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Abstract：We introduce isospin dependence in the cluster recognition algorithms used in the Quantum Mole-
cular Dynamics model to describe fragment formation in heavy ion collisions. This change reduces the yields
of emitted nucleons and enhances the yields of fragments, especially for heavier fragments. The enhancement
of neutron-rich lighter fragments mainly occurs at mid-rapidity. Consequently, isospin dependent observables,
such as isotope distributions, yield ratios of

n
p

,
t

3He
, Rmid

yield and isoscaling parameters are affected. We also

investigate how equilibration in heavy ion collisions is affected by this change.
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1 Introduction

The productions of nucleons, light particles and in-

termediate mass fragments (IMF) in heavy ion collisions

(HICs) provide unique experimental information about

the equation of state(EoS)[1–4] as well as other equilibri-

um and non-equilibrium properties of nuclear matter far

from its normal state[5–11]. Interpretation of the experi-

mental results requires comparisons of data to predictions

from transport models which take into account reaction

dynamics. Transport models track the time evolution of

a nuclear reaction, and separately treat the nuclear EoS

through the mean field part and the nucleon-nucleon

(NN) scattering cross sections through collision part. In

detail, solving the transport models which are used to

describe the heavy ion collisions require three parts: (1)

Initial conditions. Such as, the reaction systems and their

ground state properties, impact parameters, beam ener-

gy; (2) nucleonic potential and NN scattering cross sec-

tions which are used for simulating the nucleon propaga-

tion under nucleon-nucleon interactions; (3) cluster recog-

nition method which is used for constructing the experi-

mental observables through the production of fragments.

The influence of the initial conditions, the mean field

(both isospin dependent and independent parts) and the

NN scattering cross sections has been studied by using

both the Boltzmann-Uehling-Uhlenbeck (BUU) and Quan-

tum Molecular Dynamics (QMD) approaches[12–14]. These

studies also point out the importance of cluster formation

in the description of reaction dynamics[2, 12−13, 15−16].

In the QMD model, fragments are formed due to

A-body correlations caused by the overlapping wave pac-

kets and are identified by the cluster recognition method

which also plays important roles on the final obser-

vables. At any time of the reaction process, fragments

can be recognized by a minimum spanning tree (MST)

algorithm[7, 17]. In this algorithm, nucleons which have a

neighbor within a distance of coordinate and momentum

of |ri − r j| 6 R0 and |pi − p j| 6 P0 belong to a fragment.
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Here, the ri and pi are the centroids of the wavepacket for

ith nucleon in their spatial and momentum space. R0 and

P0 are phenomenological parameters determined by fitting

the global experimental data, such as the intermediate mass

fragments multiplicities[7, 17]. They should roughly be in

the range of nucleon-nucleon interaction. Typical values

of R0 and P0 used in the QMD approaches are about 3.5

fm and 250 MeV/c[7, 17]. This approach has been quite

successful in explaining certain fragmentation observables,

such as charge distributions of the emitted particles, in-

termediate mass fragments multiplicities[7, 17–19], yield ra-

tios of free neutron to proton
(

n
p

)
, and the double

n
p

ra-

tios in heavy ion collisions[15]. On the other hand, the

MST method fails to describe other details in the produc-

tion of nucleons and light charged particles[7, 17, 20]. For

example, while the yields of Z = 1 particles are overes-

timated, the yields of Z = 2 particles are underestimated

partly due to the strong binding of α particles. Enhance-

ments of the production of neutron-rich isotopes observed

in isoscaling[21], dynamically emitted heavy fragments[22]

in neutron-rich HICs, and neutron-rich light charged parti-

cles (LCP) at mid-rapidity[23] have not been described very

well by simulations using transport models. Furthermore,

most transport models predict more transparency than that

observed experimentally in central collisions at interme-

diate energy[12, 24] due to insufficient production of frag-

ments in the mid-rapidity region. Previous studies show

that these problems can not be resolved by only changing

the mean field or NN cross section in transport models.

