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In this  report  we are proposed to study the phase transition process to 

use the new pair for variables (    ) instead of (   )  which is mainly 

used in theoretical calculations and considered the transverse energy 

spectra of protons and   -mesons produced in     C   -interactions at  40 

GeV/c as a function of the cumulative number    (or the four 

dimensional momentum transfer  ). Analysis carried out in this paper 

indicates about the possible appearance of the phase transition of nuclear 

matter. 
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1 Introduction 

 The investigation of the multiparticle production process in hadron-nucleus 

and  nucleus-nucleus  interactions  at  high energies and  large momentum 

transfers  is very important for understanding the strong  interaction  mechanism 

and inner quark-gluon structure of nuclear matter. 
 During the  last  years  the  possibility  of the  observing  of the  collective 

phenomena such as the cumulative particle production  [1], the production  of 

nuclear  matter with high  densities,  the phase transition  from the hadronic 

matter to the quark-gluon  plasma  state is widely discussed in the literature [2-

5,11-14]. 

 According to the different ideas and models, if exist these phenomena in the 

nature, then they will be observed in the hadron-nucleus and nucleus- nucleus 

interactions at high energies and large momentum transfers and should be 

influenced to the dynamics of interaction process and would be reflected in the 

angular and momentum characteristics of the reaction products. 

 In hadron-nucleus and nucleus-nucleus interactions, in difference from 

hadron-nucleon interactions, the secondary particles may be produced as a result of 

multi-nucleon interactions, in other word, the particles are produced in the region 

kinematically forbidden for hadron-nucleon interactions. This fact is one of the 

reasons of interest to study the nucleus collision at high energies. 

 In this paper we are considered the next reactions: 

 

                                             

                                           

 

 This paper is a continuation of our previous publications [6, 7]. 
 

2 Variables Used: 

2.1 Cumulative number 
The cumulative number    in the fixed target experiment is determined by the 

next formula. 

   
     
     

 
      

 

  
                                 

Here   ,    and    are the four dimensional momentum of the incident particle, 

target and the considering secondary particles correspondingly. 

   is the energy and    
  is the longitudinal momentum of the considering 

particle,    is the proton mass. From this formula we see that this variable is a 

relativistic invariant. 

This variable (  ) may be interpreted as minimal target mass, which is required 

for producing of the given secondary particle, because at summarizing by all 

secondary particles should be obtained the value of the target mass determined on 

the basis of the energy-momentum conservation law, i.e. 
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∑         

 
   

  
                                 

So,    distribution gives the ordered mass values from the target required for 

producing of the considering secondary particles. 

The connection of the variable    and momentum transfer   is determined by the 

next formula [7]: 

              
     

    
       

  

  
                        

Where      is the total energy square of     interaction. In this experiment 

                    ⁄  is constant. To study the phase transition of the 

nuclear matter we must choose the variables corresponding to this physical process. 

In the theoretical calculations are mainly used the effective temperature  , the 

density of nuclear matter    ⁄  or the quark chemical potential  . But the variables 

  and   are not fully determined experimentally. So for studying the phase transition 

process we must select the other appropriate variable. With this goal let us consider 

the formula (5) which gives the connection between the variables    and  . From 

this formula one can see that with increasing   the minimal target mass value    

which is required from the target for producing of the considering secondary particle 

increases or vice versa. This means that if any one particle with      (cumulative 

particle) is produced in hadron-nucleus interactions at high energies then this 

particle should be produced at large momentum transfers more than the total energy 

square of     interaction     , i.e.       , for example, if        then only for 

this particle                   ⁄                 ⁄  which is not 

allowed for     interactions. 

From the other hand side, if two particles are produced at two different values of 

     
    

  , then the size of the particle production region for every particle is 

different and may be estimated by the formula       ⁄ ,       ⁄  and satisfies the 

condition      ,i.e. the size of the particle emission region at high    is smaller 

than the case at low   . 

As a result of these two features (increasing of the mass (     ) and 

decreasing of the distance  ) of the variable    (or  ), the density of the nuclear 

matter   increases with increasing of   . In this sence    (or  ) is the more 

appropriate variable to study the phase transition process of nuclear matter. In 

this case the density of nuclear matter   may be determined by the next formula: 

  
 

 
 

     

 
                                            

Where   is the volume from which the particle is emitted. The volume   may be 

estimated as a sphere, i.e. 

