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Abstract: The impact of fragment formation techniques on the dynamics of central to most peripheral 
197Au+197Au collisions at low excitation energy of 35 MeV/nucleon is studied using Quantum Molecular 

Dynamics Model (QMD). We compared the final stage multiplicity of various fragments, charge yields, and 

distributions of light and intermediate charge fragments in velocity space with six different types of fragment 

formation techniques commonly known as clusterization methods. Our results clearly show a significant effect 

of fragment formation methods on the various quantities. Comparison with experimental data is also presented 

in some cases.   
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1. Introduction 

One of the complex phenomena under extensive 

study in intermediate energy heavy-ion collisions is 

named as “Multifragmentation” [1-3]. Different 

types of dynamical [4,5] and sequential/statistical 

[6] approaches are used to study these phenomena 

[7,8]. The generated phase space by dynamical 

approach is clubbed with decay processes in order 

to investigate the fine structure of the produced 

fragments [8]. In Ref. [9] it is even shown that de-

excitation processes used at the last stage are not 

even required to reproduce various properties. In 

the present study, discussion is limited to 

dynamical approach where development of reaction 

is taken care from start till the point where well 

separated fragments are produced. Various 

fragment formation secondary techniques are used 

to identify the fragments formed from the phase 

space of nucleons. Fragmentation from reaction 

and spectator zone, universality behavior and phase 

transitions in emission of fragments at high 

energies are observed in the literature [1-9]. 

However, little is known about the reaction kinetics 

and related non-equilibrium features in low-energy 

heavy-ion collisions [10]. Whether a nuclear 

system may achieve thermal equilibrium prior to 

break-up is a crucial concern related to this domain 

[11]. In this energy domain, the mean field controls 

the reaction kinetics, and the majority of n-n 

collisions are Pauli blocked [4,12]. Peripheral 

collisions result in fragments that resemble 

projectiles and targets, and fusion-fission events 

predominate. As the incident energy rises, 

multifragmentation begins to occur, signaling the 

end of the fusion processes. A sizable portion of the 

IMFs in the low energy range (i.e., 40–70 

MeV/nucleon) come from the mid-velocity zone 

[10]. Because of the dynamical fluctuations that 

rise with incident energy, this kind of pre-

equilibrium emission has been hypothesized to be 

"extended neck" emission. Numerous tests have 

shown that in these low energy reactions, binary 

dissipative collisions predominate [5,13].  

In this paper, we aim to find the comparison of six 

different types of secondary fragment formation 

procedures [14] on the fragment production 

scenario in low energy i.e. 35MeV/nucleon 
197Au+197Au collisions. The reaction is studied in 

detail by considering the full colliding geometry. 

Comparison with experimental data [15] is also 

done to find the best method. Section 2 describe the 

model along with various fragment formation 

techniques. Results and summary are discussed in 

Sec 3 and 4.  
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2. Model   

In QMD (n-body) model [4], Hamilton’s 

equations are used by each nucleon to follow 

classical trajectory. The clusterization algorithms 

then takes QMD generated phase space as 

input. The spatial correlation approach, i.e. 

Minimum Spanning Tree (MST) [4] method 

identify fragments with nucleons having 

internucleon distance less than 4 fm. Constraint 

on relative momenta along with spatial constraint 

is employed in Minimum Spanning Tree method 

with Momentum cut (MSTP) [16]. In 

MSTB(1.1) [17], 4 MeV/nucleon binding energy 

cut is employed on fragments (A≥3). But more 

realistic approach is to apply the energy cut as 

given in Ref. [18] and is named as MSTB(2.1) 

[19]. Similarly, the extension of Stimulated 

Annealing Clusterization Algorithm 

(SACA(1.1)) [20] is named as SACA(2.1) [21]. 

We have used all these six approaches to find the 

fragments and related properties in our present 

study for of 197Au+197Au at 35 MeV/nucleon. 

The brief detail of all the models can be found 

from the references mentioned with them.  

