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Abstract: With the nuclear density distribution being simulated by the Boltzmann-
Uhling-Uhlenbeck equation and Vlasov equation with several rotational frequencies, the
time evolution of the quadrupole moment of nucleus 86Zr starting with superdeformed
shape is studied. The contribution of two-body collisions and the effects of collective
rotation to the shape evolution is investigated. The numerical results indicate that the
two-body collisions play a role of damping on the evolution from a superdeformed shape
to a normal deformed one in a case without rotation. In a case of rotation with lower
frequency, the two-body collisions accelerate the evolution process. A new role of the
collective rotation to enhance the nuclear fission is proposed.

Since the spontaneous fission was observed in the 1930's, the nuclear shape evolution has
long been a topic of the nuclear physics. After a process opposite to the fission, i.e., a decay out
of the seperdeformed (SD) states to the noraml deformed (ND) states, was observed in recent
years [1], much attention has been paid to investigate the mechanism of nuclear shape evolution
[2]. On the theoretical side, it has been known that the nuclear shape evolution results from
the collective motion as well as the single particle ones. Meanwhile different nuclear shapes are
known to be the states built on different yrast states. Even though the pairing effect has been
realized to be important in the evolution process [3], the contribution of the two-body collisions
of the nucleons moving in the mean field to the evolution has not yet been clarified well. In the
liquid drop model [4], it has been shown that the rotation always enhances the deformation,
and even leads to the nucleus to fission, due to the centrifugal force. However, detailed studies
on how the rotation affects the deformation has not yet been explicated well. In this work,
we will discuss the role of the two-body collisions in the nuclear shape evolution by using a
semiclassical dynamical model, and attempt to shed light on the way of the contribution of
rotation.

It has been well known that the Boltzmann-Uhling-Uhlenbeck equation (BUU or VUU
equation) is regarded as a semiclassical approach for the nuclear dynamics, and has been quite
powerful in describing the low and intermediate energy heavy ion collision (see for example Ref.
[5] and references therein). Recently, it has also been shown to be successful in simulating the
processes of nuclear spontaneous fission [6] and fusion [7]. We take it to simulate the process
of the evolution from a superdeformed shape to a normal deformed shape. In the semiclassical
scheme of BUU equation, the nuclear dynamics is described by the variation of the single
particle phase-space density distribution. The BUU equation reads

^ + -P . V r / - V r [ / - V p / = C*[/], (1)
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where m, r* and p denote the mass, coordinates and momentum of the particle, respectively. U is
the potential of the field in which the particle moves. /(£, r, p) is the single particle phase-space
density distribution function, which is related to the spatial nucleon density with the relation
p(t,r) = J fdp. The Ct[f] is the two-body collision term, which can be given as

Ct[f) = - - ^ — Jdp2dp2,dpvv12<j{f /2(1 - fv)(l - fv)

- /2)] S(p + p2 - pv - P2>) • (2)

When the two-body collision term vanishs, i.e., Ct[f] = 0, the BUU equation reduces to the
Vlasov equation

ft + | - V , / - V , l / . V P / = O. (3)
Aiming to investigate the dynamical role of the two-body collisions on the nuclear shape

evolution, we simulate it by numerically solving the Vlasov equation and the BUU equation.
To explore the effects of the collective rotation on the evolution process, we calculate a case
with and without a rotation. All the calculations are carried out by using the test particle
method [8]. Exploiting the test particle method, the single particle phase-space density can be
given as

f(t,f,p) = LYiS(f-fi(t))8(p-pi(t)), (4)

where r*j and pi are the coordinate and momentum vectors of the i-th test particle. The motion
of each test particle is determined by the classical equation of motion ^ = & , ̂  = —ViU .
With the stiff potential in the scheme of Skyrme interaction, the equation of motion for the test
particles is sovled with the fourth order Runge-Kutta algorithm with time step 8t — 0.05 fm/c.
The calculations are performed in the lattice with 51 x 51 x 61 mesh points with nt — 2000
for each nucleon. Since the nucleus 86Zr is believed to have quite good SD states and its
nucleon number is neither too large nor too small, we take it as an example to be investigated.
To simulate the evolution from a SD shape to a ND shape, the position of each test particle
is initiated in a ellipsoid with major to minor axis ratio 2:1. In the case with rotation, the
rotational frequency is taken to be huQ = 0.79 MeV which is consistent with the experimentally
observed rotational frequency at the band head of the yrast SD band of 86Zr [9]. As the
test particles are exploited to simulate the nucleons, we have considered the Pauli principle
to restrict their motion and collisions, for taking account of the quantum property of the
test particles. With the evolution of the density distribution being simulated, the quadrupole
moment Q^ = J p(r)r2Y2odr of the nucleus 86Zr is obtained. The results of the time evolution
of the quadrupole moment in the cases without and with rotation are illustrated in Fig. la and
lb respectively.

