary reactions (x+yx
'
+y

'
), where x

'
+ y

'
 are excited 

states of initial hadrons with discrete or continues mass spectra. At low energies, these 

excited hadrons make resonance states, which further produce new particles. The mass of 

excited states are characterized by using the conservation laws of energy and  

momentum. In center of mass frame the energy conservation law can be expressed as 

               4.3 

And the longitudinal momentum conservation law gives the relation 

                     4.4 

The transverse momentum conservation gives  
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              4.5 

Where Ex, Ey (Ex', Ey') and Pxz , Pyz (Px'z, Py'z) are  initial (final) state energies and 

longitudinal momentums of hadrons x and y. Px'  and  Py'  are transverse momentum of 

excited states. By adding and subtracting equations 4.3 and 4.4 we get following set of 

equations.  

   
    

     
     

  

  
    

     
     

  

             

4.6 

Where P
+
= E+Pz and P

-
= E-Pz  

At high energies 

    
      

         ,    
      

          4.7 

Thus their distribution has form 

        
     

      
     

  

       
     

      
     

  

4.8 
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The limit of are defined as 

     
     

  ,     
     

   4.9 

In case of hadron nucleus interaction the above mentioned kinematics are applied 

for first collision of projectile nucleon with one of the target (x+N1x'+N1'). For the 

second collision (x'+N2x''+N2') the above limits are changed by 

     
     

  ,     
     

   4.10 

Similar approach is applied to simulate nucleus- nucleus collision. Here the 

reactions, x'+y'x''+y'' are considered. 

To overcome the problems of deexcitation of hadrons and overestimation of 

multiplicity for lower energies the limit are changed to   

    
               ,   

              4.11 

And   
  and   

  are calculated at sab= sa'b' ma=ma' and mb=mb' , where sab and sa'b' are 

center of mass energies of two states of particle  a and b. 

The model take into account the Fermi motion of nucleons and after break up of 

nucleus defines different parameters as described below. 

Nucleon coordinate are simulated by Saxon Wood distribution theory. Wounded 

nucleus which take part into interaction is defined by Glauber approximation. The 
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spectator nucleon of projectile and target are defined as, if j-th nucleon of nucleus A is at 

the distance              
 
        

 
  from k-th wounded nucleon of A, the J-th 

nucleon is considered as participant of the collision with the probability  

              
  ,  Cnd = 0.35  . If there is no participant then the interaction is 

rejected. All details were taken from ref.[47] 

4.6.2 Cascade Evaporation Model  

Cascade evaporation model is an important model that is used to explain the 

common prospects of nucleus-nucleus collisions at relativistic energies. The model is 

based on Monte-Carlo simulation, which is especially important in multiple collisions. 

The basic suppositions and procedures of the model are given in detail in refs. [48,49]. 

Here the model is described in brief. In cascade model the system of colliding nuclei is 

considered as gas of nucleon bound in a potential well. It is successfully used for nucleus-

nucleus collisions with multiple scattering and is based on Monte-Carlo simulation 

techniques. Particles are produced when an interaction of projectile occur with a target 

after momentum transfer. These particles further interact elastically or inelastically with 

the nucleons coming in their path and produce new particles provided the other 

conditions necessary for the production of new particles are satisfied. The newly 

produced particles coming from the interaction of secondary particles may produce 

further particles. The process of production of new particles from the interaction of 

primary or secondary particles continues until the moving particle is either absorbed in 

the target medium or it leaves the target medium. A diffused distribution is assumed for 

the potential and density of nucleus where correlation between nucleons in the normal 

state is taken into account. The time evolution Monte-Carlo study of two interacting 

nuclei, the inter dependence of target and cascade are consummate through nucleons 

density correlations from intra nuclear collisions. All conservation laws and invariance 

principles are obeyed including the Pauli Exclusion Principle and the energy-momentum 

conservation in each intra nuclear interaction. The nuclei that are excited and are unable 
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to produce new particles after the cascade stage are then described by the statistical 

theory in the evaporation approximation.  

In nuclear collision the nucleons that are participants of the interaction are 

calculated by the consideration given below [50].  

