
Front. Phys. 10(5), 102401 (2015)

DOI 10.1007/s11467-015-0510-0

RESEARCH ARTICLE

Nuclear dynamical octupole deformation in heavy-ion reactions
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Within the quantum molecular dynamics (QMD) model, the dynamical octupole deformation is
studied as a function of the central distance between the projectile and target in the approaching
process of heavy-ion fusion reactions. The dependence of the maximum dynamical octupole defor-
mations on the incident energies is also investigated. The dynamical octupole deformations can be
observed during the approaching process, and the maximum dynamical octupole deformations be-
come more significant with decreasing incident energies. The distributions of the proton and neutron
centers in the projectile and target are also investigated, respectively. In the approaching process of
heavy-ion fusion reactions, the separation between proton centers for two nuclei is larger than that
between neutron centers because of the strong Coulomb potential.
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The heavy-ion reaction mechanism is an important and
interesting topic in the field of nuclear physics. In partic-
ular, in the past two decades, the experimental synthe-
sis of super-heavy elements (SHEs) [1–5] and theoretical
studies on the production of SHEs have presented great
challenges in the investigation of the heavy-ion reaction
mechanism. Although there has been great progress in
the study of the heavy-ion reaction mechanism and the
related nuclear structures [6–21], the problems associ-
ated with the heavy-ion reactions and their mechanism
remain unclear. The evolution of nuclear deformation is
an important aspect of the nuclear reaction mechanism.
The effects of deformations in heavy-ion reactions have
been investigated preliminarily in Refs. [22–24]. In the di-
nuclear system (DNS) model, the deformation has been
found to affect the interaction potential, the driving po-
tential, the energy dissipation of the system, and the
fusion cross sections [25–28]. In the reaction process, dy-
namical deformations of the two nuclei may appear [17],
and thus, the static as well as dynamical deformations in
the reaction process should be studied thoroughly. How-
ever, the dynamical deformations in the DNS model [17]
are treated phenomenologically. Thus, the dynamical de-
formations in microscopical methods should be investi-
gated further. More information, e.g., on the deforma-

tion for the calculations of interaction potential in DNS
model, will be helpful for the development of the model.
The dynamical quadrupole deformations evolved in an
approaching process have been studied with the quan-
tum molecular dynamics (QMD) model self-consistently
[29]. In Ref. [27], it was found that the octupole defor-
mations significantly affect the structure of driving po-
tential. Thus, besides the quadrupole dynamical defor-
mation, it is very important to investigate whether the
dynamical octupole deformation exists in nuclei and its
effects in heavy-ion reactions. Thus, in this letter, the
dynamical octupole deformations for the projectile and
target in the approaching process will be investigated
with the QMD model. Further, because of the strong
Coulomb interaction, the centers for protons and neu-
trons in a nucleus in the approaching process may sep-
arate from each other. Thus, the distributions for pro-
ton centers and neutron centers for four typical reaction
channels are also discussed.

In the QMD model [30, 31], each nucleon is represented
by a coherent state of a Gaussian wave packet,

ψ(r) =
1

(2πσ2
r)3/4

exp[− (r − ri)
(4σ2

r )
+

ipi · r
�

] (1)

where ri and pi are the centers of the ith wave packet
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in the coordinate and momentum space, respectively. σr

denotes the widths of the wave packets. The one-body
phase space distribution function for N distinguishable
particles can be obtained by the Wigner transformation.
The density distribution function of a system in coordi-
nate space is given as

ρ(r) =
∑

i

1
(2πσ2

r )3/2
exp[− (r − ri)2

(2σ2
r)

] (2)

In the QMD model, the nucleons in the system move in
the self-consistently generated mean field. The time evo-
lution of ri and pi is governed by Hamiltonian equations
of motion:

ṙi =
∂H

∂pi
, (3)

and

ṗi = −∂H
∂ri

, (4)

where H is the Hamiltonian and is expressed as

H = T + ULoc + UCoul, (5)

where T , ULoc, and UCoul represent the kinetic energy,
nuclear local interaction potential energy, and Coulomb
interaction potential energy, respectively. The positions
for the nucleons of the projectile and target can be ob-
tained by solving the Hamiltonian equations. Thus, the
density distribution and the octupole moments for the
system can be calculated. The nuclear octupole defor-
mations can be estimated by the following relation [32]:

β3 = [
√

7π/(3AR3
0)]D, (6)

where A,R0, and D represent the mass number, equiva-
lent radius, and octupole moment, respectively. The oc-
tupole moment at any time moment can be calculated
as

D =
∫

V

ρ(2z2 − 3x2 − 3y2)zdτ, (7)

