
I i

L «V -

LABORATOIRE DE PHYSIQUE NUCLÉAIRE
UNITE ASSOCIÉE AU CNRS/IN2P3 (UA 57)

2, rue de l a Houssinière 44072 NMWES CEDEX 03 ERMJCE

POTENTIAL SURFACES IN SYMMETRIC HEAVY-ION REACTIONS

G. ROYER, C. PILLER, J. MIGNEN and Y. RAFFRAY

RAPPORT INTERNE L P N - 8 9 - 0 3

UNIVERSITÉ DE NANTES



UW-- I.

tu
Ml
th

POTENTIAL SURFACES IN SYMMETRIC HEAVY-ION REACTIONS ex
nu

pa
G. ROYER, C. PILLER, J. MIGNEN and Y. RAFFRAY fre

me
re i

Laboratoire de Physique Nucléaire ( UA CNRS n * 57). 2 rue de la Houssinièrf - -14072 NANTES Cedex 03 FRANCE s i l

fui

PACS : 2588. 2590. 2570. lus
( 1

Ne
ini
Re

ABSTRACT :
to

The entrance channel in symmetric heavy-ion reactions is studied in the liquid- (B
drop model approach including the nuclear proximity energy and allowing ellipsoidal pr
deformations of the colliding nuclei. In the whole mass range, a sudden transition occurs co
from oblate to prolate shapes when the proximity forces become important. This strongly ne

affects the effective moment of inertia. The ellipsoidal deformations reduce the fusion barrier dy
width for light systems and lower the potential barrier height for medium and heavy nuclei. en
The results are in agreement with the empirical effective barrier shift determined by Aguiar th(

et al for the 58Ni • 58Ni, ?<Ge • 7*Ge and »°Se • »0Se systems. The sub-barrier fusion ad
enhancement in heavy-ion reactions might be explained by the slowness of the process. th
Below the static fusion barrier, the reaction time is long ; allowing some adiabaticity and Th
deformations of the colliding ions. Above the barrier, the reaction is more sudden and the

deformation degree of freedom is frozen. of
Iw

Pr
su
sy
pa



I. INTRODUCTION

The pending question of the possible formation of superheavy elements has led
to the undertaking of the fusion of heavier and heavier nuclei (see Kratz et ai 1986,
Munzenberg et al 1987. Oganessian et al 1987 and Gaggeler et al 1989). In these reactions,
the purpose is to minimize the excitation energy deposited in the compound nucleus. This is
expected when one increases the symmetry in heavy-ion fusion reactions and when the two
nuclei collide at sub-barrier energies.

Fusion reactions above the Coulomb barrier are fast processes and the fusion
path is generally described within the sudden approximation. The deformation degree ot
freedom is frozen and the two separated sphere configuration is used. Then, for light and
medium systems, the gross properties emerging from the experimental data are satisfactorily
reproduced using one dimensional-dependent static fusion barriers (Vaz et al 1981 • The

,E situation is more complicated for the heaviest systems. The experimental fusion excitation
functions at energies above the barrier are lower than the theoretical predictions and the
fusion takes place at energies much higher than those deduced from the static estimation
(Blann and Akers 1982, Gaggeler et al 1984. Blocki et al 1986 and Frobrich 1988).
Nevertheless, no evidence for dynamic deformations is found since it is sufficient to
introduce the effects of dissipative forces to reproduce the experimental data (Rover and
Remaud 1985).

At sub-barrier energies, the application of this one-dimensional approach leads
to satisfactory results for light-medium ions but to discrepancies lor heavier nuclei

A - (Beckerman et al 1984, Haas et al 1985 and Nolan et al 1985). The data exceed the model
ual predictions by several orders of magnitude. Different explanations have been proposed :
rs coupled-channel effects (Lindsay and Rowley 1984). nucieon transfer (Rehm et al 1985).