 

 
         

  
 
      

 
  

 
  

 

≤          
  4.12 

bk and bi are the components of the impact parameter (b), the subscript i and j are 

for the two interacting particles in the two coordinates. Rint is used to designate the 

radius of the strong interaction, which is about 1.3fm and the reduced de-Broglie 

wavelength of the incident projectile is given by λ
D
. The two colliding nucleon can pass 

through each other without collision or will interact elastically or inelastically as is 

explained above. The former is the case of complete transparency where the particles 

pass each other without interaction. The corresponding probabilities of the three cases are 

given below 

 
     

        λ  
  σ   

        λ   
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4.15 

where the first expression gives the total probability, the second and third give the 

elastic and inelastic interactions probabilities respectively. In the rest frame of target 

nucleus, the time of interaction is given by the following illustration 

 
    

   
     

 
 4.16 

Where v is the speed of the projectile. The interaction of nucleons ascribed a 

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

Fermi momentum distribution assumes the following form. 

                  ≤  ≤  
 
    4.17 

With  

                  4.18 

For nuclei with masses A and B ≤ 10, oscillator densities are used with RA = 

1.07A
1/3 

fm and c = 0.545 fm. The interaction is rejected if nucleon energy is lower than 

the Fermi energy. This supposition is used until an interaction occurs.  The time is 

increased by tij after the interaction occurs with coordinates changed by k k ijz z vt 
 
of 
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the moving particle. The coordinates of the projectile or target nucleons fix the 

coordinates of the newly produced particles. In the same way all interactions that are 

possible are considered. All newly produced particles can collide with nucleons coming 

along its path in a tube with nucleons of radius int DR  . The time of interaction is 

determined by 

 

 

    
      

 
 

   
 4.19 

where  is  the velocity of  cascade particle k with 
 
its radius vector. After 

scanning all interactions the one with minimum time is considered. The process continues 

till the end of all interactions that are possible. The multiplicity and charges of the 

nucleons outside the participant region along with charges of the absorbed mesons at the 

end of fast cascade stage fix the nuclear residual mass number and charge. The excitation 

energy of the target nucleus fixes the energies of the absorbed mesons and nucleons. It is 

the case with the excitation energy of the projectile nucleus where the same procedure is 

applied. The excitation energy of the target nucleus assumes to be linearly proportional to 

the emitted nucleon while ignoring the absorption of the mesons and nucleons. 
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Chapter 5 

Results and discussion 
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5.1 Introduction 

In this section, main results about the properties of light nuclei produced in pC, 

dC, 
4
HeC and 

12
CC-interactions at 4.2A GeV/c are presented. To get the information 

about the nuclear coalescence effect centrality dependence characteristics of light nuclei 

are studied. Centrality is fixed by number the identified protons in an event. The 

experimental data are recorded with 2m propane bubble chamber of the Laboratory of 

High Energy of the Joint Institute for Nuclear Research (JINR, Dubna, Russia). The 

chamber was enclosed in 1.5 T magnetic field and was exposed to the beams of 

relativistic p, d, 
4
He, and 

12
C at momentum 4.2 A GeV/c. The criterion mentioned in 

methodology is used to separate the events of projectile with carbon in propane molecule. 

This method separates about 71, 74 and 64 percent of total events of 
12

CC , 
4
HeC  and dC 

respectively, that was estimated by the known crossection of CH and CC interactions and 

hydrogen carbon ratio in propane molecule. The measurement of light nuclei in pC 

interactions automatically separates the proton carbon events from proton propane 

interactions. Above mentioned criteria is not used for pC interaction because light nuclei 

cannot be produced in pp interaction. All measurements are compared with the prediction 

of two models, Fritiof and Cascade. Some signals of nuclear coalescence effect are seen 

in 
12

CC- interaction. Detail description is given below. 

