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The deformed projectiles and targets are expected to play different roles in heavy-ion
collisions (HICs) at intermediate energy compared with spherical ones. With an isospindependent quantum molecular dynamics (IDQMD) model, in despite of averaging all
the orientations of axisymmetric deformed 24 Mg + 24 Mg collisions, it is still found that
NN collision number, nuclear stopping power (R) and multiplicity of fragments have
considerable differences compared with spherical 24 Mg + 24 Mg collisions.

1. Introduction
Nuclear reactions involving the deformed projects and targets have been studies
several decades ago.1,2 In heavy-ion collisions, the deformation and orientation also
affect reaction cross section,3 elliptic flow4 and heavy-ion fusion.5,6 In addition, the
U + U collisions is proposed as a more promising scheme to study quark-gluon
plasma (QGP) at relativistic and ultrarelativistic energies recently.7–14 Nuclei far
from β-stability line with large deformation become available due to the recent
development of radioactive beam facilities. Thus it is necessary to consider the deformed effects of the projectile and target in HICs. However, the knowledge about
the deformed nuclei collisions is very poor at intermediate energy. On the other
hand, highly deformed nuclei induced reactions may inspire the exotic nuclei research such as the halo15 and cluster phenomena.16
In this paper, using IDQMD model, the average effects of deformation and orientation are studied by axisymmetric deformed 24 Mg + 24 Mg collisions with incident
energy from 15 to 520MeV/nucleon. 24 Mg is approximately treated as a sharpcutoff ellipsoid with large quadrupole deformation parameter: β2 = 0.416 getting
from relativistic mean field calculation.17 The spherical 24 Mg + 24 Mg collisions
with the same root mean-square radius are used for comparison.
The rest of the paper is organized as follows: Sec. 2 gives a brief introduction of
the IDQMD model. In Sec. 3, the calculated results such as: binary collision num1794
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ber, nuclear stopping power, multiplicity of fragments are compared with spherical
Mg + 24 Mg collisions. A summary is given in Sec. 4.

24

2. Description of the IDQMD Model
The quantum molecular dynamics (QMD) approach is a many-body theory that can
describe HICs from intermediate to relativistic energies.18,19 The main advantage
of the QMD model is that it can explicitly treat the many body state of the collision
system, so it contains correlation effects to all orders. Therefore, the QMD model
provides valuable information about both the collision dynamics and the fragmentation process. The model also has excellent extensibility due to it’s microscopic
treatment of collision process. It includes several important parts: initialization of
the projectile and the target nucleons, propagation of nucleons in the effective potential, NN collisions in a nuclear medium, the Pauli blocking and the numerical
test.
The IDQMD model is based on QMD model and affiliates the isospin factors
in mean field, two-body NN collisions and Pauli blocking.20–22 In addition, the
phase space sampling of neutrons and protons in the initialization should be treated
separately because of the large differences between neutron and proton density
distributions for nuclei far from the β-stability line.
In IDQMD
model, each nucleon is represented by a Gaussian wave packet with
√
a width L (here L = 2.16 fm2 ) centered around the mean position ri (t) and the
mean momentum pi (t),
ψi (r, t) =
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The nuclear mean field is parameterized by
U (ρ, τz ) = α
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with ρ0 = 0.16 fm−3 (the normal nuclear matter density). ρ, ρn and ρp are the
total, neutron and proton densities, respectively. τz is zth component of the isospin
degree of freedom, which equals 1 or -1 for neutrons or protons, respectively. The
coefficients α, β and γ are parameters of nuclear equation of state (EOS). Csym is
the symmetry energy strength due to the difference of neutron and proton. In this
work, α = − 356 MeV, β = 303 MeV and γ = 7/6 are taken which corresponds to
the so-called soft EOS with an incompressibility of K = 200 MeV and Csym = 32
MeV.19 Vc is the Coulomb potential and U Y uk is Yukawa (surface) potential, which
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has the following form:
U Yuk =

Vy X 1
exp(Lm2 )
2m
rij
i6=j

√
√
× [exp(−mrij )erf ( Lm − rij / 4L)
√
√
− exp(mrij )erf ( Lm + rij / 4L)].

(3)

with Vy = 0.0074 GeV, m = 1.25 f m−1 , L = 2.16 f m2 and rij = |ri − rj | is
the relative distance between two nucleons. Experimental parameterized NN cross
section which is energy and isospin dependent is used.
The Pauli blocking effect in IDQMD model is also isospin dependent and the
blocking of neutron and proton is separate as following: each nucleon occupies a
six-dimensional sphere with a volume of ~3 /2 in the phase space (considering the
spin degree of freedom) and we calculate the phase volume (V ) of the scattered
nucleons being occupied by the rest nucleons with the same isospin as that of the
scattered ones. We then compare 2V /~3 with a random number and decide whether
the collision is blocked or not.
In the present work, The 24 Mg nucleons’ coordinates are initialized by sampling
from a sharp-cutoff uniform ellipsoid with deformation parameters given above to
incorporate initial nuclear deformed effects into the microscopic transport process.
The long and short semiaxis of the ellipsoid take the following values:


2
(4)
Rl = R · 1 + δD .
3



1
Rs = R · 1 − δD .
3

(5)

where R is the radius of an equivalent spherical volume with the ellipsoid and
r
5
3
δD =
β2 .
(6)
2 4π
For β2 = 0.416, Rl = 4.8 f m, Rs = 3.3 f m and R=3.9 f m. Then the momentum
distribution of nucleons is generated by means of the local Fermi gas approximation:
PFi (r) = ~[3π 2 ρi (r)]1/3 , (i = n, p) .

