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Abstract

To predict angular distribution of fragments produced in nucleus-
nucleus collisions, JAERI quantum molecular dynamics model
(JQMD) was improved. Because JQMD underestimated fragments in
the forward angle, which were mainly produced by peripheral collisions,
JQMD was revised so as to simulate peripheral collisions accurately.
Density-dependent in-medium effect and relativistic effect on nucleon-
nucleon interactions were incorporated for this purpose. The revised
version of JQMD coupled with a statistical decay model was used to
calculate differential fragment production cross sections measured in
earlier studies. Comparison of the measured data and calculation by
the revised and old JQMD showed that the revised JQMD can pre-
dict fragment angular distribution better than old JQMD. Particu-
larly, agreement of fragment yield in the forward angle is substantially
improved.

1 Introduction

The angular distribution of the fragments produced in nucleus-nucleus colli-
sions is essential for cosmic ray physics, radiation safety of space exploration,
and dosimetry in heavy-ion cancer therapy.
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Among the microscopic reaction models developed to simulate frag-
ment production in nucleus-nucleus reactions, quantum molecular dynamics
(QMD) models are generally adopted in general-purpose radiation transport
simulation codes [1, 2] and used in various applications. One of the QMD
models, JAERI-QMD (JQMD) [3] was developed as an event generator for
general purpose radiation transport code PHITS (Particle and Heavy Ion
Transport code System) [4] and widely used to simulate nucleus-nucleus colli-
sion (e.g., [5,6]). However, it was suggested that QMD models overestimated
the width of the fragment angular distributions [7, 8] and underestimated
production at the forward angle. This trend was probably attributed to
inaccurate treatment of peripheral collisions, in which projectiles are little
deflected and therefore fragments are ejected in the forward angle.

In this study, we revise JQMD to simulate the fragment angular distri-
bution by accurate treatment of peripheral collisions.

Fragment production in the forward angle was underestimated by the
previous version of JQMD; however, revised JQMD can reproduce fragment
yield angular distribution measured in earlier studies.

2 Methods

In nucleus-nucleus collisions, the trajectory of the projectile ion is curved
owing to the Coulomb repulsion by the target nucleus. The larger the impact
parameter, the less is the fragment deflection.

In the previous version of JQMD; however, nuclei were sometimes spu-
riously disintegrated even without interacting with other nuclei owing to
the instability of the nuclei simulated by JQMD. Therefore, nucleus-nucleus
collisions at a large impact parameter simulated by JQMD may result in spu-
rious reactions. To cut-off spurious reactions, impact parameter sampling
range was intentionally truncated at a threshold defined by Eq. 1,

bmax = 1.15 × (A1/3
t + A1/3

p ) − 0.4(fm), (1)

where At is target mass number and Ap is projectile mass number.
This truncation cuts off not only spurious disintegration but also true
peripheral collisions. As a result, fragments in the forward direction was
underestimated.

The spurious decay of nuclei was occurred because the description of
interaction between nucleons was frame-dependent. Nucleus configured to
be stable in the rest frame became unstable in the center-of-mass frame
of projectile and target nucleus. Therefore, Lorentz-covariant description
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of nucleon-nucleon interaction proposed by Mancusi [9] was adopted in the
revised version of JQMD (hereafter referred to as JQMD-2.0). The equation
of motion is described as follows;

ṙi =
pi

2p0
i

+
N∑
j

m

p0
j

∂〈V̂j〉
∂pi

, (2)

ṗi = −
N∑
j

m

p0
j

∂〈V̂j〉
∂ri

.

p0
i =

√
pi

2 + m2 + 2m〈V̂i〉,

where ri is the spatial coordinate of the centroid of the i-th nucleon, pi is
the momentum of the i-th nucleon, m is the rest mass of nucleons, 〈V̂j〉 is
the potential of j-th particle, and N is the number of particles in the system.
In both JQMD and JQMD-2.0, the potential term of the Hamiltonian V is
a sum of the Skyrme-type force term, Coulomb interaction term, and sym-
metry term. The potential Vi was inherited from previous JQMD without
any modifications. Using the new equation of motion, nuclei at the ground
state stayed stable over a typical reaction period of 150 fm/c .

The impact parameter was sampled from zero to a threshold calculated
by Eq. 1 in JQMD; however, impact parameter cut-off was not adopted in
JQMD-2.0. Projectile and target stayed without losing nucleons or being
substantially excited if the impact parameter was large enough. In this
case, reaction simulation was started afresh after newly sampling the impact
parameter.