5.2 Average properties of light nuclei as a function of centrality 

 In nucleus-nucleus collisions study of centrality dependent characteristics is 

necessary tool to extract the information about collisions evolution and new states of 

matter. Some average characteristics of light nuclei, produced in different interactions 

were studied  

5.2.1 Average multiplicities of light nuclei as a function of centrality 

 The average multiplicity of the light nuclei (<N>nuclei) in pC-interactions at 4.2A 

GeV/c as a function of centrality is presented in Fig 5.1, which includes statistical 
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uncertainties only. Systematical errors are considered by the program used to draw 

histograms and are not shown in figures. Horizontal axis represents number of identified 

proton (Np) or centrality and the average values of multiplicity (<N>nuclei) are plotted in 

vertical axis. Solid circles and stars represent the Fritiof and cascade predictions 

respectively, whereas open circles indicate the experimental results. The experimental 

results are compared with the simulated results of two models, Cascade and Fritiof. 

Proton is the projectile with momentum 4.2GeV/c. The target carbon is the only source of 

nuclei production The average values of multiplicity are very low in pC-interactions; on 

average one nucleus is observed in more than hundred events. One can see the 

multiplicity is increasing as Np is increasing, which indicates that nuclei evaporation in 

the events with Np >3 have relatively high momentum and identified very well in the 

chamber. As discussed earlier in chapter 4 that only those deutron (d) and triton(t) are 

considered, which have the momentum in the range of one to three (1P3) GeV/c. In 

pC- interactions in the region Np > 3, the d and t are more probable, so the momentum 

transfer to these nuclei is greater than 1 Gev/c, which make possible their identification. 

There are no momentum barrier used for heavy nuclei but possibility is less in the said 

region. Both models’ are overestimating the average multiplicities of nuclei except the 

last two points. Average values calculated from simulated data of both models consider 

all nuclei with any momentum, whereas in experiment low momentum particle do no 

leave the visible tracks. So the difference between models’ and experiment is mainly due 

to the misidentification of low momentum nuclei in chamber.  
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Fig 5.1 Average multiplicity of light nuclei as function of centrality (Np) in pC - interactions. 

Stars, solid circles, and open circles represent Cascade (CAS), Fritiof (FRI) and data (EXP) 

respectively. 

The average multiplicity of the light nuclei (<N>nuclei) in dC-interactions at 4.2A 

GeV/c as a function of centrality is presented in Fig 5.2, which incorporates statistical 

errors only. All variables of figure have illustrated above. Like pC interactions the 

experimental results of dC- interactions are almost constant except at first point (Np=0), 

where the average multiplicity is maximum. Since the criteria used to separate the events 

do not give the possibility to measure the nuclei from d+H (deutron interactions with 

propane hydrogen) interaction. So the maximum value at (Np=0) point out that the 

projectile interacts with target and break up it  into fragments without separating protons 

or separating protons with momentum greater than 3 GeV/c, which are not included into 

Np. It also indicates that either projectile does not disintegrate or disintegrate into neutron 

and proton, but proton has momentum greater than 3 GeV/c. The total momentum of the 

projectile is 8.4 Gev/c which resulted in the increase of average values of multiplicity 

calculated in dC- interactions more than 20 times to the values calculated in pC- 

interactions.  
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Fig 5.2 Average multiplicity of light nuclei as function of centrality (Np) in dC - 

interactions. Stars, solid circles, and open circles represent Cascade (CAS), Fritiof (FRI) 

and data (EXP) respectively. 

The average multiplicity of the light nuclei (<N>nuclei) in 
4
HeC-interactions at 

4.2A GeV/c as a function of centrality is shown in Fig 5.3, which includes statistical 

errors only. The systematical errors are not shown in figures but considered by the 

program in drawing histograms. All parameters are same as described for earlier figures. 

Now the projectile is helium with mass number 4 and total momentum is 16.8 GeV/c, 

which increases the average values of multiplicity more than 100 times from the values 

measured in pC- interaction and about 30 times to the values calculated in dC-

interactions. The figure shows that there are two regions in the behavior of experimental 

values of average multiplicity. In first region (0Np4) the average multiplicity decreases 

from its maximum sharply, and in second region (Np>4), it decreases slowly and the 

values are approximately same to the values obtained in pC and dC-interactions. Both 

models are unable to reproduce the experimental results for average multiplicity of 

nuclei; however, the difference between models and experimental results becomes small 
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as compared to above mentioned interactions. In these interactions as projectile changed 

from proton to the deutron the behavior of average multiplicity also changed and is seen 

from first two points of Fig 5.2. Likewise when helium (
4
He) is used as projectile one can 

see this variation for first five points (Np  4), thus we can say that these regions are 

representing the projectile and target spectator areas. The two regions in 
4
HeC-interaction 

as shown in Fig 5.3  with different behavior can be considered as projectile fragmenting 

region (Np  4) and  (Np >4) as target fragmenting area. The projectile fragmenting region 

is more sensitive for centrality and target fragmenting region has little dependence or 

almost constant behavior.  

