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 

Abstract— We study the role of different temperatures of 

fragmenting system on the final cluster structures by using 

quantum molecular dynamics (QMD) model as a tool to generate 

the phase space of nucleons and minimum spanning tree with 

binding energy constrain as a cluster recognition algorithm. 

Different values of temperature are included in the temperature-

dependent binding energies to check the sensitivity. We found a 

significant dependence of fragment structures on the 

temperature one is using. We also compare our results with 

experimental data and observe consistent results.   

 

 
Index Terms—Dynamical models, clusterization algorithm, 

temperature-dependent binding energies, role of temperature.  

 

I. INTRODUCTION 

 

Multifragmentation phenomenon [1–6] in heavy-ion collisions 

is a complex dynamic process that needs in principle, a 

sophisticated treatment. During last three decades, promising 

theoretical approaches [7–9] have given us valuable 

information about the dynamics of the formation of complex 

clusters. But very few dynamical descriptions exist in the 

literature that includes the relevant aspects of cluster 

formation, such as nuclear binding energy, density and 

excitation of the fragmenting system [7-18]. For example, in 

some of the studies, stability of the clusters is checked by 

applying “cold” binding energy criteria [10-14]. At the same 

time, one is also aware of the fact that these clusters are not 

cold; instead are excited [19-23]. This fact questions the 

applicability of these studies involving cold binding energies.  

In another study [18], it was considered that the excited 

clusters will emit secondary particles until they cool down to 

nearly zero excitation, even though the low energy physics 

clearly shows that the nucleus can sustain or remain stable up 

to temperature of few MeVs [24-26]. Keeping this in mind, 

recently, we used temperature-dependent binding energies to 

filter out unstable clusters and found several interesting 

aspects when temperature of fragmenting system was 

considered to be 4 MeV. This implementation was made in the 
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minimum spanning tree (MST) clusterization algorithm which 

is based on the spatial correlations among nucleons. We found 

that this extended algorithm (dubbed as MST-BT) can provide 

realistic cluster structures quite early in the time. As 

mentioned above, we take fix temperature of 4 MeV in these 

studies. At the same time, we also understand that the 

temperature of the fragmenting system cannot be constant, 

rather it can vary from cold (T = 0 MeV) to 4-6 MeVs [19-23]. 

Therefore, here we extend our previous studies by varying the 

temperature of the fragmenting system between 0 and 4 MeV. 

Note that, we limit our study upto 4 MeV temperature, as no 

temperature-dependent formula is available that produces 

binding energies above this temperature [24-26].  

First, in section II, we will present details and 

approximations of the clusterization algorithm to obtain 

realistic clusters. Thereafter, the effect of different 

temperatures on the cluster structures will be presented in 

section III. We will compare our results with experimental 

data in section IV. Lastly, we will conclude our study in 

section V. 

II. CLUSTERIZATION ALGORITHM: EXTENDED MINIMUM 

SPANNING TREE   

The initial information about the evolution of the nucleus-

nucleus collision is generated using quantum molecular 

dynamics (QMD) model. The information is in the form of 

phase space of the nucleons and is stored at number of time 

steps depending upon the problem in hand. For the details of 

the QMD model, reader is referred to Ref. [7]. From the phase 

space of the nucleons, the pre-clusters are obtained by 

regarding coordinate space correlations among the nucleons 

using minimum spanning tree (MST) method [7]. This method 

defines the nucleons to be part of the same cluster if they are 

closer than 4 fm. Although, this method defines the clusters in 

the simplest way and is very fast in numerical realization, the 

clusters can be identified only if they are sufficiently well 

separated in the coordinate space. Moreover, the obtained 

clusters may be filamented/excited. To take care of this aspect, 

each cluster is supplemented to temperature-dependent 

binding energy criteria. For each pre-cluster, binding energy is 

calculated as the sum of the potential and kinetic energies of 

the constituting nucleons with respect to the center-of-mass of 

the pre-cluster. According to the new definition of a cluster 

[15], a set of nucleons are part of the same cluster Af, if 

binding energy of each cluster )(  satisfies the following 

condition:  
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where cm

fP


 represents the centre-of-mass momentum of each 

pre-cluster and Vij  is the interaction energy between the 

constituting nucleons of that cluster. The value of Thermal

BindE  is 

calculated using the formula given by [24]  
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(2) 

 

Here, Zf and Af denote the charge and mass number of each 

pre-cluster. In the present case, the above formula will be used 

at different temperatures of 0, 1, 2, 3 and 4 MeVs. The values 

of the parameters used in the above formula (eq. 2) are 

temperature-dependent and have been extracted from the 

graphical representation of Ref. [24]. The implementation of 

the binding energy criteria at T = 0, 1, 2, 3 and 4 MeVs in 

MST-BT formalism will be represented as MST-BT (1.0), 

MST-BT (1.1), MST-BT (1.2), MST-BT (1.3) and MST-BT 

(1.4), respectively.  

III. RESULTS AND DISCUSSION 

 

In Fig. 1, we display the time evolution of the mean size of 

the largest fragment <Af
max> and multiplicity spectrum of free 

nucleons (FNs), light charged particles (LCPs) [2 ≤ Af ≤ 4], 

and intermediate mass fragments (IMFs) [5 ≤ Af ≤ 44] for the 

central reactions of 84Kr+197Au at incident energies of 55 (left 

panels) and 200 MeV/nucleon (right panels). The results 

obtained using MST-BT (1.0), MST-BT (1.1), MST-BT (1.2), 

MST-BT (1.3) and MST-BT (1.4) are denoted by solid, dash-

dot, dash-dot-dot, short dash-dot and dashed lines, 

respectively.  

