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The highly deformed nucleus 40Ca in the fusionlike deformation valley
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The potential barriers governing the evolution of the doubly magic nucleus40Ca have been determined
within a rotating liquid drop model including a proximity energy term, the two-center shell model, and the
Strutinsky method. In addition to the quasispherical ground state, the macromicroscopic deformation and
rotational energies generate a second highly deformed minimum where superdeformed and highly deformed
states may survive. The predicted characteristics roughly agree with the recently observed data on superde-
formed rotational bands in40Ca.
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Superdeformed rotational bands have been observed
cently @1# in 40Ca. The high spin states were populated
the reaction28Si(20Ne,2a)40Ca with an effective beam en
ergy of 80 MeV. The measured quadrupole moment for tr
sition between states with spin from 16\ to 2\ is
1.8020.29

10.39 e b; the excitation energy varying from 22.1 Me
to 5.6 MeV and the moment of inertia being arou
8\2 MeV21. Superdeformed rotational states have be
also observed in neighboring nuclei36Ar @2# and 56Ni @3#
as well as highly deformed bands in56Ni @3,4#, 65Zn @5#,
130Nd @6#, and 152Dy @7#.

In the present study the purpose is to determine
l-dependent potential barriers governing the evolution o
rotating doubly magic nucleus40Ca within a macromicro-
scopic energy. Within such an approach, shape seque
must be selected. The geometrical characteristics ded
from the experimental data~mainly the moment of inertia
and quadrupole moment! are not sufficient to unambiguousl
discriminate between the different possible shape sequen
Nevertheless, for light nuclear systems, most studies c
clude that the compound nucleus scission and saddle sh
look like two close, almost spherical fragments. Con
quently, a quasimolecular shape already defined to desc
the fusion valley@8# has been retained. In this shape s
quence, the deformation path leads from the sphere to
tangent spherical nuclei assuming the rapid formation o
deep neck in a one-body compact shape while keeping
most spherical ends; the two spherical fragments going a
later.

The macroscopic deformation energy has been calcul
within a generalized liquid drop model~GLDM! taking into
account both the proximity energy in the neck or the g
between the fragments and an accurate radius. The she
fects have been derived within two approaches. The first
uses the two-center shell model and the Strutinsky met
@9#. The second one is a simpler algebraic approach der
from the droplet model formulas@10,11# and from an idea
and microscopic calculations of No¨renberg@12# according to
which the nuclear interaction responsible for the proxim
energy in the neck strongly mixes and perturbs the sin
particle states and therefore weakens the shell effects.
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The validity of the combination of this GLDM and quas
molecular shapes has been proved by its efficiency to re
duce reasonably well most of the fusion@8#, fission@11,13#,
cluster@14#, anda @15# emission data without changing th
parameters. As an example, the barrier height for the eva
ration of a particles from the rotating compound nucle
200Pb at 22\ mean angular momentum has been determi
recently@16# experimentally as being 18.0 MeV. The GLDM
gives 16.8 MeV while the standard optical model leads
20.1 MeV. Vaz and Alexander@17# obtained, respectively
19.9 and 17.4 MeV for cold and hot nuclei.

In this fusionlike deformation valley, the barrier top co
responds to two-body configurations and the selected o
body shape sequence does not play a main role to deter
the barrier height. This justifies the use of a one param
dependent shape sequence.

Within this GLDM @8# the macroscopic energy of a de
formed nucleus is defined as

E5EV1ES1EC1EN1Erot . ~1!

For one-body shapes, the volumeEV , surfaceES and Cou-
lomb EC energies are given by

EV5215.494~121.8I 2!A MeV, ~2!

ES517.9439~122.6I 2!A2/3~S/4pR0
2! MeV, ~3!

EC50.6e2~Z2/R0!30.5E @V~u!/V0#@R~u!/R0#3 sinudu.

~4!

S is the surface of the one-body deformed nucleus andI is
the relative neutron excess.V(u) is the electrostatic potentia
at the surface andV0 the surface potential of the sphere.

For separated spherical fragments

EV125215.494@~121.8I 1
2!A11~121.8I 2

2!A2# MeV,
~5!

ES12517.9439@~122.6I 1
2!A1

2/31~122.6I 2
2!A2

2/3# MeV,
~6!
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EC1250.6e2Z1
2/R110.6e2Z2

2/R21e2Z1Z2 /r , ~7!

whereAi , Zi , Ri , andI i are the masses, charges, radii, a
relative neutron excesses of the fragments;r being the dis-
tance between the mass centres.