Fig 5.3 Average multiplicity of light nuclei as a function of centrality (Np) in 
4
HeC -

interactions. Stars, solid circles, and open circles represent Cascade (CAS), Fritiof (FRI) 

and data (EXP) respectively. 

The average multiplicity of the light nuclei (<N>nuclei) in 
12

CC-interactions at 

4.2A GeV/c as a function of centrality is presented in Fig 5.4, statistical uncertainties are 

incorporated only. All variables of figure have described in earlier discussion. The 
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experimental results are compared with the prediction of two models’, Cascade and 

Fritiof. In the model calculations average multiplicities are overestimated in the region 

(Np ≤ 2) by a small amount. The maximum average values of multiplicity are found in the 

collisions of large impact parameter (Np ≤ 2) that is in the most peripheral collisions. In 

this region the Cascade model measures the average multiplicity 1.46 times and the 

Fritiof measures 1.3 times of the data. As the impact parameter decreases and collisions 

become more central ( Np≤ 7) the projectile starts fragmenting into hadrons rather than 

light nuclei so the average multiplicity of light nuclei decreases linearly with a slope of -

0.173 0.005. The slope is calculating using the linear fitting function <N>nuclei=a*Np+b, 

where a is the slope parameter and b is the y intercept. These nuclei are mostly projectile 

fragments and this area (Np≤ 7) can be considered as projectile fragmentation or 

semicentral region. In this area cascade models over estimate the multiplicity and Fritiof 

nearly equal to data and both have behavior similar to that of the experimental data. The 

gap between models and data become less than in the peripheral region, Cascade 

measurements are about 1.12 times, and the Fritiof measurements are about same or less 

than the experimental observations. The results of projectile fragmentation [28] with 

different targets are discussed above which shows almost similar behavior for similar 

masses of projectile and target. Moreover, when the collisions are more central (8 ≤ Np ≤ 

12) the <N>nuclei decreases more slowly with a slope of -0.094  0.005. It is expected that 

the light nuclei from target fragments start contributing in this region, which changes the 

slope of decrease, as is seen from Figs 5.1-5.3 that the target fragmentation region 

decreases slowly with centrality as compared to projectile fragmentation region. The 

region can be considered as some jumble of projectile and target fragmentation or central 

region. The calculations of models become less and systematically deviate from the 

experimental results, which are not seen in above discussed interaction. In the most 

central collisions (Np>12), in contrast with models, a slight increase in the multiplicity of 

light nuclei is observed. This increase and the decrease in the slope of central region 

indicates new source of light nuclei creation other than the fragmentation of projectile 

and target, may be the coalescence effect, because in the most central events the 

collisions are mostly head on, and more possibly, the projectile and the target will 
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disintegrate into hadrons instead of nuclei. So in the most central interactions, due to the 

maximum participants a small dense medium is expected, in which the nucleons within 

the same phase space form nuclei as a result of nucleons coalescence. Light nuclei 

production through coalescence mechanisms is predicted in experiment E864 [25] for 

10% most central events in Au+Pt (Pb) (for heavy ion collisions) interactions at 10.6 A 

GeV/c. This study uncovers some direct and sharp signatures of nuclear coalescence 

effect for 
12

CC (light ion collisions) interactions at 4.2A Gev/c. The study of light nuclei 

production for lower mass projectile (Helium and deutron) could not give such type 

signals of coalescence and resulted in that 
12

CC- interactions at 4.2 AGev/c are the 

threshold level for the nuclear coalescence effect. This information is essential for 

theoretical models to illustrate the dynamics of the coalescence effect at high energy 

hadron-nucleus and nucleus-nucleus interaction. 