In addition to the above improvements, density dependence of in-medium
effect on nucleon-nucleon scattering cross sections was incorporated. Pre-
viously, we used neutron-proton scattering suppressed by in-medium Pauli-
blocking In JQMD; however, in-medium effect should get weaker near the
nuclear surface, where nucleon-nucleon collisions are occurred in peripheral
collisions. Therefore in JQMD-2.0, the neutron-proton scattering cross sec-
tion in free space was adopted in peripheral collisions.

In actual simulation, JQMD and JQMD-2.0 were coupled with the sta-
tistical decay model GEM [10] to determine the final products. More details
on JQMD-2.0 is provided elsewhere [11].
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(a) 12C(NatC,x)10B (b) 12C(NatC,x)7Be

Figure 1: Differential fragment production cross section of 12C(NatC,x)X at 95
MeV/nucleon calculated by JQMD, JQMD-2.0 and that measured by Dudouet et
al. [12, 13].

3 Results and discussion

To evaluate the effect of the revisions, fragment production cross sections
calculated by JQMD-2.0 were compared with measured data. Fragment
production cross sections in 12C(NatC,x) reactions, which are important for
cosmic ray studies and cancer therapy, were used for this benchmark. Fig. 1
shows comparison of isotopic differential fragment production cross sections
at 95 MeV/nucleon calculated using JQMD, JQMD-2.0 and those measured
by Dudouet et al. [12, 13].

The fragment yields calculated by JQMD have a peak at about 7 degrees
and the yields are smaller at 4 degrees because peripheral collisions are
disregarded by the impact parameter cut-off. In contrast, the fragment
yields calculated by JQMD-2.0 are in better agreement with the measured
data in this angular range. Particularly, 10B is produced by peripheral
collisions in which two nucleons are knocked out, therefore the increase in
the yield in the forward angle is more pronounced.

Above 15 degrees, yield is underestimated by both JQMD and JQMD-
2.0. Because the deflection of projectiles beyond 15 degrees cannot be ex-
plained by the dynamic reaction phase simulated by JQMD or the Coulomb
repulsion, it is probably attributed to the statistical decay phase.

The increase in the yields at the forward angle and deficiency above 15
degrees were observed for the other isotopes.

Comparison of the differential fragmentation cross sections at a higher
energy is shown in Figs. 2. Isotopic fragmentation cross sections of
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(a) 12C(NatC,x)11B (b) 12C(NatC,x)6Li

Figure 2: Differential fragment production cross section of 12C(NatC,x)X at 250
MeV/nucleon calculated by JQMD, JQMD-2.0 and that measured by Kidd et
al. [14].

12C(NatC,x) reactions measured at 250 MeV/nucleon [14] were compared
with those calculated using the old JQMD and JQMD-2.0.

At higher energies, fragment angular distribution is more forward peaked
owing to the decrease in the impulse of Coulomb repulsion.

In Fig. 2 (a), JQMD-2.0 reproduce the angular dependence of the yield
below 2 degrees whereas the yield in the forward angle is underestimated by
JQMD as with the case of Fig. 1.

On the other hand, the yield of 6Li in Fig. 2 (b) is more angular indepen-
dent compared to that of 11B. This trend is reproduced both by JQMD and
JQMD-2.0; however, JQMD underestimates the absolute yield by factor of 4.

Above benchmark shows that JQMD-2.0 is more accurate than JQMD
in reproducing the fragment yields at the forward direction.

4 Conclusion

Reaction event generator JQMD was revised for accurate simulation of frag-
ment angular distribution in nucleus-nucleus collisions.

JQMD underestimated fragment yields at the forward angle owing to
inaccurate treatment of peripheral collisions.

By introducing the Lorentz-covariant formulation of interaction, the
ground state of target and projectile was stabilized. In addition, the density
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dependence of nuclear medium effect on proton-neutron scattering cross sec-
tion was taken into account and the limitation of impact parameter sampling
range was eliminated.

Comparison of the simulated results with earlier measurements showed
that JQMD-2.0 reproduce fragment production in the forward angle more
accurately. On the other hand, improvement of the statistical decay model
is necessary for accurate simulation of fragment yield at large angles.

JQMD-2.0 has been incorporated to the general purpose radiation trans-
port simulation code PHITS Ver. 2.76 and later. It can serve for a variety
of applications such as cosmic ray physics and heavy-ion dosimetry.
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