From the figure, one may easily understand that the quadrupole moment descends globally
with time. Since the quadrupole moment well describes how large the deformation of the nucleus
is, the figure indicates that the superdeformed nuclear shape can decay to a shape with smaller
deformation, and even to a normal-deformed shape. Comparing the results with and without
two-body collisions in the case without rotation, one may know how the two-body collisions
damp the decay rate. Looking over the result in the case of rotation with frequency u0, one may
realize that the difference between with and without two-body collisions is not so monotonous
and obvious as that in the case without rotation. At the beginging of the decay (t < 200
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fm/c), the two-body collisions play the same role as that in the case without rotation. In the
middle of the evolution process (200 fm/c < t < 500 fm/c), the two-body collisions accelerate
the decay and thereafter make the nucleus arrive at a stable normal deformation. However,
in the case without two-body collisions, the nucleus can decay continuously to a oblate shape.
After a period, the nucleus has a tendency to recover its shape in both cases with and without
two-body collisions.
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Fig . l . Time evolution of the quadrupole moment in the case a) without and b) with a rotation
(u> = u>0). The result without two-body collisions is illustrated in solid line and that with
collisions in dashed line.
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Fig.2. Time evolution of the quadrupole moment in the case of rotation with a) u> = 2wo and
b) u> = 5u;o. The result without two-body collisions is illustrated in solid line and that with
collisions in dashed line.

To scrutinize the effect of rotation, we have also evaluated the time evolution of the
quadrupole moment for the cases of rotation with frequency u = 2u>0 and 5u>0. The obtained
results are shown in Fig. 2a and 2b, respectively. The figure shows that there exists generally
shape oscillation in the evolution process. When the rotational frequency is u: = 2a>o, the case
without two-body collisions shows a larger oscillating period and a larger amplitude than the
case with two-body collisions. When the rotational frequency is LJ = 5u>o, the case without
two-body collisions has a smaller oscillating period as well as a smaller amplitude than the case
with two-body collisions. During the first decay period (the time for the Q^ to decay from the
initial value to its first minimum), the figure also shows that the difference between numerical
results with and without two-body collisions decreases when the rotational frequency increases.
It indicates that the role of the two-body collisions is weakened as the rotational frequency
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increases.
Examining the figures more carefully, one may recognize that, on top of the global changing

behavior, the quadrupole moment Q^ exhibits an shorter oscillating property. It manifests
an intrinsic shape oscillation (like the giant resonance) resulting from the inherent motion of
the nucleus. From the results without rotation, one may estimate the period of the intrinsic
oscillation to be about Tjn ~ 160 fm/c. Accoeding to the results with different rotational
frequencies, the amplitude of the intrinsic oscillation decreases when the rotational frequency
increases. As a consequence, the amplitude of the global oscillation is enhanced drastically.
This implies that the global oscillation cauised by both the collective rotation and the intrinsic
oscillation may couple with each other. As the frequencies of two kind oscillations come to
close with each other, a resonance may appear so that the nucleus has very large quadrupole
moment. In the case with rotational frequency u = 5u>o, the numerical result on the density
distribution indicates an hourglass-shape with a very thin neck when the quadrupole moment
reachs its maximum. It may provide us with a clue on the dynamical mechanism of collective
rotation to enhance the nuclear fission: the rotation may couple with the intrinsic motion,
and eventually the fission takes place when the frequencies of two kind oscillations reach the
conditions of resonance.

In summary, we have simulated the time evolution of the quadrupole moment starting with
the superdeformd shape. The calculated results indicate a gradual change of the nuclear state
from a superformed shape to a normal deformed shape. In the case without rotation, the
two-body collisions play a role to delay the evolution from a superdeformed shape to a normal
deformed shape. In the case with rotation, it is neither so monotonous nor obvious as that in the
case without rotation. It may be too early to deduce a conclusive role of two-body collisions
in the case of rotation. However, one may state two important points: a) with increasing
the rotational frequency, the role of two-body collisions gets less important, b) besides the
centrifugal force effects of rotational motion, the fission may be enhanced by a resonance caused
by the collective rotation and the intrinsic motion. Many sophisticated probelms, such as how
the effect of the two-body collisions changes with the increasing of rotational frequency, remain
to be clarified.
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