 

Fig 5.4 Average multiplicity of light nuclei as a function of centrality (Np) in 
12

CC - 

interactions. Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) 

and data (EXP), respectively. 
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5.2.2 Average momentums of light nuclei as a function of centrality 

The average momentum of the light nuclei (<P>nuclei) in pC-interactions at 4.2A 

GeV/c as a function of Np is presented in Fig 5.5. The upper panel represents 

experimental results and lower one depicts the model calculations. All parameter of 

figure are same except average momentum (<P>nuclei), which is taken in the y axis. The 

measurements take into account statically calculated errors only. Measurement shows 

small increase with Np in region Np>3 as shown in Fig 5.1 for multiplicity, where more 

nuclei were identified. Variation of momentum lies within the small interval between of 

1.2 -1.35 GeV/c. Average values are greater than 1 GeV/c, which means low momentum 

nuclei could not be identified as described in method. Model can estimate the multiplicity 

of particles in hadron-nucleus or nucleus-nucleus collisions using the conservation laws 

of physics. But, it is looking very odd to guess that which particle will take which 

momentum. However, model can reproduce the data, weather it is comparable or not. All 

measurements are compared with model prediction, which can be used to improve the 

models in future. Comparison with models shows no agreement with data in pC 

interactions because models are expecting low values of momentum transferred to nuclei 

from projectile, which has 4.2 GeV/c total momentums. Fritiof predictions are greater 

than cascade’s predictions. This comparison indicates that the detector has missed a lot of 
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nuclei.

 

Fig 5.5 Average momentum of light nuclei as a function of centrality (Np) in pC– 

interactions. Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) 

and data (EXP) respectively. 

The average momentum of the light nuclei (<P>nuclei) in dC-interactions at 4.2A 

GeV/c as a function of centrality is shown in Fig 5.6. Upper panel representing 

experimental results whereas lower one indicating models predication. Experimental 
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measurements are in same range as in pC- interactions but with different. behavior 

Experimental observations are not comparable with model predications Neverthless the 

Fritiof qualitatively agrees with experimental measurements. Average values show nuclei 

with momentum less than 1 GeV/c are not identified as in case of pC interactions. 

However, the total momentum is now double of previous measurement, which increases 

the multiplicity of nuclei as shown in Fig.5.2. Cascade models predicts the higher values 

of momentum in the head on collisions (maximum central with more number of protons), 

which is looking very realistic if the secondary interactions of particles are ignored as by 

the Cascade model.  
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Fig 5.6 Average momentum of light nuclei as a function of centrality (Np) in dC–interactions. 

Stars, solid circles, and open circles represent Cascade (CAS), Fritiof (FRI) and data (EXP) 

respectively. 

The average momentum of the light nuclei (<P>nuclei) in 
4
HeC-interactions at 4.2A 

GeV/c as a function of centrality is depicted in Fig 5.7. Upper panel is representing 

experimental results whereas lower one refers to model predication. Average momentum 

has sharp decrease with centrality. The minimum average value is again greater than 1 

GeV/c, which indicates that low momentum nuclei can not be detected in 
4
HeC 
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interaction too. Both models predicting very small average values of momentum and 

cannot be compared either qualitatively or quantitatively with experimental measurement.    

 

Fig 5.7 Average momentum of light nuclei as a function of centrality (Np) in 
4
He C – interactions. 

Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data (EXP) 

respectively. 

To check the aforesaid idea concerning the nuclear coalescence effect  in 
12

CC -

interactions as shown in Fig 5.4 the average momentum (<p> nuclei) and average 

transverse momentum (<pT> nuclei) of light nuclei in 
12

CC collisions are deliberated  as a 
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function of centrality. The average momentum (<P> nuclei) distribution of light nuclei as a 

function of centrality is depicted in Fig 5.8. The experimental data is shown in upper 

panel whereas the lower panel represents the models calculations. Only statistical errors 

are taken in to account. High momentum nuclei are found in peripheral region (Np2) as 

discussed in case of multiplicity and in the region (2Np7), these nuclei are mostly 

projectile spectator remains, which are traversing through medium without or with 

minimum interactions and lost their momentum with slope (-0.1450.01). Slope is 

calculated by same linear function described above. With further increase in centrality 