There have been many attempts to improve the MST

algorithm. More sophisticated algorithms such as the ear-

ly cluster recognition algorithm (ECRA)[25], the simula-

ted annealing clusterization algorithm (SACA)[26−27], and

the minimum spanning tree procedure with binding energy

of fragments (MSTB)[28] have been developed to provide

better description of the IMF multiplicities or the average

Zmax of the fragments. However these algorithms do not

address the lack of isospin dependence in cluster recogni-

tion which is the main focus of this paper.

In the regular MST method, neutrons and protons are

treated equally in the cluster recognition process, a con-

stant maximum distance for the nucleons to be defined as

belonging to a cluster is Rnn
0 = Rnp

0 = Rpp
0 = R0 ≈ 3.5 fm. In

order to investigate the effects of introducing the isospin

dependence in the cluster recognition, the iso-MST, we

choose different values of Rnn
0 , Rnp

0 , and Rpp
0

[29]. We found

that Rnn
0 = Rnp

0 = 6 fm and Rpp
0 = 3 fm give the largest effect

on the heavy ion collisions observables in this study. These

values are consistent with the R0 values ranging from 3 to 6

fm used in the QMD simulations in order to reproduce the

cluster distribution reasonably. The larger distances of Rnn
0

and Rnp
0 take into consideration of the properties of neutron-

rich nuclei, such as neutron skin or neutron halo effect, for

example, a distance between halo neutron and center-of-

mass for 11Be is up to 7 fm. Due to the long range re-

pulsive Coulomb force between nucleon in the cluster, a

smaller Rpp
0 value is adopted. P0 = 250 MeV/c is the same

in both the MST and the iso-MST methods because nu-

cleons with large relative momentum are no longer close

together in coordinate space after some time. In this pa-

per, we compare the results calculated with the MST and

the iso-MST methods to investigate effects of introducing

isospin dependence in the identification of cluster forma-

tion on isospin sensitive observables. We also investigate

how these cluster recognition methods affect the observ-

able on system equilibrium. All of our studies are based

on the ImQMD05 code[15, 17–19].

2 Results and discussion

Fig. 1(a) shows results of charge distributions from

the central collisions of 124Sn+124 Sn at b = 2 fm at 50

MeV/u beam energy calculated in the MST (open circles)

and the iso-MST (solid circles), respectively. In the cur-

rent paper, we adopt the convention that open circles are

results obtained with the MST method, and solid circles

represent results using the iso-MST method. Fig. 1(b) plots

the yield ratios from the iso-MST and the MST algorithms,

i.e.,
Y(iso-MST)

Y(MST)
. Since larger values of Rnn

0 and Rnp
0 are

adopted, more nucleons, especially neutrons, are included

in clusters. As a consequence, the multiplicities of Z = 1

particles are reduced by about 16%, and the production of

heavier fragments with Z > 12 are strongly enhanced. This

may explain the strong enhancement of dynamically emit-

ted heavy fragments observed in neutron-rich heavy ion

collisions[22]. Even for intermediate mass fragments with

Z = 2 ∼ 12, the multiplicities are larger by ∼3%. In all

cases, the enhancement is larger in neutron-rich heavy ion

collisions. In order to understand the enhancement of
http://www.npr.ac.cnhttp://www.npr.ac.cn
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Fig. 1 (color online) (a) Chargedistributionof 124Sn+124Sn

at beam energy of
E
A
= 50 MeV for b = 2 fm for

γi = 0.5. The solid circles are results from the iso-MST
algorithm and the the open circles for MST. (b)
Y(iso-MST)

Y(MST)
ratio obtained from the same reaction

system.

neutron-rich particles, we analyze the rapidity distributions

of the particles emitted in central collisions of 124Sn+124Sn

reac-tions at b = 2 fm and incident energy of E/A = 50

MeV using both the MST (open circles) and the iso-MST

(solid circles) algorithms. In Fig. 2, we present the rapidity

distributions of n, p, and their ratios in (a), (b) and (c), re-

spectively. The calculations with the iso-MST method (sol-

id circles) reduce the yields of both neutrons and protons

over all rapidity regions relative to the results obtained with

MST case, especially at mid-rapidity region. However, the

yield ratios,
Y(n)
Y(p)

(Fig. 2 (c)) are enhanced at mid-rapidity

and become smaller at forward and backward rapidity re-

gions in the iso-MST case than that in the MST case.