RJy neck formation and associated dissipation (Krappe et al 1983 and Aguiar et al 1987) and
ter dynamic deformations (Jaqaman 1984). This later explanation supposes that the potential
lei. energy profile depends on the initial kinetic energy range. The lower the energy, the longer
iar the system stays in the vicinity of the interaction barrier and one can expect that
son adiabaticity trends are introduced at an eany stage of the reaction. Then, for energies below
'ss. the one-dimensional fusion barrier, various collective degrees of freedom may be excited.
nd This looks like deformations in deep-inelastic scattering.
he In the present study, our purpose is to take into account the deformation degree

of freedom in the entrance channel in heavy-ion reactions. Ellipsoidal deformations of the
two colliding nuclei are investigated within the liquid-drop model approach adding the
proximity force effects. The potential energy landscape and the geometrical characteristics
such as moment of inertia and quadripole moment are studied. We focus on symmetric
systems since they maximize the Coulomb repulsion and the nuclear attraction. The shape
parametrisation is given in sect. 2. In sect 3. the energy of the two colliding ions is defined.
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In seel 4 the potential surface and its components is displayed for the 16O • 16O and 20sPn •
2«*pb systems. The sudden transition occuring in the fusion path is examined in sect. 5.
Finally, the sect. 6 is devoted to the fusion barriers for the 3«Si * 30Si. <°Ca • 40Ca. 58Ni < 5»Ni
and 80Se + 8<)Se reactions.

Il ELLIPSOIDAL DEFORMATIONS
The coaxial and equal ellipsoidal deformations of the two colliding nuclei are

considered (see figure I). Assuming volume conservation, they depend only on one
dimensionless parameter. It has been chosen the ratio s between the transverse semi-axis a
and the radial one c. , ,, ... , -,

a = R0(s/2)lA-. and c = Ros'2 / 3 /21 / 3 .

where R0 is the radius of the eventual compound nucleus.
In the oblate case s > 1 and the eccentricity of each spheroid is :

e2 - 1 - s 2 .

while in the prolate case 0 ^ s « 1 and :

e2 - 1 - s2.
The region of practical interest in the entrance channel to determine the

classical fusion path from this two-dimensional potential surface is limited by :

0.4 « s < 1.6, and 2™ < r/R0 < 2.6,

where r is the distance between the centres and 22/3R0 this distance for two touching
spheres. The two overlapping prolate spheroid configuration is not investigated in the
present work.

III. ENERGY OF TWO COLLIDING IONS.
The total energy is derived from the liquid-drop model approach (sum of the

Coulomb, surface and volume energies) generalized to arbitrary shapes and augmented by a
nuclear energy to take into account the nuciear-proximiiy effects between the tips of She
colliding ions (Hasse ans Myers 1988 and Mignen et al 1988). For symmetric systems the

: volume energy is conserved during the transition from two body to one-body configurations
[ and this term may be neglected when one looks at the variations of the potential energy.
I The Coulomb self energy of each spheroid is given by :

where Z\ and R| are respectively the charge and radius of one ion.

* • \ * R1 = 1,28 A | / S - 0.76 * 0.8 A1"
%n fm\
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The relative self-energy is in the prolate case :

2e Ln f—IIl-ej1

i are
one

x is a

and in the oblate case (Schultheis and Schultheis 1975)

where c2 * s2 - I Ic2 is not the eccentricity).

The Coulomb interaction energy reads :
Eint = - •

the

ching
i the

!the
by a
i the
s the
itions

S(X) can be represented in the form of a twofold summation :

y y 3 3 <2j+2fcH,2Q*»
jT, A (2j*l)(2j*3) (2k+l)(2k*3) (2j)!(2k)!A

l*X\ 3s * lProlate

The summand s(X) is different for prolate and oblate shapes :

3/1 1

S(X) =
- | _ . _ L ] t a n " ' © -

2uf

The surface energy of each spheroid is defined by :

oblate.

E s = a s ( l - k s If)Af73B8

where the surface energy coefficient as and the surface asymmetry coefficient ks take on the
values

as = 17.9439 MeV.
ks = 2.6.

11 is the relative neutron excess : 11 = (Nj - Zj )/A i

The relative surface energy reads in the prolate case :

, . - " - •
e/l-e'

and in the oblate one : 2 ) 1 / 3

B5 =
c2)

1 •
Ln(e • 7 I • E2)

tJ 1 *
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All along the fusion path, the nuclear proximity energy allows to correct the surface energy
taking into account the effects of the surface tension forces between the two surfaces in y.
regard inside the crevice or the gap separating the two reacting systems (Royer and Re maud
1985 and Royer et al 1989) r

En = 2Y(KD(r. h)/b)2nhdh.