(Np8) the average momentum of light nuclei changes its behavior and decreases sharply 

with slope (-0.3290.04). In this region light nuclei from target fragmentation start 

contributing in multiplicity as shown in Fig. 5.4. These target fragments are low 

momentum particles. The multiplicity of charged particles (hadrons) is increasing with 

centrality and their interactions with light nuclei resulted in the sharp decrease in 

momentum. In the most central region (Np  12), fluctuations in the average momentum 

with high uncertainty were observed. This change in behavior may be an indication of 

change in production mechanism of light nuclei, because momentum of light nuclei from 

projectile and target fragmentation is a decreasing function of centrality. The fluctuation 

shows some medium effects because coalescence occurs in medium of high density and 

momentums can be lost are gained by the particle. Both the models predict the values of 

average momentum varying between 5-22 GeV/c, which is about 3 times greater than the 

maximum experimental value. The cascade calculations for average momentum are very 

low at the most central events in contrast with cascade prediction for dc and 
4
HeC- 

interactions. These predictions cannot be compared quantitatively to the experimental 

results.  
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Fig 5.8 Average momentum of light nuclei as a function of centrality (Np) in 
12

CC – interactions. 

Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data (EXP) 

respectively. 

5.2.3 Average transverse momentums of light nuclei as a function of 

centrality  

The average transverse momentum (<PT>nuclei) of light nuclei produced in pC-

interactions as a function of Np is depicted in Fig 5.9. Statistical errors are included only. 

All parameters of figures are same as above except transverse momentum (<PT>nuclei) 

which is plotted in y-axis. The <PT>nuclei increases with centrality and then decreases 

smoothly within the range 0.62-0.78 GeV/c. Both models are not in agreement 

quantitatively with experiment but Fritiof produces qualitatively alike behavior as can be 

seen from figure below. Models calculations are 2-3 times less than the experimental one. 
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Fig 5.9 Average transverse momentum of light nuclei as a function of centrality (Np) in pC – 

interactions. Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data 

(EXP) respectively. 

The average transverse momentum (<PT>nuclei) of light nuclei produced in dC-

interactions as a function of Np is illustrated in Fig 5.10. Statistical errors are included 

only. The <PT>nuclei increases with centrality within the range 0.60-0.9 GeV/c. The 

average values of transverse momentum in most central events are greater than in pC-

interactions.  Both models are measuring <PT>nuclei 2 -3 times less than experimental one 

and cannot be compared with  the experimental.values  
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Fig 5.10 Average transverse momentum of light nuclei as a function of centrality (Np) in dC – 

interactions. Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data 

(EXP) respectively. 

The average transverse momentum (<PT>nuclei) of light nuclei produced in 
4
HeC-

interactions as a function of centrality is described in Fig 5.11. Only statistical errors are 

included. The behavior of (<PT>nuclei) with centrality is arbitrary in these interactions. The 

experimental observation of <PT>nuclei are in range of 0.55- 0.65 GeV/c less than measure 

in dC-interactions. The average values of transverse momentum calculated by models are 

again 2-3 times less than experimental one, however qualitatively both models are in 
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agreement with experimental values. Model calculations show the average value of 

transverse momentum increasing with mass and hence total momentum of projectile. But 

in experimental results we observed the average transverse momentum of light nuclei in 

HeC interactions has decreased. Models do not include the collective phenomenon in 

these collisions therefore it may be attributes to collective flow or correlation of particles. 
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Fig 5.11 Average transverse momentum of light nuclei as a function of centrality (Np) in 
4
HeC– 

interactions. Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data 

(EXP) respectively. 