In Fig. 2 (d), (e) and (f), we plot the rapidity distribu-

tions of t, 3He and their ratios,
Y(t)

Y(3He)
, respectively. The

t and 3He yields are much lower than that of n and p. Note

that the scales of the y-axis for Fig. 2 (d) and (e) are a fac-

tor of 10 smaller than those in Fig. 2(a) and (b). Unlike the

neutron yields, the t yields (Fig. 2(d)) obtained with the

iso-MST method are enhanced at mid-rapidity, and remain

nearly the same in the projectile or target regions relative to

the results obtained with MST method. On the other hand,

there is very little difference in the yields of proton-rich
3He (Fig. 2(e)) obtained with the iso-MST and the MST

Fig. 2 (color online) The rapidity distribution of (a) the neutron yields, (b) the proton yields (c) the yield ratios,
Y(n)
Y(p)

. (d) the t

yields, (e) the 3He yields and (f) the yield ratios,
Y(t)

Y(3He)
.

http://www.npr.ac.cnhttp://www.npr.ac.cn
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methods over the whole rapidity regions. As a conse-

quence, the yields ratios,
Y(t)

Y(3He)
, are much enhanced as

shown in Fig. 2(f). The values of
Y(t)

Y(3He)
obtained with

the iso-MST method increase to about 4.0 at mid-rapidity,

much higher than the
Y(n)
Y(p)

ratios. Two factors contribute

to the larger
Y(t)

Y(3He)
ratios at mid-rapidity. First, the emit-

ted nucleons at mid-rapidity have lower kinetic energy, be-

cause most of them pass through the expansion phase and

dissipate their kinetic energy. At the end of the simula-

tions, the emitted nucleons with lower kinetic energy are

closer to the other clusters. Thus, the iso-MST algorithm

with larger Rnn
0 and Rnp

0 values will reduce the yields of nu-

cleons at mid-rapidity as more nucleons close to the clus-

ters are absorbed into fragments. Furthermore, production

of neutron-rich fragments is enhanced at mid-rapidity due

to larger Rnn/np
0 values adopted in the iso-MST case. The

calculated results in Fig. 2 clearly demonstrate that clus-

ter recognition method changes the yields of nucleons and

light charged particles, and neutron-rich particles emitted

at mid-rapidity in heavy ion collisions.

We also analyze the influence of the iso-MST method

on isospin dependent observables, such as R
(

n
p

)
=

Y(n)
Y(p)

,

DR
(

n
p

)
, DR

( t
3He

)
and DR

( t
3He

)
at lower and higher ki-

netic energy regions. In Table 1, we list the yield ratios of
n
p

and
t

3He
with Ek 6 40 MeV and Ek > 40 MeV for the

neutron rich reaction system 124Sn+124 Sn. It is clear that

the iso-MST case increases the values of R
(

n
p

)
at lower

kinetic energy relative to the MST case. To reduce sys-

tematic uncertainties in experiments, we also construct the

double ratios DR
(

n
p

)
obtained from two reaction systems

124Sn+124 Sn, 112Sn+112 Sn at b = 2 fm using both the iso-

MST and the MST algorithms. Here

DR(
n
p

) =

[
Y(n)
Y(p)

]
124Sn+124Sn[

Y(n)
Y(p)

]
112Sn+112Sn

. (1)

For nucleons with low kinetic energy (< 40 MeV), DR
(

n
p

)
obtained in the iso-MST case is larger by about 8.3%. For

nucleons with high kinetic energy (> 40 MeV), the differ-

ence between the DR
(

n
p

)
values obtained from both the

MST and the iso-MST cases is much less. As most of

the emitted triton and 3He have kinetic energies less than

40 MeV per nucleon, we list the R
( t

3He

)
and DR

( t
3He

)
values with

Ek

A
< 40 MeV in the fifth and sixth row of Ta-

ble 1. The iso-MST algorithm enhances the R
( t

3He

)
and

DR(
t

3He
) values more than those of R

(
n
p

)
and DR

(
n
p

)
.

