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ASSESSMENT OF MULTIFRAGMENTATION
UNDER THE EFFECT OF SYMMETRY ENERGY
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We study the effect of symmetry energy on the fragment production for the reactions 20
10Ne10 +

20
10Ne10 and 197

79Au118 + 197
79Au118 for the incident energy range of 50Ä1000 MeV/nucleon using isospin-

dependent quantum molecular dynamics (IQMD) model. Our study shows that the density-dependent
symmetry energy plays a signiˇcant role in multiplicity of fragments produced at low energy. Moreover,
sensitivity of density-dependent symmetry energy decreases with increase in neutron content of colliding
system. We also compare the symmetry energy suggested by different groups. A comparative study of
experimental results with theoretical calculations of IQMD shows that the density-dependent symmetry
energy is a good probe to explain the multiplicity of the fragments at low energy.

ˆ§ÊÎ ¥É¸Ö ¢²¨Ö´¨¥ ÔËË¥±É  ¸¨³³¥É·¨¨ Ô´¥·£¨¨ ´  Ë· £³¥´É Í¨Õ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ 20
10Ne10 +

20
10Ne10 ¨ 197

79Au118+197
79Au118 ¢ ¨´É¥·¢ ²¥ ´ Î ²Ó´ÒÌ Ô´¥·£¨° 50Ä1000 ŒÔ‚/´Ê±²μ´ ¸ ¶μ³μÐÓÕ § ¢¨-

¸ÖÐ¥° μÉ ¸¶¨´  ³μ¤¥²¨ ±¢ ´Éμ¢μ° ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨. �·μ¢¥¤¥´´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ± §Ò¢ ¥É,
ÎÉμ § ¢¨¸ÖÐ Ö μÉ ¶²μÉ´μ¸É¨ ¸¨³³¥É·¨Ö Ô´¥·£¨¨ ¨£· ¥É ¢ ¦´ÊÕ ·μ²Ó ¢ μ¶·¥¤¥²¥´¨¨ ³´μ¦¥¸É¢¥´´μ-
¸É¨ Ë· £³¥´Éμ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. Š·μ³¥ Éμ£μ, ¶μ± § ´μ, ÎÉμ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ
± ¤ ´´μ³Ê ÔËË¥±ÉÊ ¶ ¤ ¥É ¸ Ê¢¥²¨Î¥´¨¥³ ¸μ¤¥·¦ ´¨Ö ´¥°É·μ´μ¢ ¢ ¸É ²±¨¢ ÕÐ¥°¸Ö ¸¨¸É¥³¥. �μ²Ê-
Î¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì £·Ê¶¶. ˆ§ ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¢¨¤´μ, ÎÉμ § ¢¨¸ÖÐ Ö μÉ ¶²μÉ´μ¸É¨ ¸¨³³¥É·¨Ö Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö Ìμ·μÏ¨³ ¨´¸É·Ê³¥´Éμ³
¤²Ö μ¡ÑÖ¸´¥´¨Ö ³´μ¦¥¸É¢¥´´μ¸É¨ Ë· £³¥´Éμ¢ ·¥ ±Í¨¨ ¸Éμ²±´μ¢¥´¨Ö Ö¤¥· ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ.

PACS: 25.70.-z; 25.75.Ld

INTRODUCTION

The science of nuclear physics deals with the properties of nuclear matter. The study of
nuclear matter and strength of nuclear interaction is a key to understand many fundamental
problems. The understanding of the behavior of nuclear matter at density away from normal
nuclear matter (T ≈ 0 MeV, ρ0 ≈ 0.17 fm−3) has gained tremendous importance [1]. In
the past decades, only light ions or particles could be accelerated to produce the collisions.
But now it is possible to accelerate the heavy-ion beams of high energy. The term heavy ion
is generally used for the nuclei which are heavier than the helium nucleus. The heavy-ion
collisions have attracted the scientiˇc world because of their various features, e.g., these are
helpful in studying the nuclear matter at extreme conditions of temperature and pressure, which
can be correlated with astrophysical happening like supernova explosion, neutron star, etc.
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Multifragmentation is one of the important phenomena occurring at intermediate energies.
The process of breaking of colliding nuclei into several small, medium-size fragments is
called multifragmentation. Highly excited and neutron-rich fragments subsequently undergo
deexcitation to cold and stable isotopes. The parameters that effect the multifragmentation
are impact parameter, incident energy, equation of state, and cross section. Symmetry en-
ergy (Esym(ρ)) can effect the multifragmentation due to the collision between two nuclei.
Esym(ρ) of nuclear matter characterizes the energy changes, as one moves away from sym-
metric to asymmetric systems. So, it is an interesting and important goal of heavy-ion
physics to extract information about symmetry energy and its density dependence. Many
microscopic and/or phenomenological many-body theories using various interactions [2, 3]
predicted that the symmetry energy increases continuously at all densities. However, other
models [4Ä6] predicted that the symmetry energy ˇrst increases to a maximum and then may
start decreasing at certain supra-saturation densities. Many groups have estimated the different
values of Esym [7Ä9] to see the in	uence of compressibility through symmetry energy.