The average transverse momentum (<PT>Nuclei) of light nuclei emitted in 
12

CC-

collisions as a function of centrality is depicted in Fig 5.12. Only statistical errors are 

incorporated. Both the models failed to explain the experimental data. Experimentally 

observed values of the <PT>Nuclei are 3-4 times larger than the values calculated from the 

models. First two regions, (Np  2) and (2 < Np  7), are not alienated to a large extent as 

for multiplicity and momentum in Figs. 5.4 and 5.8 are seen. The transverse momentum 

in region (2  Np  7) decreases with slope (-0.0040.001) and almost becomes stable in 

region (Np  8). In the most central region (Np  12), an increase in PT with relatively 

high uncertainty is seen. The simple connection between the average radius (R) of source 

and <pT> is <R>~1/<pT>. So the constancy or increase in <pT> points out the size of the 

source of particle production doesn’t change in region (Np  8) and decreases in (Np  

12). As we discussed in chapter 2 and in ref.[5,7]. The coalescence parameter increases 

the PT within the small intervals of rapidity, the interval indicates the central zone of 

collisions. Results presented here are in good agreement with them, because in the region 

where coalescence effect is predicted (Np  8) in Fig 5.4 the average transverse 

momentum remains constant or increases. Similarly in region (Np  8) the constancy in 

<PT> shows increase the density of baryon without varying the source size, consequently 

a thick medium may created in the most central region in which light nuclei are believed 

to form as a result coalescence of nucleon due to the high pressure(density). The 

experimental values are less than the values observed in pC and dC- interaction but 

greater than observed in 
4
HeC- interactions, which is again indicating medium effect or 

collective flow of particles.  
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Fig 5.12 Average transverse momentum of light nuclei as a function of centrality (Np) in 
12

CC – 

interactions .Stars, solid circles and open circles represent Cascade (CAS), Fritiof (FRI) and data 

(EXP) respectively. 
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To conclude, some characteristics (average multiplicity, average momentum, and 

average transverse momentum) of light nuclei produced in pC, dC, 
4
HeC and 

12
CC –

interaction at 4.2A GeV/c. To observe the Nuclear Coalescence effect we used the idea of 

centrality dependence of these properties. Centrality is fixed by the number of identified 

protons in an event. The nuclear coalescence effect in above mentioned interaction at 

4.2A GeV/c  were studied first time with the idea of centrality dependent characteristics 

of light nuclei. The experimental data was obtained from 2m propane bubble chamber of 

the Laboratory of High Energy of the Joint Institute for Nuclear Research (JINR, Dubna, 

Russia). The chamber was placed in a 1.5 T magnetic field, and irradiated with the beams 

of relativistic protons, deutron, helium, and carbon nuclei with propane as target. In total 

12757 events of pC3H8, 9016 of d C3H8, 22975 of 
4
HeC3H8 and 39543 of 

12
C C3H8 were 

analyzed. Events with carbon were separated using above mentioned idea, which separate 

about 71,74 and 64 percent of total  events of 
12

CC , 
4
HeC  and dC respectively, that was 

estimated by the known crossection of Cp and CC interactions and hydrogen carbon ratio 

n propane molecule. Experimental measurements are compared with the predictions of 

two models Fritiof and Cascade. In case of average multiplicity, with increasing   mass of 

the projectile average multiplicity of nuclei increases and difference between models and 

experiment decreases. In 
4
HeC- interaction average multiplicity identified two different 

regions, projectile fragmentation and target fragmentation regions with different 

dependence on centrality. In 
12

CC- interactions projectile and target fragmenting regions 

are separated well. In these interactions (
12

CC) a strange behavior is seen in the most 

central events, where the average multiplicity of nuclei decrease more slowly and at end 

has some increase. This unexpected change is considered as a result of the contribution of 

newly formed nuclei via Coalescence of nucleon. Initially, both the models are in 

reasonable agreement with experimental results but in most central events a systematic 

deviation of experimental observation from model was seen. Because models do not 

incorporate the nuclear coalescence effect, so the deviation may indicate the said effect. 

The study of average momentum and average transverse momentum of nuclei in 
12

CC- 

interactions also showed changes in same region, where the effect is seen in study of 

average multiplicity, which strengthens the idea of coalescence mechanism. In other 

interactions the effect could not be seen. Both the models cannot describe well the 
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features of nuclei produced in these interactions. This study can help to improve the 

models by incorporating nuclear coalescence effect. 
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