In the initial stage of the reaction, projectile and target collide 

to form a highly excited compressed composite system. At this 

stage of the reaction (approximately upto 70 (50) fm/c at an 

incident energy of 55 (200) MeV/nucleon), the system is 

highly unstable, therefore, almost all the pre-clusters fail to 

fulfill binding energy criteria corresponding to any 

temperature. As a result, no cluster can be seen and hence 

almost all the nuclear matter appears in the form of free 

nucleons. After this stage, the compressional energy stored in 

the system forces the nuclear matter to expand or cool down 
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Fig.1. The time evolution of the mean size of the largest fragment <Af

max> and 
multiplicities of FNs, LCPs and IMFs for the central reactions of  84Kr+197Au 

at incident energies of  55 (left panels) and 200 MeV/nucleon (right panels). 

The results obtained using MST-BT (1.0), MST-BT (1.1), MST-BT (1.2), 
MST-BT (1.3) and MST-BT (1.4) are denoted by solid, dash-dot, dash-dot-

dot, short dash-dot and dashed lines, respectively.  
  

and clusters are now able to fulfill binding energy constraints. 

This leads to identification of bound clusters and multiplicities 

of the clusters starts to increase and free nucleons starts to 

decrease. 

From the figure, we see that lesser (greater) number of 

clusters is found as bound clusters (free nucleons) with MST-

BT (1.0) compared to MST-BT (1.4) or any other version. 

This happens because with the rise in the temperature, the 

binding energy of nuclei decreases or clusters need to pass 

lesser stiff binding energy check to be identified as bound 

structure. At the same time, we also observe that the use of 

 different temperatures in the MST-BT formalism changes the 

final fragment structures to great extent. Thus, one should be 

very careful in using the values of the temperature of the 

fragmenting system in MST-BT formalism to get realistic 

clusters.  

Next, in Fig. 2, we display the sum of the charges of the 

bound clusters <Zbound> (defined as the sum of the charges of 

the clusters with Zf ≥ 2) [6] at freeze out time (300 fm/c). We 

can see that larger number of clusters appear as bound clusters 

at lower incident energy of 55 MeV/nucleon compared to 200 

MeV/nucleon. This happens due to the reason that as the 
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incident energy is increased, the excitation energy stored in 

the colliding system increases, causing the increase in the 

breaking of the system. Therefore, lesser number of clusters is 

identified as bound at higher energies. We can also observe 

the same results as in Fig. 1 at final times; maximum number 

of bound clusters with MST-BT (1.4) method compared to 

other versions of MST-BT; as clusters have to fulfill lesser 

binding energy cuts. We also observe a significant difference 

in the <Zbound> values with different versions of MST-BT. 

These results point toward the importance of including actual 

temperature of the fragmenting system, while identifying 

stable/realistic clusters.   
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Fig.2. Same as Fig.1, but for the sum of the charges of the clusters 

identified as bound (<Zbound>) at freeze out time.  

 

 

IV. COMPARISON WITH EXPERIMENTAL DATA 

 

Lastly, in Fig. 3, we compare our results of IMFs and 

charge particle multiplicity (<NC>) obtained using different 

versions of MST-BT with experimental data [6] of the central 

reactions of 84Kr+197Au as a function of projectile incident 

energy. The experimental data is shown by stars, and the 

results obtained using MST-BT (1.0), MST-BT (1.1), MST-

BT (1.2), MST-BT (1.3) and MST-BT (1.4) are denoted by 

squares, circles, triangles, inverted triangles and diamonds, 

respectively. Experimentally, it was observed that the IMF 

multiplicity increases upto certain energy then it has steady 

fall out.  

In contrast, the values of <NC> show monotonic increasing 

trend throughout the energy range. From the figure, we see 

that our calculated results with all versions of MST-BT are in 

agreement with experimental results at least qualitatively. 

Before comparing the quantitative values, we should mention 

that the role of filters is not included in theoretical calculations 

[27], therefore, it may give a false expression; that theoretical 

calculations deviate drastically compared to experimental 

values. Also as the light charged particles have major 
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Fig.3. The values of IMFs (Upper panels) and the charge particle 

multiplicities of bound clusters <NC> (lower panel) as a function of incident 
energy of the projectile for the central reactions of 84Kr+197Au . The 

experimental data is represented as stars [6], whereas other symbols are 
described in text. 
 

contribution from participant region or equilibrated region, 

their emission is uniform in all directions; causing the large 

number of charged particles get lost in the beam direction. 

Adding to this many particles may not be detected due to 

multi-hit events. This causes the theoretically observed values 

of <NC> to greatly exceed the experimental ones. Thus, we are 

only able to reproduce the general trend of the <NC> and not 

exact values. On the other hand, the effect of filters is lesser 

on the multiplicities of IMF, therefore, our calculations can be 

compared to experimental data. We see that experimental 

values of IMF multiplicities lie in between MST-BT (1.0) and 

MST-BT (1.4). This reflects the fact that including the 

temperature of the fragmenting system leads to increase in the 

compatibility of our calculations with experimental values. 

Further, it is very important to mention here that these results 

may get modified if exact temperature of individual cluster 

will be included in the MST-BT formulation as compared to 

considering the whole fragmenting system at constant value. 

The work is in progress in this direction. 
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V. SUMMARY 

 

In this study, we discuss the effect of the temperature of 

fragmenting system by incorporating the thermal binding 

energies at different temperatures. Here thermal binding 

energies were implemented in minimum spanning tree 

method. We studied this aspect by including temperature-

dependent binding energies at different temperatures in the 

extended minimum spanning tree method. We observed a 

significant role of inclusion of different temperatures in the 

clusterization algorithm on the final cluster structures. We 

have also shown that the comparison of theoretical data with 

experimental data will be more appropriate, if temperature of 

each cluster will be included.      
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