In multifragmentation, the measurement of fragment isotopic yield distribution can provide
important insight into the symmetry energy and the decay characteristics of the nuclei. So far,
the isoscaling behavior has been studied experimentally and theoretically for different reaction
mechanisms [10Ä12]. D.V. Shetty et al. [13, 14] experimentally understood the correlation
between the temperature, density and symmetry energy of multifragmenting system as it
evolves with excitation energy. They also studied the relative reduced neutron and proton
densities as a function of excitation energy of fragmenting source for the 58

26Fe32 + 58
28Ni30

and 58
26Fe32 + 58

26Fe32 reactions. Their study reveals that there is a steady decrease in neutron
density and an increase in proton density for an increase in the excitation energy.

But still no comparative study on the effect of density-dependent symmetry energy (DDSE)
at low and high energy exist. In this paper we compare the various forms of symmetry
energy suggested by different groups with our suggested values of symmetry energy and
tried to understand the in	uence of DDSE on multiplicity of fragments (where ρ = 0.1−0.3
ρ0 away from normal nuclear matter density) for neutron-rich and neutron-deˇcient nuclei at
different incident energies as well as impact parameters. To verify the results, we compare
our theoretical results with experimental data [15]. This study is done within the framework
of the isospin-dependent quantum molecular dynamics model [16, 17]. Section 1 deals with
the model, Sec. 2 discusses the symmetry energy and characteristics of the results.

1. ISOSPIN-DEPENDENT QUANTUM MOLECULAR DYNAMICS (IQMD) MODEL

Our study is performed within the framework of the IQMD [16] model. This model is
an improved version of the QMD model [18Ä21] developed by J. Aichelin and co-workers.
The model has been applied successfully to extract the information about various phenomena
such as collective 	ow, disappearance of 	ow [22Ä24] and fragmentation [25Ä28]. The
isospin degree of freedom enters into the calculations through symmetry potential and cross
section [16, 17]. This model includes three important steps: First, one has to generate the
nuclei. This procedure is called initialization. The successfully generated nuclei propagate
under the in	uence of surrounding mean ˇeld. This is termed propagation. Finally, nucleons
are bound to collide if they come too close to each other. This part is dubbed as collisions.
The details about the elastic and inelastic cross sections for protonÄproton and neutronÄneutron
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collisions can be found in [16,17]. In the IQMD model, the nucleons of target and projectile
interact via two- or three-body Skyrme forces, Yukawa potential and Coulomb interactions.
In addition to the use of explicit charge states of all baryons and mesons, a symmetry potential
between protons and neutrons corresponding to the BetheÄWeizséacker mass formula has been
included. This helps in achieving correct distribution of protons and neutrons within the
nucleus. Skyrme forces are successful in the analysis of low-energy phenomena such as
fusion, ˇssion and cluster-radioactivity, where nuclear potential plays an important role [29].

The hadrons propagate using classical Hamilton equations of motion:

dri

dt
=

d〈H〉
dpi

,
dpi

dt
= −d〈H〉

dri
, (1)

with

V ij(r′ − r) = V ij
Skyrme + V ij

Yukawa + V ij
Coul + V ij

mdi + V ij
sym =

=
[
t1δ(r′ − r) + t2δ(r′ − r)ργ−1

(
r′ + r

2

)]
+ t3

exp (|r′ − r|/μ)
(|r′ − r|/μ)

+
ZiZje

2

|r′ − r|+

+ t4 ln2 (t5(pi − pj)2 + 1)δ(r′i − rj) + E0
sym

(
ρ

ρ0

)γ

. (2)