The radiusR0 of the parent nucleus has been chosen

R05~1.28A1/320.7610.8A21/3! fm. ~8!

This later formula often used only to determine the proxim
energy allows one to take into account the experiment
observed increase of the ratior 05R0 /A1/3 with the mass; for
example,r 051.126 fm for 40Ca. The radius of the frag
ments is determined assuming volume conservation.

For comparison, in the RLDM and RFRM approach
@18,19# the reduced radiusr 0 is, respectively, 1.225 fm and
1.16 fm with no mass dependence while the surface co
cient as takes the values 17.94 MeV and 21.13 MeV.

The surface energy termES takes into account only the
surface tension forces in a half space and does not inc
the contribution due to the attractive nuclear forces betw
the surfaces considered in a neck or a gap between sepa
fragments. The nuclear proximity energy termEN allows one
to take into account these additional surface effects whe
neck or a gap appears. This term is essential to desc
smoothly the one-body to two-body transition via quasim
lecular shapes. For example, at the contact point betw
two spherical 20Ne nuclei the proximity energy reache
222.2 MeV,

EN~r !52gE
hmin

hmax
F@D~r ,h!/b#2phdh. ~9!

h is the transverse distance varying from the neck radiu
zero to the height of the neck border.D is the distance be
tween the opposite surfaces in consideration andb the sur-
face width fixed at 0.99 fm.F is the proximity function. The
surface parameterg is the geometric mean between the s
face parameters of the two fragments:

g50.9517A~122.6I 1
2!~122.6I 2

2! MeV fm22. ~10!

In this GLDM the surface diffuseness is not taken into a
count and the proximity energy vanishes when there is
neck as for an ellipsoid for example.

All along the deformation path the rotational energy h
been determined within the rigid body ansatz

Erot5\2l ~ l 11!/2I' . ~11!
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d

ly

s

fi-

de
n
ted

a
be
-
en

or

-

-
o

s

Indeed, it has been shown that corrective terms arising fr
the orbital motion and the spin degrees of freedom roug
cancel each other, particularly at large deformations.

The l-dependent macroscopic potential barriers aga
symmetric decay are displayed in Fig. 1 for the40Ca nucleus.
The macroscopic barriers for the152Dy, 56Ni, and 48Cr nu-
clei have been previously studied@20,21#.

In all cases the proximity energy introduces an inflecti
in the potential energy curve preventing the separation of
nascent fragments. The two tangent sphere configuratio
reached before crossing the barrier, the top of which co
sponding to two separated spheres maintained in unst
equilibrium by the balance between the attractive nucl
forces and the repulsive Coulomb ones. The centrifu
forces can remove these potential pockets only for very h
angular momenta due to the high curvature and high va
of the moment of inertia at the barrier top.

In the successfull experiment@1# the chosen beam energ
allowed one to pass thel-dependent fusion barriers unt
30\ –35\ and consequently to populate all the states pres
in the potential wells. To determine the most suitable be
energy and to calculate the fusion cross sections, analy
formulas have been proposed recently@22# for the fusion
barrier heightsEf us,l 50 and positionsRf us,l 50.

FIG. 1. For symmetric deformations of40Ca, sum of the mac-
roscopic deformation and rotational energies as functions of
angular momentum (\ unit! and the distancer between the mass
centers. The vertical dashed line indicates the separation into
spherical nuclei.
Ef us,l 50 ~MeV!5219.381

2.1388Z1Z2159.427~A1
1/31A2

1/3!227.07 lnS Z1Z2

A1
1/31A2

1/3D
~A1

1/31A2
1/3!@2.9720.12 ln~Z1Z2!#

, ~12!

Rf us,l 50 ~ fm!5~A1
1/31A2

1/3!F1.90820.0857 ln~Z1Z2!1
3.94

Z1Z2
G . ~13!
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They reproduce accurately the GLDM predictions and the experimental data. Here a new formula that gives thel-dependent
fusion barrier heights is proposed.

Ef us,l ~MeV!5Ef us,l 501
l ~ l 11!