(7)

The stability of the initialized nuclei are checked by time evolution till 200fm/c
according to the average binding energies and root mean-square radii of the system
at zero temperature. Only the initialized nuclei whose average binding energies and
root mean-square radii meet the required values are stored to simulate the collisions.
The distributions of coordinate space of stable 24 Mg with β2 = 0.416 is show in
Fig. 1.
The time evolution of the colliding system is given by the generalized variational
principle. Since the QMD can naturally include the fluctuation and correlation, we
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Fig. 1. (Color online) The projection of initial nucleons in coordinate space of stable
β2 = 0.416 in the initialization of IDQMD calculations.

24 Mg

with

can study the different fragmentation processes due to the different shapes of reaction sources. In QMD model, nuclear clusters are constructed by a coalescence
model, in which nucleons with relative momentum smaller than P0 and relative distance smaller than R0 are considered to belong one cluster. We adopt the parameter
set: P0 = 300 MeV/c and R0 = 3.5 fm.
3. Calculated Results and Discussions
The differences between orientational-average deformed and spherical 24 Mg + 24 Mg
are discussed in three aspects: the number of NN collisions, nuclear stopping power
and distributions of fragments. Nuclear stopping power and fragments observables
are extracted at freeze-out time (200 f m/c).
3.1. Binary collisions
From the model introduced above, we know that NN collision plays a very important role in intermediate energy reactions. Different overlaps of deformed and
spherical collisions will lead to different collisions processes. Fig. 2 gives the impact
parameter dependence of NN collision number for deformed and spherical 24 Mg +
24
Mg collisions at several incident energies. Spherical configuration has more NN
collisions especially for lower incident energies. This partly contributes to differences
in nuclear stopping and fragments distributions.
3.2. Nuclear stopping power
The nuclear stopping power (R) is defined by
PA
2 i | Pi⊥ |
,
R = PA
π i | Pik |

(8)
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Fig. 2. (Color online) Binary collision number as a function of impact parameter at freeze-out
time for deformed and spherical 24 Mg + 24 Mg collisions at different incident energies.

Fig. 3. (Color online) Nuclear stopping power as a function of incident energy at freeze-out time
for deformed and spherical 24 Mg + 24 Mg collisions.

with A refers to the sum of projectile mass number and target mass number, Pi⊥ =
2
2 1/2
(Pix
+ Piy
) , Pik = Piz in the c.m. reference system, which measures the degree of
isotropy of nucleons’ momentum based on event-by-event. Thus, R can be used to
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describe the momentum dissipation and the degree of thermalization. As R equals
unity, isotropy of momentum is reached, which is not sufficient but necessary for
thermalization equilibrium of the collision system.23 Nuclear stopping power can
be used to reflect the global property of HICs. Fig. 3 shows R of deformed and
spherical 24 Mg + 24 Mg collisions. The differences of R become larger at higher
incident energies.
3.3. Fragments observables
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One of the main advantages of QMD model is that it can naturally treat the formation of fragments. The multiplicity of fragments at freeze-out time can be used
to distinguish the two collision configurations. Fig. 4 represents the differences between deformed and spherical 24 Mg + 24 Mg collisions. It can be seen from Fig.
4 that spherical collisions have more fragments till very large impact parameters.
Specifically, the differences can be seen more obviously from the multiplicity of different kinds of fragments shown in Fig. 5. The spherical collisions have more light
fragments and intermediate mass fragments (IMF) than deformed collisions while
the heavy fragments are much fewer.
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Fig. 4. (Color online) Multiplicity of fragments as a function of impact parameter at freeze-out
time for deformed and spherical 24 Mg + 24 Mg collisions.

4. Summary
In summary, deformed 24 Mg + 24 Mg collisions have been studied by IDQMD model.
Averaging all the collision orientations, the NN collision number, nuclear stopping
power and fragments observables have non-ignorable effects compared with spherical 24 Mg + 24 Mg collisions, especially for the multiplicity of different kinds of fragments. Moreover, Orientation-average deformed nuclei collisions may have some
implications on halo and cluster structure research.
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Fig. 5. (Color online) Multiplicity of light (Z < 3), intermediate mass (3 ≤ Z ≤ 10) and heavy
(11 ≤ Z ≤ 12) fragments as a function of incident energy at freeze-out time for deformed and
spherical 24 Mg + 24 Mg collisions.
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