Here t1 and t2 are two- and three-body interactions, respectively, and t3, t4 and t5 having
values Ä6.66, 1.5 MeV and 5 · 10−4 MeV−2, respectively. Here Zi and Zj denote the
charges of ith and jth baryon, while E0

sym = 32 MeV for normal nuclear density ρ0, ρ is
instantaneous density, γ is the stiffness parameter. The value of meson potential consists of
Coulomb interaction only. The binary nucleonÄnucleon collisions are included by employing
the collision term of well-known VUUÄBUU equation. During the propagation, two nucleons
are supposed to suffer a binary collision if the distance between their centroids

|ri − rj | �
√

σtot

π
, σtot = σ(

√
s, type), (3)

where σtot represents the total nucleonÄnucleon (NN ) cross section,
√

s is the center-of-
mass energy and type denotes the ingoing collision partners (N−N , N−Δ, N−π,. . . ).
In addition, Pauli blocking (of the ˇnal state) of baryons is taken into account by checking
the phase space densities in the ˇnal states. The phase space generated using the IQMD
model has been analyzed using the minimum spanning tree (MST) algorithm [29,30].

2. RESULTS AND DISCUSSION

We have simulated the symmetric reactions 20
10Ne10 + 20

10Ne10 and 197
79Au118 + 197

79Au118 at
incident energies of 50, 100, 200, 400, 600, 1000 MeV/nucleon for central collision (scaled
impact parameter b̂ = 0.3) using soft equation of state. For all calculations we take symmetry
(E0

sym) energy corresponding to the normal nuclear matter density is 32 MeV and value of γ
which characterizes the stiffness of symmetry energy is 0, 0.66 and 2. In Fig. 1, we have
displayed the parameterized values of density-dependent symmetry energy (DDSE) suggested
by the various experimental and theoretical groups [7Ä9,31Ä37].
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Fig. 1. Schematic diagram to show the density dependence of symmetry energy suggested by various
groups

Two different types of the density-dependent forms of symmetry energy have been ob-
served. One, where the symmetry energy increases monotonically with increasing density
(ªstiff© dependence) and the other, where the symmetry energy increases initially up to nor-
mal nuclear density and then decreases at higher densities (ªsoft© dependence). The stiffness
increases by increasing the value of γ. The DDSE with γ = 2 is highly stiffer than others.
One can clearly see in Fig. 1 that the DDSE is also in	uenced by E0

sym. The DDSE increases
with increase in E0

sym. Generally, multifragmentation takes place at ρ/ρ0 = 0.1−0.3, where
ρ0 = 0.17 fm−3 is normal nuclear matter density. In Fig. 1, one can clearly see the in	uence
of DDSE in this range. To study the in	uence of both types of DDSE, we use γ = 0.66
(soft) and 2 (stiff) w.r.t γ = 0 (symmetry energy independent of density dependence).

In Fig. 2, we study the in	uence of DDSE on multiplicity at different incident energies
(50Ä1000 MeV/nucleon). On the basis of mass, the fragments are classiˇed as free nucleons
(FNs) (A = 1), light mass fragments (LMFs) (2 � A � 4) and intermediate mass fragments
(IMFs) (5 � A � Atot/(n), where n = 6(3) for 197

79Au118 + 197
79Au118 (2010Ne10 + 20

10Ne10)).
We observed that:

(i) The fragment multiplicity is found to be sensitive to the strength of symmetry energy.
(ii) The role of DDSE decreases with increase in incident energy. This happens because

at higher incident energies the effect of symmetry energy is negligible and the whole reaction
dynamics is governed by the NN collisions only.

(iii) The DDSE is more sensitive in neutron-rich nuclei as compared to neutron-deˇcient
nuclei for large γ value at low energy, because the symmetry potential for the neutron-rich
systems is stronger compared to the neutron-deˇcient systems due to large relative neutron
strength. Moreover, symmetry potential is attractive for protons and repulsive for neutrons.

To study the effect of DDSE on multiplicity in a more interesting way, we calculate
the relative percentage ratio of fragment multiplicity for γ = 0.66 (soft) and 2 (stiff) w.r.t
γ = 0 (symmetry energy independent of density dependence). The relative percentage ratio
is calculated as

Rel [%] =
∣∣∣∣Mulγ=0.66 or 2 − Mulγ=0

Mulγ=0

∣∣∣∣ · 100. (4)
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Fig. 2. Incident energy dependence of multiplicity of FNs, LMFs and IMFs for symmetric reactions

of 197
79Au118 + 197

79Au118 and 20
10Ne10 + 20

10Ne10 at different incident energies for semi-central collision

(b̂ = 0.3) for three different values of γ (0, 0.66, 2)

In Tables 1 and 2 we estimate the relative percentage ratio of FNs, LMFs and IMFs for
γ = 0.66 and 2 w.r.t γ = 0 at incident energies of 50 and 1000 MeV/nucleon. Moreover,
the relative percentage change in fragments multiplicity decreases as we go from E = 50
to 1000 MeV/nucleon. It has also been observed experimentally that a small change in mul-
tiplicity takes place beyond 400 MeV/nucleon [38]. Moreover, due to the large compression
the relative percentage ratio of fragment multiplicity is large for γ = 2 as compared to the
γ = 0.66 in all cases. So, one can conclude that the DDSE plays a signiˇcant role in fragment
multiplicity (FNs and LMFs) at low energy; moreover, it is independent of DDSE at high
energy.