Y= 0.9517(1 - ksl
2)MeV.fm"2.

obi

The sum is taken in the symmetry plane. D is the distance between the elements of surface
(the surface diffuseness is taken into account) while <> is the universal proximity function and
b the surface width.
The surface tension parameter Y is written as :

coll

rea

IV. POTENTIAL ENERGY SURFACE. t 0

Two potential energy surfaces are displayed in figures 2 and 3 for two systems a n

located at the extremes of the nuclear masses and which have been extensively stu "?d r t !

experimentally in fusion reactions (Kovar et al 1979) and in elastic and deep-inelastic Th
collisions. The general trends of the different components to the total energy are the same in •
the two cases but their relative importance strongly differs. Naturally, for a fixed value of the
distance between the centres, the Coulomb repulsion removes from each other the
distribution of matter and favours the oblate deformations. On the contrary, the attractive
proximity forces tend to put together the surfaces in regard and facilitate the prolate
configurations. As to the surface tension forces, they preferably lead to the two sphere
shapes annihilating any deformation of the colliding nuclei. The prolate and oblate T
deformations induce almost the same increase of the surface energy.

For light systems, the Coulomb forces are not sufficient to deform the reacting
nuclei in the first phase of the collision. Later on, the system follows a path hollowed out on o l

the potential surface by the proximity forces which lead to prolate deformations to stick the 0]

tips of the nuclei. The balance between the nuclear and Coulomb forces involves finally a T

smooth transition from the prolate shapes to the oblate ones. This last transition seems | !

somewhat spurious, since, in this region of the potential surface, the one-body shapes lower a

the total energy of the composite system relatively to the two-body configurations. m

For heavy systems the Coulomb repulsion strongly acts before the short range d

proximity forces, keeps away and distorts the surface of the two colliding ions leading the ' l

system through the two separated oblate spheroid configuration. A sudden transition to the c

prolate shapes occurs when the proximity effects counterbalance the Coulomb interaction
allowing a degeneracy between the energies of the oblate and prolate nuclei. Finally the
nuclear forces reduce the prolate deformations leading the system close to the two tangent v

sphere configuration.



V. SUDDEN TRANSITION IN THE FUSION PATH.

As an example, the changes due to the deformations and to the sudden transition from
obfate to prolate shapes are described for the "510Zr + 90Zr reaction. This system has been
intensively studied around and below the fusion barrier 'Beckerman et al 1984 and Keller et
al 1084).

The Coulomb potential is only perturbed of some MeV while the generalized surface
energy is strongly influenced by the proximity forces between the tips of the prolate
colliding nuclei (see figure 4).

For this medium system, the oblate deformations are small in the first stage of the
reaction and. after the transition, the prolate deformations decrease almost linearly leading
to two touching spheres (see figure 5).

In figure 6 are displayed the shapes taken by the fusioning system at the beginning
and the end of the transition. This degeneracy in energy between the two configurations
reminds the pioneer work of Nix and Swiatacki (1965) on the two tangent coaxial spheroids.
The relative Uo the compound sphere) parallel, perpendicular and inverse moments of
inertia are given by the following expressions :

i

\L = 2 " 5 / V / 3 • s ' 4 / î ) • (5/8) UVR0)
2,

-i ,-i
«I

The quadrupoie moment follows : O - (16K/15 M I. - I '

Their variations are described on figure 7. The introduction of spheroidal deformations
of the fragments in the fusion valley does not largely affect the rigid perpendicular moment
of inertia (which allows to determine the rotational energy) and the quadrupoie moment.
This later quantity is often taken as a constraint in microscopic theories (Berger et al 19841.
It seems to be a very poor measure of the deformations since the experimental uncertainties
are as important as the variations of the theoretical values. On the other hand, the effective
moment of inertia is strongiy shape dependent. This parameter is related to the angular
distribution of the fragments in the fusion-fission experiments. The sudden transition in the
fusion path drastically changes its value. Unfortunately, the comparison with the
experimental data is difficult and model dependent (Freifelder et al 1986).

