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Strong Enhancement of Subbarrier Fusion due to Negative Hexadecapole Deformation
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Within a modified barrier penetration model the fusion cross section for '80+ '74W is
calculated at subbarrier energies. It is shown that nuclei with positive quadrupole mo-
ments and large negative hexadecapole moments have enhanced fusion cross sections over
elongated systems only. Fusion measurements with such systems will provide a defini-
tive answer to the question of deformation effects on subbarrier fusion.

PACS numbers: 25.70.Jj, 21.10.Ky

The relative importance of both static and dy-
namic deformation effects on subbarrier fusion of
heavy systems is still not understood in detail.
Vaz, Alexander, and Satchler' suggest that dynam-
ical effects such as neck formation may be impor-
tant precursors to fusion. Esbensen' has sug-
gested that zero-point motion of collective sur-
face vibrations should also be included. Recently,
Reisdorf et al. ' showed strong evidence for the
argument that there is no need to invoke degrees
of freedom such as neck formation, and that de-
formation lengths deduced from collective-model
analyses are sufficient to explain fusion data.
Many other authors' ' have shown strong correla-
tion between enhanced fusion cross sections and
static quadrupole deformation of frozen-shape
nucleus-nucleus potentials.

En this paper we present theoretical calculations
for fusion reactions which clearly show a new
mechanism that will help quantify the role of
static deformed potentials at these subbarrier
energies. Our calculations are based on a mod-
ified barrier penetration model in which the nu-
cleus-nucleus potential is constructed from a
semimicroscopic double-folding prescription.
This potential is quite general and applies to any
local, central N-N interaction and two arbitrary
noncentral density distributions.

These calculations clearly show that fusion re-
actions involving spherical projectiles and de-
formed ta, rgets with positive quadrupole moments

and large negative hexadecapole moments will
have an enhanced fusion cross section over de-
formed isotopes with quadrupole deformation
only. The results add evidence to the suggestion
that the deformed potential energy itself can re-
sult in enhanced fusion cross sections. ' ' To
date, such evidence results from fusion measure-
ments between spherical and deformed nuclei with
quadrupole deformation only. We conclude that
reactions with isotopes that have large negative
hexadecapole moments will result in even larger
fusion yields. Other calculations' prove that nu-
clei with large positive hexadecapole moments
will not show this effect.

Very few nuclei in the periodic table are known

to have quadrupole deformation plus large nega-
tive hexadecapole moments. Coulomb excitation'
experiments and recent electron scattering meas-
urements' suggest that 74W and ",,'Hf are suitable
candidates. Although the experimental hexade-
capole deformation parameter' for 74W may not

be known accurately enough" the fusion results
presented here are for ",0+ 74W at subbarrier
energies and clearly show the effect described.
No experimental f'usion measurements with these
nuclei have been carried out to date, although
measurements are planned on the more suitable

7 Hf isotope s" where accurate ele ctron scatter-
ing data will soon become available. '

The subbarrier fusion cross section was cal-
culated with the standard barrier penetration
model, ' '

v~(E, ) = w~'Q (21.+ l)T„(E,. )Pl. (E,. ),
I =0

where P~(E, ) is the fusion probability for the penetrating wave, normally taken to be unity. The

transmission coefficient T~(E, ) was taken from the usual WKB form' ' but we average T~ over the

1983 The American Physical Society 1435



VOLUME 50, NUMBER 19 PHYSICAL REVIEW LETTERS 9 MAY 1983

orientation angle P, of the deformed target relative to the nuclear symmetry axis (see Fig. 1) i.e. ,

T.(E..) = (T.(E,., O.)&&,,

where

(2)

b(b2)
T„(E, , d, )=exp( — (2e[V„(rd, ) —, E, ]j' 'dr) . (3

a(82)

In E(I. (3) p(p, ) and b(p, ) are the inner and outer turning points, respectively, calculated for every
orientation-dependent total potential V~(r, P,). This potential is a sum of an orientation-dependent nu-
clear and Coulomb term plus the usual angular momentum barrier,

U~(r, P, ) = U~(r, P,) + Uc(r, P,)+ L(L+ 1)A'/2 pr'.