In the seventh and eighth row of Table 1, we give the values

of Rmid
yield(X) =

2YX(0 < y0 < 0.5)
YX(0.5 < y0 < 1.5)

for the reaction system

70Zn+70 Zn at b = 4 fm and Ebeam = 35 AMeV. YX is the

yield of LCPs, Where X =3He and 6He, at mid-rapidity

(0 < y0 < 0.5) or projectile rapidity region (0.5 < y0 < 1.5).

The neutron-rich LCP are enhanced at mid-rapidity and it

leads to a larger value of Rmid
yield(6He) which is close to the

data for iso-MST case.

Table 1 The calculated results of RRR
(

nnn
ppp

)
, RRR

( ttt
3He

)
ob-

tained for 124Sn +++124 Sn at bbb === 2 fm, the results of

DDDRRR
(

nnn
ppp

)
, DDDR

( ttt
3He

)
and ααα are obtained with an angu-

lar gate of 70◦ 666 θθθc.m. 666 110◦ from two reaction systems
124Sn+++124 Sn, 112Sn+112 Sn at bbb === 2 fm. The RRRmid

yield val-
ues are obtained for the reaction system 70Zn+70 Zn at
bbb === 4 fm and EEEbeam = 35 AAAMeV

Observable* MST iso-MST

R(
n
p

)Ek<40 MeV(124Sn) 2.131±0.005 2.302±0.006

R(
n
p

)Ek>40 MeV(124Sn) 1.044±0.011 1.041±0.011

DR(
n
p

)Ek<40 MeV 1.514±0.005 1.641±0.006

DR(
n
p

)Ek>40 MeV 1.803±0.029 1.852±0.030

R(
t

3He
)124Sn 3.031±0.026 3.497±0.028

DR(
t

3He
)Ek/A<40 MeV 1.57±0.02 1.64±0.02

Rmid
yield(3He) 1.49±0.01 1.49±0.01

Rmid
yield(6He) 1.78±0.01 1.90±0.01

Isoscaling parameter α 0.19 0.22

With larger Rnn
0 and Rnp

0 values adopted in the iso-

MST method, more neutron-rich isotopes are produced.

This effect is further enhanced in the neutron-rich reaction

system. Fig. 3 shows the isotope distributions of prima-

ry fragments with Z = 3 ∼ 8 predicted by the ImQMD05

calculations over the angle region, 70◦ 6 θ 6 110◦ for
124Sn+124 Sn system. The solid circles are results obtained

with the iso-MST method, and open circles are results ob-

tained with the MST method.
http://www.npr.ac.cnhttp://www.npr.ac.cn
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Fig. 3 (color online) Calculated primary isotope yields of Li, Be, B, C, N and O for 124Sn +124 Sn with an angular gate of

70◦ 6 θc.m. 6 110◦ for γi = 0.5 at b = 2 fm.

The isoscaling relationship, which is constructed us-

ing isotope yields Yi(N, Z) with neutron number N and

proton number Z from two different reaction systems de-

noted by the index i, obeys a simple relationship

R21(N,Z) =
Y2(N,Z)
Y1(N,Z)

=C · exp(αN +βZ) . (2)

Here, C is an overall normalized factor and α and β are

isoscaling parameters. The isoscaling parameter α can

be used to estimate the enhancement of neutron rich iso-

topes, and has been used as a probe to study the den-

sity dependence of symmetry energy[21, 30–32]. We ana-

lyze the isoscaling relationship with both cluster recogni-

tion methods for fragments with Z = 3 ∼ 8. As in previous

study[16], we find that the isoscaling relationship exists in

non-equilibrium transport model. The best fit isoscaling

parameters α are listed in Table 1. The isoscaling param-

eter α obtained with the MST is 0.19, and the α value ob-

tained with the iso-MST case increases to 0.22 which is

still less than the experimental value of α = 0.36±0.04[31].