  
  

 
                                                

2.2 The effective temperature   
 The transverse energy spectra of the secondary particles in the different    

intervals are approximated by exponential functions of the next form: 
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                 √  

                                 

The effective temperature   is determined as the inverse of the slope parameters  , 

  
 

 
                                                       

 

3 Experimental method 

The experimental material was obtained with the help of Dubna 2-meter propane 

(    ) bubble chamber exposed by   -mesons with momentum 40     ⁄  from 

Serpukhov accelerator. According to the advantage of the bubble chamber 

experiment, all distributions in this paper are obtained in the condition of    

geometry of secondary particles. 

The average error of the momentum measurements is ~ 12% and the average 

error of the angular measurements is ~0.6 . 
All secondary negative particles are taken as   -mesons. The average boundary 

momentum from which   -mesons were well identified in the propane bubble 

chamber is ~70     ⁄ . In connection with the identification problem between 

energetic protons and   -mesons, protons with momentum more than ~1     ⁄  are 

included to the   -mesons. 

The other experimental details are described in [8, 9]. 

 

4 Statistics 

8791     interactions are used in this analysis. 

1. The total number of protons is 12441. 

2. The total number of   -mesons is 30145. 

          at 10     ⁄  

             

          

          at 4.2     ⁄  

            

         

 

5          analysis 

It is interesting to stress that in this experiment the incident particles are   -

mesons. This means that the secondary protons in     interactions at 40     ⁄  

should be produced only in the target fragmentation region, in other words, there is 

no overlapping from the projectile fragmentation region in the rapidity distribution 

of protons. 
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Figure 1: Cumulative number (  ) distribution of protons. 

Fig.1 shows the    distribution of the secondary protons produced in     

interactions at 40     ⁄ . From this distribution we see that many protons are 

produced in the region with      (cumulative protons). This distribution 

continues until       . 

Fig.2 gives the rapidity (    ) distribution of protons. This distribution shows the 

protons from     interactions are produced in the target fragmentation region. 

 
Figure 2: Rapidity distribution of protons. 
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The transverse energy (or transverse momentum) spectrum of the secondary 

particles produced in    and    interactions at high energies may reflect the 

dynamics of the interaction process more clearly. This is connected with the fact that 

the transverse effects are mainly generated during the interaction process. 

In connection with this on Fig. 3(a, b) are shown the transverse energy (  ) 

spectrum of protons in different    intervals.  

 

 

 
Figure 3(a): Transverse energy    spectrum of protons as a function of different    

intervals. 
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Figure 3(b): Transverse energy    spectrum of protons as a function of different    

intervals. 

 

 

Table 1: The values of the slope parameter   and the effective temperatures   on the 

variable    of protons from     interactions. 
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Figure 4: The effective temperature   of the secondary protons as a function of the 

variable   . 

 

The experimental spectrum obtained in the every    interval is approximated by 

the exponential function (8) and the values of the slope parameters   and the 

effective temperatures   on the variable    are shown Fig.4. Figure 3(a, b), 4 and 

Table 1 show that the effective temperatures   are remained practically constant on 

the level         until            and then essentially increase.   may be 

expressed by Kelvin temperature, then         
                   , 

    
                     where         

 
 and     

 
 are the effective 

temperatures corresponding to region   
      and   

        . For QGP state 

QCD predicts          . Now if we suppose the particle is emitted from the 

spherical volume   which is determined by the formula (7), then we can give the 

estimation of the density of the nuclear matter in the    interactions at high energies 

using the formula (6),        
  

     

 
 

     

                   ⁄ ,         
  

      

 
 

      

                  ⁄ . Where        
 

 and         
 

 are the estimations 

of the densities corresponding to the regions        and         [13]. 

 

6           analysis 

Now we will consider   –meson case. 

Fig.5 presents the cumulative number (  ) distribution of   –mesons from     

interactions at 40     ⁄ . This distribution shows    distribution for   -mesons 

continues until      and well approximated by the sum of three exponential 
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functions with slope parameters              ,                and 

              . 

 
Figure 5: The cumulative number (  ) distribution of   –mesons from     

interactions. 

 

 The rapidity distribution of all   -mesons from     interactions is shown in 

Fig.6. In this experiment the secondary   -mesons are produced in the projectile 

fragmentation, central and target fragmentation regions. 

  
Figure 6: The rapidity distribution of   -mesons. 

 

 Fig.7(a, b, c) shows the transverse energy (  ) spectrum of   -mesons as a 

function of different    intervals. The spectrum in the every    interval is well 

approximated by the exponential function (8) and the slope parameters   and the 

effective temperature   are given in Table 2. 
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Figure 7(a): Transverse energy    spectrum of   –mesons as a function of different 

   intervals. 