The nuclear and Coulomb potentials in (4) were calculated with use of the microscropic double-folding
model in momentum space. A less general expression for this potential between a spherical and de-
formed nucleus is given by

U„(r, P, ) = Q (2/~)(2l+ I)"6',(cosy, ) J duO'j, (ur)e(k)woo"'(a)a„("(A).
1=0, 2, 4

The symbols in this formula are discussed in Ref.
7. The nuclear interaction U~(r, P, ) was derived
from G-matrix elements based on the Reid soft-
core potential, ' and the multipole components of
the densities in momentum space A,„(2'(k) were
calculated from experimental deformed Fermi
distributions. " The "0 experimental density
was taken from the work of Sick and McCarthy. "
There are no adjustable parameters in our the-
ory.

In Fig. 1 three sets of the total potential V~(r,
P, ) for ",0+',",W are shown for L=O and P, =O,
45', and 90', respectively. For each value of

p, three curves are plotted, labeled d4, B, and
C. Curve A. represents the total potential for
80 + 74W with the expe ri mental deformation pa-

rameters 52=0.262 and 54= —0.189 for ",4W de-
duced from Coulomb excitation. ' Curve B cor-
responds to this potential when the hexadecapole
deformation parameter is set equal to zero; that
is, quadrupole deformation only. Curve C corre-
sponds to the interaction between the two equival-
ent spherical systems when both quadrupole and
hexadecapole moments are set equal to zero.

If one assumes that the height and width of the
potential barrier are important variables in sub-
barrier fusion, it can be seen from Fig. 1 that
only for angles P, near 90' is the interaction bar-
rier for the spherical system lower than for de-
formed nuclei. At P, =0' curve B has the lowest
interaction barrier. For this elongated-shaped
nucleus, the barrier increases as P,, increases, "
only becoming larger than the spherical system
for P, -80 . When used in barrier penetration
models such as Eqs. (1)-(5), this effective lower-
ing of the interaction barrier for elongated sys-

tems results in enhanced fusion cross sections' '
over those for spherical systems.

Our calculations show that fusion measurements
involving nuclei with quadrupole moments and
large negative hexadecapole moments will have
enhanced cross sections over elongated isotopes.
Such measurements would provide additional evi-
dence and tests for correlation between potential-
energy surfaces and fusion cross sections.

The mechanism for this enhancement is shown
in Fig. 1. Unlike elongated nuclei, as P, is in-
creased from 0', the potential barrier decreases
quickly, becoming lower than the elongated sys-
tem and reaching a minimum around 45'. Beyond
45', the barrier slowly increases, only becoming
larger than the elongated system around P, -75'.
The insets in Fig. 1 accurately reproduce the nu-
clear shapes and clarify the lowering of the po-
tential barrier for P, =45' over P, =O. When P,
= 45, the distance between the centers of the two
nuclei is greatest with large nuclear-matter over-
lap. Hence the dominant long-ranged monopole-
monopole Coulomb force takes its smallest value
in the presence of a relatively strong short-
ranged nuclear force. When P, =O', the distance
between the centers is smaller for large nuclear-
matter overlap. Hence the dominant long-ranged
Coulomb force takes a larger value than for P,
=45'. For (3, =90', the Coulomb force obviously
dominates the reaction mechanism.

In Fig. 2 we show subbarrier fusion cross sec-
tions calculated with Eqs. (1)-(5) for the potentials
labeled A., B, and C in Fig. 1. It can be seen
that the largest cross section occurs for the sys-
tem with both quadrupole moments and large nega-
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FIG. 1. Total nuclear plus Coulomb potential for
' 0+ ' 4W, calculated for three values of the orienta-
tion angle P2 The meaning of po tentials UA'(~ ) ~ UB(~ ~

and Ug(r), as well as the parameters used, is de-
scribed in the text. The insets show an accurate rep-
resentation of the shape of '&4W with the deformation
parameters of Ref. 8.

tive hexadecapole moments. Although the great-
est enhancement occurs for the transition from
spherical to elongated isotopes, the inset in Fig.
2 shows at least an additional factor of 2 increase
in going to the fully deformed isotope.

FIG. 2. Total fusion cross section calculated with
use of formulas {l)-(5). The cross sections labeled
0&, 0~, and Oc correspond to the fully deformed sys-
tem, zero hexadecapole moment, and spherical, re-
spectively. The inset shows the ratio of these quan-
tities.

To conclude, such enhancements of the fusion
cross section, due to large negative hexadecapole
deformations, are measurable and should quantify
our understanding of collective degrees of free-
dom in subbarrier fusion reactions.

Finally, exploratory calculations with heavier
systems suggest that reaction partners like ',",W
or ',",Hf result in an enhanced fusion probability
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and should be considered as new candidates in the
search for superheavy nuclei via the cold-fusion
idea.
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