0.02081~A1
5/31A2

5/3!1

0.0506A1A2~A1
1/31A2

1/3!2S 1.9081
3.94

Z1Z2
20.0857ln~Z1Z2! D 2

A11A2

. ~14!
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The added term corresponds to the increase of the en
at the barrier top due to the rotational energy. The momen
inertia corresponds to two separated spheres and the two
efficients have been adjusted to take into account the shif
of the barrier to inner positions. The accuracy of this form
is correct for light nuclei and very good for heavy elemen

The macromicroscopic potential barriers obtained by a
ing the shell corrections given by the two-center shell mo
and the Strutinsky method@9# at the l-dependent macro
scopic energy are displayed in Fig. 2. An adjustment has
been done to reproduce the experimentalQ value with a
corrective factor ending at the contact point between the
scent touching fragments. These shell effects generate a
hump relatively close to the sphere and consequently a
ond deformed minimum appears even atl 50. The first mini-
mum remains even at high angular momenta but the sec
minimum becomes the lowest one around 17\. The calcu-
lated quadrupole moment for transition between states w
spins from 16\ to 2\ varies from 2.520.3

10.4 e b at 16\ to
2.220.3

10.3 e b at 2\. The moment of inertia evolves from
9.720.7

10.8\2 MeV21 to 9.120.6
10.6\2 MeV21 and the excitation

energy from 23.9 MeV to 9.7 MeV. The limits of the unce
tainty range correspond to the geometric characteristic
the deformed nuclei located in the second potential poc
and having an energy of 0.4 MeV above the energy of
second minimum present in this external well.

As a matter of fact, the behavior of the shell effects

FIG. 2. Same as Fig. 1 but the shell effects calculated within
two-center shell model and the Strutinsky method are added an
experimentalQ value is taken into account.
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large deformations is very poorly known even for one-bo
shapes. For quasimolecular shapes and particularly at
rupture point of the matter bridge between the fragments
is questionable to speak about nuclear orbits when there i
exchange of nucleons between these fragments to equilib
the mass and charge distributions. Therefore the macro
croscopic potential barriers shown in Fig. 3 have been de
mined on the assumption that the shell effects vanish aro
the contact point. The shell effects given by the algebr
approach of the droplet model@10,11# have been added, fo
one-body shapes, at the macroscopic energy given by
GLDM. They vanish relatively rapidly and atl 50 there is a
plateau but not deep second minimum. The first minim
around the sphere disappears at the highest angular
menta. With increasing angular momentum, a second hig
deformed minimum appears. It becomes the lowest one
around 17\. Its precise location is due to the shell effects b
the underlying macroscopic energy plays also an impor
role, particularly the inflection in the curve due to the pro
imity energy. The calculated quadrupole moment for tran
tion between states with spins from 16\ to 2\ varies then
from 2.320.4

10.5 e b at 16\ to 1.820.6
10.3 e b at 2\. The moment of

inertia evolves from 9.420.8
11.0\2 MeV21 to 8.321.1

10.6\2 MeV21

and the excitation energy from 24.3 MeV to 9.0 MeV. The
results agree with the experimental data recently obtained
this nucleus except for the excitation energy at 2\ which is
too large. After the separation point, the shell effects com

e
he

FIG. 3. Same as Fig. 1 but the shell effects calculated within
algebraic approach@10# are added and the experimentalQ value is
taken into account.
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from the two fragments have been introduced progressiv
starting from zero at the contact point to reach the full va
at 3 fm beyond the contact point. These shell correction
the barrier top do not play an important role to stabilize
highly deformed system except for the highest angu
momenta.

In summary, the potential barriers governing the evolut
of a rotating nucleus40Ca have been determined using
generalized liquid drop model including the nuclear proxi
ity energy and quasimolecular shapes; the shell effects b
calculated within the two center shell model and, alter
tively, with an algebraic approach derived from the drop
model. The appearance of the second deformed minim
with increasing angular momentum and the disappearanc
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the well around the sphere are sensitive to the prescrip
used to determine the shell effects. At intermediate sp
both the shell corrections and the proximity energy contr
ute to form the second potential pocket while, for the high
spins, the persistence of a highly deformed minimum
mainly due to the proximity forces that prevent the negoti
ing of the scission barrier.

The results for the quadrupole moment, the moment
inertia, and the excitation energy agree roughly with the d
obtained recently on the superdeformed rotational band
40Ca, the predicted excitation energy for the lowest sp
being somewhat too large. New experiments are desirab
test the predictions of highly deformed states at very h
spins.
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