       

 
Figure 7(b): Transverse energy    spectrum of   –mesons as a function of different 

   intervals. 
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Figure 7(c): Transverse energy    spectrum of   –mesons as a function of different 

   intervals. 

 

Table 2: The values of the slope parameter   and the effective temperatures   on the 

variable    of   -mesons from     interactions. 
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Figure 8: The effective temperature   of the secondary   -mesons as a function of 

the variable   . 

 

 The dependence of   parameters for   -mesons from     interactions as a 

function of    is shown on Fig.8. From this figure we see that with increasing    the 

effective temperatures   in the beginning are increasing until        and then in 

the            interval the parameter   is remained practically constant on the 

level                   and then they are essentially increased [13]. 

  
Figure 9: shows the temperature dependence on the variable    of   -mesons 

produced in     -interactions at 4.2 GeV/c (□-open square), 10 GeV/c(○-open 

circle) and      -interactions at 40 GeV/c (●-black circle). From this figure we 

see that with increasing of the projectile energies, the values of   -parameters are 

increased, but at low energy     experiments there are no clearly expressed 

plateaus which is observed in the case of    production from      interactions at 

40 GeV/c. 
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 Figure 10 shows the one-fourth power of the energy density (x-axis) as a 

function of temperature (y-axis) for            with    ⁄           . The 

transition region is the horizontal line at     . This figure was taken from the 

literature [14]. 

  
Figure 10: The temperature is shown versus energy density in a first-order phase 

transition with           . 

 

 We would like to stress that the behavior of the theoretical dependence of 

temperature   as a function of the energy density    ⁄  is very similar to our 

experimental dependence obtained between temperature   and cumulative number 

  . 

 

7 Discussion 

Depending on the temperature T and the variables nc (or t), the strongly 

interacting matter may occur in three distinct phases: the hadronic phase, 

thermodynamical equilibrium and pure QGP. 

 
Figure 11: The phase diagram of   -mesons produced from     -interactions at 40 

GeV/c. 
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Figure 12: The phase diagram of protons produced from     -interactions at 40 

GeV/c. 

 

 Fig.11 and Fig.12 show the phase structure of strongly interacting matter for    

-mesons and protons produced from     -interaction. 

So we observe the essential changing of the behaviors of the parameter T of 

protons and   -mesons from     interactions at 40 GeV/c on the variable    in 

two different regions for protons and in three different regions for   -mesons. Such 

behaviours may indicate about the particle production different mechanism in these 

regions of the variable    (or  ) and temperature  . If so, the   region ( open circles) 

in which the temperature   is increased for   -mesons (Fig.11) may be connected 

with the thermalisation of the strongly interacting objects. In this region  the 

strongly interacting matter is in the hadronic phase. 

In the II regions (black circles of Fig.11 and Fig.12) where the temperature T is 

remained practically constant, the strongly interacting matter is in the                 

thermodynamical equilibrium state (or the mixed phase).  

In the III regions (open quadratics) where the parameter T is again increased, the 

strongly interacting matter is in the pure QGP phase. 

 

8 Conclusion 

 
 The analysis carried out in this paper gives us the possibility to speak 

about the possible appearance of the phase transition of nuclear matter. 

 To study the phase transition processes in    and    interactions at high 

energies, the variable    (or  ) which is used instead of the density of 

nuclear matter   is a more appropriate variable, in other words, we are 

proposed to study the phase transition process to use the pair of variables 

(    ) instead of (   ). 

P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
)
0
2
2



P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
)
0
2
2

Study of the phase transition in… Ts. Baatar 

 

     15 

 
 

 The strong changing of the characters of the above mentioned 

dependences may indicate about the particle production different 

mechanism in these regions. If so, the first region with increasing   until 

       may correspond to the thermalisation of the interacting objects 

(here the strongly interacting matter is in the hadronic phase), the second 

region with            for   -mesons and with            for 

protons may indicate about the equilibrium state formation 

(hadron+QGP state) and the third region with        for mesons and 

       for protons can be connected with the production of pure QGP 

state. 

 Our results show that the numerical characteristics (the temperatures in 

thermodynamical equilibrium and in the pure QGP state) of phase 

transition processes for protons and pions are different. 

 As a result of the interaction process the strongly interacting matter with 

different densities is produced and then the secondary particles go out 

from the nuclear matter with corresponding them density. 
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