VI. FUSION BARRIER.

In figure 8, the fusion path for four symmetric systems is displayed. As previously
(Rover and Remaud 1982 and 1985), the path leading from two touching spherical ions to the



hypothetical compound nucleus has been investigated using the elliptic lemniscatoids This
one parameter shape sequence allows to describe the progressive fusion of two spheres into
a single one without any discontinuity at their contact point. Furthermore, the quick filling in
of the initial crevice between the two fusing nuclei occurs without sensible deformation of
each fragment.

When the deformation degree of freedom is frozen, the maximum corresponds always
to two separated spheres held together by the nuclear proximity forces which counteract the
Coulomb repulsion. The introduction of the ellipsoidal deformations moves the barrier top.
For the light systems the maximum is more external and the barrier width is reduced. The
barrier flattens with increasing mass and, for the heavier nuclei, the lop corresponds to the
contact point between the two spherical ions. The importance of the barrier lowering due to
the deformations increases progressively with the size of the system.

More quantitatively, in table 1, the characteristics of the fusion barriers are given for
eight light and heavy systems without and with introducing ellipsoidal deformations. Let us
recall that, above the barrier, the two spheres configuration (one dimensional approach) and
our relaxed density potential (Royer and Remaud 1985 and Rover 1986) allow to reproduce
very accurately the height and position of the fusion barriers and. then, the bulk of the
fusion data.

The sub-barrier fusion is a more subtle problem since the theoretical predictions
underestimate the experimental results by several orders of magnitude (Beckerman et al
1984 and Aguiar et al 1987). The failure of the one dimensional model has been clearly
shown (Balantekin et al 1983). Recently. Aguiar and co-workers (1987 and 1988) have
introduced an effective barrier decrease AB to determine the underbarrier fusion cross
sections within the WKB approximation. They have calculated AB for a variety of projectile -
target combinations and proposed a simple parametrization :

AB = a(Z2/A)J f f .

with a =0.0016 MeV1 0 = 2.5

> 4 Z 1 Z 2

and (Z /A)e f f = / 3 A l / 3
A

/3 1/3.
>1

. . 1 / 3 . 1 / 3 .
(A 1 + A 2 >

They have shown that this smooth dependence of AB is sufficient to reproduce most of
the available data, except for those systems in which the reaction is strongly affected by the
details of the nuclear structure of the collision partners.

In table i a comparison is made between the lowering of the fusion barrier by the
ellipsoidal deformations and the values deduced from the empirical formula. The agreement
is quite satisfactory.

The shapes used by Aguiar et al (1987) to describe the projectile-target combination
and to go beyond the one-dimensional approach is two spheres smoothly connected to
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IS portions of hyperboloids (Hasse and Myers 198S and Nix 19691. They found that the system
i(, becomes unstable towards the formation of a neck joining the spherical nuciei at r/K,, *JI and
in AB is related to the difference b e t w e e n the Coulomb barrier and the critical energy w h e n the
o f instability against neck formation appears. In our study the same feature occurs at r/R,,

<v2.l . The s y s t e m leaves the two separated sphere configurations to go through the prolate
.. s spheroid deformations and our definition of AB is almost identical.
',e Then, the two approaches lead to the same conclusion although they do not select the
jp same col lect ive variables : in one case the neck formation is al lowed but the nucleus e n d s are
t i e kept spherical, in the other one the t w o nuclei remain tangent but the nucleus ends are free.

lt» As pointed out by Aguiar et al. the lowering of the effect ive Coulomb barrier will lead
io to a disagreement with the fusion data at higher energies where the one-dimensional model

works satisfactorily.

ur In fact, we think that this apparent discrepancy can be remove if one looks at the
us reaction time. At energies above the static fusion barrier, the collision is so sudden and
nd violent that there is no coupling between the kinetic energy and the collective degrees of
,ce freedom such as elongation of the reacting nuclei. At sub-barrier energies the system stays a
i e long time in the vicinity of the barrier and one can expect that the deformation degree of

freedom may be excited, as in deep-inelastic scattering. Then the fusion cross section profile
ins around the barrier could be an indirect measure of the transition between sudden and
ai adiabatic processes in the entrance channel of heavy- ion reactions.

