
2448 RUST GI, ROY, AND RA J

*Work supported by the U. S. Atomic Energy Commis-
sion Grant No. NYO-4022-13.

~M. L. Rustgi, B. Barman Roy, and R. Raj, Phys. Rev.
C 1, 1138 (1970).

~P. L. Ottaviani, M. Savoia, J. Sawicki, and A. Tom-
asini, Phys. Rev. 153, 1138 (1967).

~M. K. Pal, Y. K. Gambhir, and R. Raj. Phys. Rev. 155,
1144 (1967).

4T. T. S. Kuo and G. E. Brown, private communication.
~S. Cohen, R. D. Lawson, M. H. Macfarlane, S. P.

Pandya, and M. Soga, Phys. Rev. 160, 903 (1967).
6N. Auerbach, Phys. Rev. 163, 1203 (1967).
M. C. Bertin, M. Benczer-Koller, G. G. Seaman, and

J. R. MacDonald, Phys. Rev. 183, 964 (1969).
F. R. Metzger, to be published.

PHYSIC A L REVIEW C VOLUME 2, NUMBER 6 DECEMBER 1970

Influence of Nuclear Forces on the Coulomb Barrier in Heavy-Ion Reactions*
Peter W. Riesenfeldt and T. Darrah Thomas

Department of Chemistry, Princeton University, Princeton, Nese Jersey 08540
(Received 5 August 1970)

Holm and Greiner have shown the effect of nuclear diffuseness on the barrier against fusion
of two heavy nuclei. We show that the major part of this effect is a lowering of the barrier be-
cause of the diffuseness alone. There is an additional change in the barrier, due to deforma-
tion effects, which may be either positive or negative depending on the relative importance of
the Coulomb and nuclear parts of the potential.

The effects of the Coulomb force on the shapes of
two interacting heavy ions have been the subject of
a number of discussions. ' ' In general, it has been
found that a nucleus tends to flatten in the Coulomb
field of a nearby nucleus. Because of this flatten-
ing the two nuclei must be brought closer together
than two spheres of equal volume before their sur-
faces touch and nuclear interaction occurs. The
net result is an increase in the barrier for nuclear
reaction over that for two rigid spheres; the effect
is, however, calculated to be rather small.

Holm and Greiner' have extended this sort of cal-
culation by including a Yukawa short-range nuclear
force as well as the Coulomb force. They find an
apparent substantial reduction in the barrier (5 to
1(P/o) because of the Yukawa force. In interpreting
these results it is important to distinguish between
two effects. The first of these is that introducing
a diffuse nuclear potential causes a lowering of the
barrier even for spherical nuclei. The second is
that the nuclear potential, being attractive, tends
to induce prolate shapes, in opposition to the re-
pulsive Coulomb potential, which tends to induce
oblate shapes. The barrier against fusion will be
less for prolate shapes than for spherical or ob-
late shapes.

The first of these effects is well known. ' " For
instance, Huizenga and Igo have shown that for a
model in which the nuclear potential cuts off sharp-
ly, a radius parameter of 1.5 @10 "cm is required
to get agreement between experimental and theoret-
ical reaction cross sections. With a diffuse nuclear

potential, however, they are able to get agreement
between experiment and theory with a radius pa-
rameter of 1.17&&10 "cm. Thomas has come to
similar conclusions in considering heavy-ion in-
duced reactions. ' "

The effect of the Yukawa potential in reducing the
barrier between two rigid spherical nuclei is easi-
ly illustrated. The energy of interaction U is given
as
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where Z, and Z, are the nuclear charges and D is
the separation between the two nuclei. U, and I

are parameters of the Yukawa potential. The nu-
clear density p is taken to be constant out to some
radius R =1.2A' ' fm. The first term is the Cou-
lomb interaction between the two nuclei and the
second term is the Yukawa. interaction. The sec-
ond term is readily integrated, a.nd, for nuclei of
equal radius gives
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where A is the mass number of the nucleus. Using
these expressions and values of V, and p, given by
Holm and Greiner, ' we have calculated the barrier
for two rigid spherical "'Sn nuclei and for two rig-
id spherical ' 'Nd nuclei. The barrier is taken as
the minimum energy required to bring the surfaces
of the two nuclei (at R = 1.2A' ' fm) into contact.
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TABLE I. Fusion barriers for two different systems.

Vo
(MeV fm)

a
sp?ere

(MeV)
&der

b

(MeV)

122Sn+ 122Sn. + 302 4Coul

0.6
0.8
1.0
1.2

-741
-315
—163
—95.8

288.6
285.2
282.3
279.8

288.
282.
277.
273.

~48Nd+ ~48Nd Z =408 4

0.6
0.8
1.0
1.2

-723.0
-307.0
—159.0
-93.1

393.7
390.0
386.9
384.1

408
401
396
392

For rigid spherical nuclei.
b For deformable nuclei. From Ref. 7.

The results are given in the third column of Table
I. Also given in the table, for comparison, are the
values of the barrier if the nuclear potential cuts
off sharply at a radius given by a radius parame-
ter of 1.2 0&10 "cm. We see that, in each case,
the introduction of the diffuse nuclear potential
causes a lowering of the potential barrier of 14 to
24 Me V as expected. (The reduction would be even
greater with a Woods-Saxon nuclear potential and

typical parameters. )
We turn now to the second point, the effect of the

diffuse nuclear potential on the deformation. We
recognize that any effect on the barrier due to de-

formation must be measured relative to the bar-
rier for spheres calculated with the appropriate
diffuseness. The fourth column of the table gives
the results of the dynamic calculations of Holm and
Greiner, ' including deformation effects due to both
Coulomb and nuclear interactions. To evaluate the
effects of deformation alone, these results must be
compared with the corresponding entries in col-
umn 3 of the table, which give the barriers calcu-
lated for the same degree of diffuseness, but with-
out deformation.

On making this comparison for '"Sn, we note
that the barriers with deformation are very close
to those without, indicating that only very slight
deformation is taking place. This small deforma-
tion results either from the high rigidity of the
closed-shell nucleus "'Sn or from an approximate
cancellation of the nuclear and Coulomb parts.
For '"Nd, the effects of deformation are much

larger, possibly because the '"Nd nucleus is easi-
ly deformed or because the Coulomb part is domi-
nating the nuclear part.

For the two cases considered here, the effects
of deformation on the barrier are opposite. For
"'Sn, the barrier is lowered by the deformation,
indicating a prolate deformation. For '"Nd the
barrier is raised, indicating an oblate deforma-
tion (as is shown by Fig. I of Ref. I). In either
case, the effect of deformation is quite small and
will be difficult to determine experimentally.

We are indebted to Dr. Holm and Dr. Greiner for
illuminating comments.
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