Table 1. Relative production of FNs, LMFs and IMFs for DDSE with γ = 0.66, 2 w.r.t γ = 0 for
the colliding system of 20

10Ne10 + 20
10Ne10 at incident energies of 50 and 1000 MeV/nucleon

Relative yield
Incident energy

FN LMF IMF
γ 0.66 2 0.66 2 0.66 2
E = 50 MeV/nucleon 4 8.74 2.5 7.07 4.4 9.97
E = 1000 MeV/nucleon 0.38 0.81 2.04 3.94 13.65 25.07

Table 2. Same as Table 1 but for the colliding system of 197
79 Au118 + 197

79 Au118

Relative yield
Incident energy

FN LMF IMF
γ 0.66 2 0.66 2 0.66 2
E = 50 MeV/nucleon 0.81 8.1 0.95 9.81 1 13.7
E = 1000 MeV/nucleon 0.21 0.4 0.31 4.14 1.33 4.027
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Now to understand the effect of DDSE on the colliding geometry, in Figs. 3 and 4, we
display the multiplicity of fragments as a function of scaled impact parameter (b/bmax).
In both the ˇgures, the panels a & d, b & e and c & f represent FNs, LMFs and IMFs,
respectively. Left panels are for 20

10Ne10 + 20
10Ne10 and right panels for 197

79Au118 + 197
79Au118.

Fig. 3. Fragment multiplicity as a function of impact parameter for 20
10Ne10 + 20

10Ne10 (left side) and
197
79Au118 + 197

79Au118 (right side) at an incident energy of 50 MeV/nucleon

Fig. 4. Same as Fig. 3 but at an incident energy of E = 1000 MeV/nucleon
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In Fig. 3, we observed that the multiplicity of fragments (FNs, LMFs and IMFs) decreases
with an increase in b/bmax except for IMFs of 20

10Ne10 + 20
10Ne10 system. The reverse trend

of IMFs in 20
10Ne10 + 20

10Ne10 system takes place because the colliding energy is unable to
overcome the attractive force between the nucleons, so due to the large impact of mean ˇeld
and attractive force between the protons due to the symmetry energy, the multiplicity of
IMFs increases with increase in b/bmax for neutron-deˇcient system. Moreover, one can see
the effect of DDSE (soft or stiff) in neutron-deˇcient system more clear as compared to the
neutron-rich system. In conclusion, we can say that the effect of DDSE decreases as one goes
from neutron-deˇcient system to neutron-rich system in the low incident energy (attractive
mean ˇeld) region.

Fig. 5. A comparative study of theoretical calculations of IQMD with experimental data [15] of

multiplicity of charged particles as a function of scaled impact parameter at E = 35 MeV/nucleon

In Fig. 4, the whole reaction mechanism is studied at high energy, i.e., E = 1000 MeV/nu-
cleon. We observed that at high energy the multiplicity of fragments is almost independent
of DDSE. This happened because at high energy the reaction dynamics depends only on
NN collisions and it trims down the effect of DDSE on the multiplicity of fragments. To
strengthen our results in Fig. 5, we display a comparative study of multiplicity of charged
particles as a function of b/bmax in the presence of momentum-dependent interactions. One
can see that the theoretical calculated results with DDSE show the same trend as expected
in experimental data. The disagreement in data can be overcome by using the experimental
ˇlters, which are not available with us. Le Fevre et al. [39] also deduced from data that
the E0

sym for central collision is less as compared to the peripheral collision, so one can
optimize the DDSE by changing the E0

sym.

CONCLUSION

Our study showed that the multiplicity of fragments depends on the incident energy. The
density-dependent symmetry energy in	uences the fragment production at low energies (below
100 MeV/nucleon). The LMFs are found to be sensitive to the various forms of symmetry
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energy as compared to FNs and heavier fragments for the whole range of incident energy.
The effect of symmetry energy is larger in production of LMFs for neutron-deˇcient nuclei
as compared to the neutron-rich nuclei.
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