rly
ve

oss VII. CONCLUSION.
e-

The entrance channel in symmetric heavy-ion reactions has been investigated in the
liquid drop model approach including the nuclear proximity energy. The effects due to the
ellipsoidal deformations of the two colliding nuclei have been particularly studied. In the
first stage of the reactions, the Coulomb repulsion acts alone and oblate deformations
develop. In a second phase, for small distances between the ions, the short range nuclear
proximity forces increase quickly, counterbalance the Coulomb forces and induce a sudden
transition to the prolate configurations. The perpendicular moment of inertia and the
quadrupole moment are only slightly affected by this shape change whereas the effective
moment of inertia strongly varies. Finally the system reaches almost linearly the two tangent

of sphere configuration. This transition on the two dimensional potential surface occurs in the
• he whole nuclear mass range. It reduces the fusion barrier width for light systems and lowers of

some MeV the potential barrier height for medium and heavy nuclei. The results are in close
the agreement with the empirical effective barrier shift determined by Aguiar et al to reproduce
ent t n e fusion cross sections at sub-barrier energies, particularly for the 5»Ni «• 5*Ni. 74Ge • 7<*Ge

and 80Se • 80Se systems. Therefore, the sub-barrier fusion enhancement in heavy-ion
ion reactions might be explained by the introduction of the deformation degree of freedom at
to these low energies. The usual one dimensional fusion barrier corresponds to the sudden



approximation in the entrance channel and. the lower energy, the longer the two colliding REF
nuclei remain close together and less the sudden hypothesis is valid. Finally, these AGU
eipenmental results obtained at sub-barrier energies emphasize the dependence of the AGl1

potential energy profile encountered by a system on the initial kinetic energy range of the AGl
reaction.
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TABLE CAPTION

Table 1 : Theoretical fusion barrier heights (EoO and positions (RoO for eight symmetric-
reactions. The two last columns give respectively the effective barrier decrease
AB determined by Aguiar et a( (1987) and the lowering of the fusion barrier by
the ellipsoidal deformations calculated in the present study.
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Figure captions

Figure I : Two colinear ellipsoid configuration used for describing the entrance channel in
symmetric heavy-ion reactions. The common ans is an axis of revolution. The
ratios of the transverse and radial axes are : 0.4. 0.7. !. 1.3 and 1.6.

Figure 2 : Coulomb, surface, nuclear and total energies (in MeV) for the 16O • 16O system.
They are dependent on the relative distance r/R0 between the centres and s the
ratio between the transverse and radia! axes. The total energy is relative to the
infinitely separated two sphere energy. The path corresponding to the energy
minimizatic is given by the thick solid curve. The dashed line follows the two
separated St tic ? shape. The two overlapping prolate ellipsoid configurations are
not investigated in this study and are situated in the unwritten region.

Figure 3 : Same as figure 2 but for the 208Pb + 208Pb reaction.

Figure 4

Figure 5 :

Figure 6

Figure 7

Figure 8

Influence of the ellipsoidal deformations on the Coulomb and generalized surface
energies, for the 90Zr + 90Zr system. The dashed and solid curves correspond
respectively to the path going through the two sphere configuration and the
most probable path on the two dimensional potential surface.

Evolution of the parameter s corresponding to the shapes which minimize the
total energy for the 90Zr • 90Zr reaction. The sudden transition from oblate (s -
1.09) to prolate (s «= 0.66) shapes occurs when r/Ro » 2.1.

Nuclear shapes corresponding to the transition in the classical path, for the
90Zr + 90Zr reaction. The two configurations have the same energy.

Comparison between the relative parallel, perpendicular, effective moment of
inertia and quadrupole moment in the most probable path (solid line) and in the
two separated sphere configurations (dashed curve).

Potential barrier for the 30Si • 3usi, «Oca • 40Ca, 58Ni • 5*Ni and **&* • 80Se
systems. The dashed and solid lines give respectively the energy (relatively to
the compound nucleus energy) without and with including the ellipsoidal
deformation degree of freedom.
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