3. Results and Discussion 

For the present study we simulated the 

reactions of 197Au+197Au at 35 MeV/nucleon 

over the entire colliding geometry i.e. from b = 0 

fm to most peripheral geometry i.e. b = 13 fm 

(where b = bmax fm, where bmax = 1.142(AP
1/3 + 

AT
1/3); AP/T is the mass of projectile/target). A 

soft equation of state along with standard energy 

dependent n-n cross section is used for the 

results. The freeze-out time for MST, MSTP, 

MSTB(1.1) and MSTB(2.1) is taken to be 300 

fm/c and it is 60 fm/c for SACA(1.1) and 

SACA(2.1) as the calculations are performed at a 

time when heaviest fragment reaches a minima 

and reabsorption of neighboring smaller 

fragments occurs afterwards.  

Fig. 1 displays the final stage multiplicities of < 

Amax>, free nucleons, fragments with mass = 2, 

light charged particles (LCP's) 2≤A≤4, fragments 

with mass = 4, 5≤A≤9, 5≤A≤20, 5≤A≤25, 

intermediate mass fragments (IMFs) 5≤A≤65, 

and heavy mass fragments (HMFs) 21≤A≤65 as 

a function of scaled impact parameter. A 

comparison with different clusterization 

algorithms (MST, MSTP, MSTB(1.1), 

MSTB(2.1), SACA(1.1), and SACA(2.1)) is 

done in this figure. The idea of showing several 

different mass windows is to identify the 

different phenomenon that may appear in one 

mass window but not in other mass ranges. From 

the figure, we can see that for central and 

peripheral collisions the final stage multiplicities 

depend on the clusterization algorithm one is 

using while its effect nearly vanishes as impact 

parameter of the reaction rises to maximum. 

Since at 35 MeV/nucleon energy, the available 

phase-space is too small to allow the frequent 

nucleon-nucleon collisions, therefore, no partial 

fusion is seen for all colliding geometries and 

<Amax> is nearly independent of impact 

parameter for each clusterization algorithm. 

 

Figure 1. The final stage multiplicities verses reduced impact parameter for different fragment formation 

techniques. Different colors are used to represent different clusterization methods used for the present study. 
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Fig. 2 displays the charge distribution sensitivity 

towards fragment formation techniques at 

different impact parameters. Solid circles display 

the experimental data taken from Ref. [15]. 

Interestingly, we see a single continuous curve 

with negative slope in central collisions whereas 

it starts following a U-shape with a peak at 

heavier fusion products for peripheral collisions.    

 

Figure 2. Comparison of the charge distribution for different impact parameters with different fragment 

formation techniques. Solid black circles represent experimental data [15]. 

Fig. 3 and 4 displays the information about 

rapidity distribution of LCPs and IMFs emitted 

in velocity space.  It is clear from the figure that 

thermalization is better achieved in central 

collisions rather than peripheral ones.  
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Figure 3 and 4:  The rapidity distribution of light charged particles and intermediate mass fragments for b = 0, 4, 8 

and 12 fm. Comparison is done for different fragment formation techniques. 

Moreover, MST, MSTP, MSTB(1.1) and 

MSTB(2.1) methods predicts the LCP and IMF 

emission from mid-rapidity area only (as clear 

from the peak at Yc.m/Ybeam = 0) for each impact 

parameter. On the other hand, SACA(1.1) and 

SACA(2.1) predicts the contribution from the 

target and projectile like products apart from the 

mid-rapidity area. The emission of fragments 

near target and projectile rapidity reflects that the 

collisions have binary character [14].   

4. Conclusion 

Here a comparative study of different fragment 

formation techniques is done by simulating the 

reaction of 197Au+197Au at 35MeV/nucleon over 

entire colliding geometry. Our results using QMD 

model coupled with MST, MSTP, MSTB(1.1), 

MSTB(2.1), SACA(1.1) and SACA(2.1) methods 

display a clear role of fragment formation 

techniques on the multiplicity of fragments and 

rapidity distributions of LCPs and IMFs. The 

finding highlights the important role of fragment 

formation criterion in describing the mechanisms of 

low energy fragmentation process. The SACA 

versions are clearly better than conventional 

techniques to recognize the structure of fragments 

at low energies.  
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