Sequential decays may modify the α values. However, re-

sults from current sequential decay calculations are mo-

del dependent[33−34]. Since the differences in α values are

small, it will be difficult to determine the exact effects until

more realistic sequential model calculations become avai-

lable.

Finally, we examine the effects of isospin cluster

recognition on the system equilibrium measured by the

production of light particles. To characterize the degree

of equilibrium reached in the collision system, the obser-

vable of vartl =
σ2

trans

σ2
long

is often used in experimental and

theoretical studies[18−19, 35]. Here, the σ2
tran and σ2

long are

the variance of transverse and longitude rapidity distribu-

tion of fragment yields. When the reaction system reaches

equilibrium, the value of
σ2

trans

σ2
long

is close to 1. In Fig. 4, we

plot the calculated results of longitudinal (a) and transverse

(b) rapidity distribution for the Z-weighted yield (Z = 1∼ 6)

for 124Sn+124 Sn at b = 2 fm. The much wider longitudinal

rapidity distributions suggest that the systems are far from

equilibrium. More interestingly, the peaks in the longitudi-

nal rapidity distribution (a) for Z = 1 ∼ 6 particles obtained

in the MST case diminishes in the iso-MST case. It sug-

http://www.npr.ac.cnhttp://www.npr.ac.cn
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gests that a higher equilibrium degree is predicted in the

iso-MST case. With γi = 0.5, the value of vartl =
σ2

trans

σ2
long

obtained with the iso-MST case is 0.62, which is slight-

ly larger than 0.58 for the MST case. Thus in addition to

the isospin sensitive observables, the equilibrium or stop-

ping power of the system also depends on the detailed de-

scription of cluster formation implemented in the transport

models as well as on the mean field and the in-medium NN

cross section.

Fig. 4 (color online) The calculated results of longitudinal
(a) and transverse (b) rapidity distribution for the Z-
weighted yield (Z = 1∼ 6) for 124Sn+124 Sn at b= 2 fm.

3 Summary

In summary, we introduce a phenomenological

isospin dependence in the description of cluster formation

in transport models by adopting different R0 values for p-

p, nn and np, Rpp
0 = 3 fm and Rnn

0 = Rnp
0 = 6 fm. Our re-

sults using the iso-MST show suppression of Z = 1 parti-

cles and enhancement of fragments, especially for heavier

fragments with Z > 12. Furthermore, we find enhanced

production of neutron-rich isotopes at mid-rapidity. Con-

sequently, isospin sensitive observables, such as the dou-

ble ratios, DR
( t

3He

)
, Rmid

yield and isoscaling parameter α

increase to larger values. The widths of the longitudinal

and transverse rapidity distributions of Z = 1 ∼ 6 particles

also change. In all the observables that we examine, the

effects introduced by the iso-MST algorithm are relative-

ly small but in the direction of better agreement with data.

However, we have not included sequential decays which

may modify the magnitude of the effects. Nonetheless, the

isospin dependence of the cluster recognition can be easily

implemented and should be included in nuclear transport

models.
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摘要: 该工作提出了一个同位旋依赖碎块判断方法用以描述重离子碰撞过程中的碎块形成。利用该方法可以

改善输运理论对于核子以及轻带电粒子产额的描写，其在计算中降低了发射核子产额、增加碎块 (特别是丰中

子碎块)的产额。对于丰中子轻带电粒子的增强主要出现在中心快度区。研究表明，该方法对于同位旋敏感的

观测量，如
n
p
，

t
3He
，Rmid

yield和 isoscaling parameters等，以及系统的平衡度的量度都会产生影响。

关键词: 同位旋依赖的碎块判断方法；同位旋敏感观测量；系统平衡度；重离子碰撞

收稿日期: 2012-10-21； 修改日期: 2013-03-10

基金项目: 国家自然科学基金资助项目(11075215，10875031，11005022，11005155，11275052)；国家重点基础研究发展

计划项目(973计划)(2013CB834404)；核能开发科研项目(科工二司)([2011]767)；美国国家自然科学基金资助项

目(PHY-0606007)
1) E-mail: zhyx@ciae.ac.cn

http://www.npr.ac.cnhttp://www.npr.ac.cn