Figure 1 shows the dynamical octupole deformation
parameters for four typical reaction channels with im-
pact parameters b = 0 as a function of the distances
between the mass centers for the projectile and target.
The open and solid circles represent the deformation pa-
rameters for the projectile and the target, respectively.
The positive direction of the Z-axis in the calculations
is set as the direction from the projectile to the target.
In Fig. 1(a), at an early stage of the collision, the pro-
jectile and target appear to be spherical. As they ap-
proach each other, the two nuclei are gradually distorted.
When the central distance between two nuclei is about
12 fm, reflection asymmetric octupole deformations for

both nuclei appear. The octupole deformations for the
projectile and target increase as the central distance de-
creases, e.g., the octupole deformation parameters are
about 0.15 when the central distance is about 11 fm. This
phenomenon could be attributed to the strong long-range
Coulomb potential. To lower the Coulomb potential, the
projectile–target system adjusts its charge distribution,
and a tip–tip orientation for the two octupole deformed
nuclei can be observed. The developments of octupole de-
formations for the reactions 90Zr +208 Pb, 91Nb +238 U
and 238U +238 U are shown in Figs. 1(b), (c) and (d),
respectively. For the symmetric projectile–target system
shown in Fig. 1(a) and (d), the two fragments undergo
the similar octupole deformations, whereas for the asym-
metric projectile-target system shown in Fig. 1(b) and
(c), the larger fragments undergo smaller octupole de-
formations and the smaller fragments undergo larger oc-
tupole deformations. This could be because it is easier
for the light fragment to adjust its mass distribution,
while this is difficult to achieve for the heavier fragment.
With decreasing central distance, octupole deformation
increases gradually. When the two fragments are very
close to each other, the separation between the mass
centers of the two heavy fragments remains almost con-
stant, and the maximum octupole deformation may be
obtained at this configuration, e.g., the maximum oc-
tupole deformation for 238U +238 U at Ec.m. =880 MeV
is about 0.2 at a central distance of about 13 fm. In DNS
model [27], the octupole deformation plays an important
role in the interaction potential and the driving potential.
As reported in Ref. [27], the potential energy decreases
by about 5 MeV due to the octupole deformation, and
the structure of driving potential changes significantly.
Owing to the dynamical octupole deformations shown in
this letter, the calculation of the potential energy for a
DNS configuration should be improved.

The dependence of the absolute values of maximum oc-
tupole deformation parameters on the incident energy for
head-on collisions is shown in Fig. 2. As seen in Fig. 2(a),
the maximum octupole deformations can reach about 0.6
at Ec.m.=200 MeV. This implies that the projectile and
target can get close enough and both undergo octupole
deformations due to the effects of Coulomb repulsion be-
tween them. As the incident energy increases, there is
less time for two fragments to adjust their deformations.
When the incident energy is larger than 250 MeV, the oc-
tupole deformations are smaller than 0.2. In Figs. 2(b),
(c), and (d), similar tendencies can be found. In Figs.
2(b) and (c), it is also seen that the light nucleus could
obtain the larger maximum octupole deformation.

In some theoretical phenomenological models, the
charges in nuclei are assumed to be uniformly dis-
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Fig. 1 Dynamical octupole deformations of projectile and target for (a) 90Zr + 96Zr, (b) 90Zr + 208Pb, (c) 91Nb +
238U, and (d) 238U + 238U as functions of the central distances between two nuclei.

Fig. 2 The absolute values of maximum octupole deformation parameters for (a) 90Zr + 96Zr, (b) 90Zr + 208Pb,
(c) 91Nb + 238U, and (d) 238U + 238U as a function of the incident energies.
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Fig. 3 Differences between separations for proton and neutron centers of two nuclei for incident channels (a) 90Zr + 96Zr,
(b) 90Zr + 208Pb, (c) 91Nb + 238U, and (d) 238U + 238U versus the central distance between two nuclei.

tributed, and thus, the centers for protons and neutrons
coincide. In this letter, the separation between the pro-
ton center of the projectile and that of the target Sprot

and that for neutron centers Sneut are calculated, and
the differences between them ΔS = Sprot−Sneut for four
typical reaction channels with impact parameters b = 0
as a function of central distances are shown in Fig. 3.
In Fig. 3(a), it can be seen that the separation between
proton centers of two nuclei is about 0.16–0.18 fm larger
than that for neutrons, which means that the centers
for protons and neutrons deviate from each other due
to the strong Coulomb potential. As the charge num-
bers for the projectile and target increase, the differ-
ence ΔS also increases. Further, from Figs. 3(b), (c),
and (d), with decreasing distance between two nuclei,
ΔS increases because of the larger Coulomb potential at
shorter distances, e.g., in (d), at about 15 fm, ΔS is over
0.4 fm. These results imply that the effect of separation
of proton and neutron centers should be considered while
calculating the interaction potential between nuclei.

In summary, the dynamical octupole deformations de-
veloped in the approaching process for the heavy-ion
reactions are studied with the QMD model. The results
show that the octupole deformations of the two nuclei
appear as they approach each other due to the strong
Coulomb repulsion and decrease the total energy of
the system. The dependence of the maximum octupole

deformations on the incident energies for four typical re-
action channels is also studied. The maximum octupole
deformation increases as the incident energy decreases.
The distributions for the proton and neutron centers
of two nuclei during the approaching process are also
studied. The separation between the proton centers for
two nuclei is larger than that between neutron centers,
owing to the strong Coulomb repulsion. The difference
increases when the charge numbers for two fragments
increase. Further, the difference also increases when two
fragments get closer to each other. Further study is in
progress.
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