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"Cr. (Centroid analysis of these two states
—assumed to be equally populated —yields a mass
excess for 'Mn differing from that in Ref. 7 by
=50 keV. ) Average differential cross sections to
the summed ground and first excited states are
=1.5 pb/sr (for tritons) and ~3 pbjsr (for sHe).

These results demonstrate the practicability
of direct mass measurements of Z &N nuclei
above Ti using heavy-ion —induced reactions. By
extension of these investigations to the use of
' N and "0projectiles as well as to more exotic
reactions such a.s Ca(' C, He) 'Cr, 'Ca, ("C,
'He)"Cr, etc. , it should be possible to determine
nuclear masses and their agreement with theo-
retical prediction in regions of high Coulomb

energy very far from the valley of stability.
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The two-center she11 model has been generalized to the shape of two overlapping spher-
oids with equal mass. In this model shell corrections have been calculated and the po-
tential energy surface of two heavy nuclei has been investigated. The inf1uence of frag-
ment she11s in the model gives rise to structure in this surface which supports assump-
tions of earlier models for the scission point.

In recent years much new effort has been put

into the calculation of shell effects in the nuclear
potential-energy surface. " These calculations
begin with well-known shell models and extend
them to the inclusion of deformed shapes of the
fissioning nucleus by simply deforming the equi-
potential surfaces in a uniform way. Only very
recently a new model has been proposed" which,
in contrast to these, can describe the entire
course of a fissioning nucleus from its ground
state to stages beyond scission.

In this paper the schematic shapes of Ref. 3

have been generalized to the configuration of two

overlapping spheroids with equal mass. This
same family of shapes has been investigated very
extensively and carefully by Nix and Swiatecki'
in the liquid-drop model (LDM).

The Hamiltonian operator of the model is

H = T+ 2m &u&'p'+ ~m &u, '(~z
~

—zo) + V(1, s), (1)

with

~
Cl, .s+&[1,'- —,'N(%+3)], z &0,

V(l, s)= ' (2)
l Cl, s+D[l, '--,'W(++3)], z &0.

Here l, and l, describe the angular momenta with
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FIG. 2. Potential-energy surface for U as a function of the deformation parameter P and the fragment-separa-
tion parameter zo. The numbers at the contour lines give the relative energies in MeV. The energy of the ground
state has been normalized to zero. While the left part shows the LDM PES the right part contains the shell and

pairing energies also. The straight dashed line marks the scission configuration (two tangent spheroids). Dashed
portions of the contour lines indicate extrapolations according to the behavior of the LDM.

able and that the energy of the saddle point is
lowered by about 5 MeV. Simultaneously, the
minimum is shifted to smaller deformations and
becomes much stiffer. " The main contribution
to the shell correction comes from the neutron
configuration of the fragments (N= 58). The anal-
ysis of the obtained single-particle energies at
scission shows that the levels of both fragments
are already degenerate within about 0.5 MeV.
Also, a calculation with two independent Nilsson
models with P = 1.6 [the minimum position of
E(P)] for the mass A = 198/2, Z = 41 has confirmed
that 5U in Fig. 1 is very near to the sum of the
shell corrections for these two independent frag-
ment nuclei. This means that the structure of
the PES at this large deformation is nearly com-
pletely determined by the shell structure of the
fragments.

A general conclusion for light nuclei is that
all characteristics of the saddle point are deter-
mined by the fragment structure, while for heavy
nuclei the structure of the fissioning nucleus is
important since in these cases the saddle and
scission points are well separated. The explana-
tion for the fact that the I DM has worked so well
for lighter nuclei is that the PES of the fragments
around 4=100 is rather soft' so that their shell
effects do not change the LDM PES drastically.

In Fig. 2 the PES for the nucleus '"U is shown
together with the pure LDM PES. It is interest-

ing to note that the second minimum appears for
z, =0, i.e., for pure spheroidal deformation.
Therefore, its structure is completely deter-
mined by the fissioning nucleus. One also sees
that, in agreement with a discussion by Nix and
Walker, "the fission barrier can be reached in
two different ways, i.e., either directly from
the ground state or via the second minimum.
The saddle point that coincides with the scission
point in the LDM is shifted to a position where
the fragments still overlap appreciably and has
a height of about 10 MeV. The interesting fea-
ture of the whole PES is that beyond this very
broad barrier, favored by the smooth structure
of the LDM PES in this region, a broad and very
flat third minimum at about 6 MeV appears, and
that the scission point lies again higher at ca. 8
MeV. A check of the single-particle energies at
P = 2. 1 and z, = 7 fm showed that the fragment lev-
els are already almost degenerate with an aver-
age perturbation at the Fermi surface of -0.8
MeV. This means that this third minimum, in
contrast to the second, is due to the fragment
shells, i.e., it represents the effect of the nucle-
ar interaction of the fragments before scission.

It has been suggested in the literature that this
nuclear interaction, in analogy with ion-ion in-
teraction potentials, "could lead to some kind of
scission minimum. ' The present calculation
has yielded no evidence for such an effect in the
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ease of '"Pb since here the I,DM PES is too
steep. Whether for '"U the influence of the frag-
ment shells is strong enough to produce a scis-
sion minimum depends mainly on the structure
of the relative variations of the I DM and shell-
correction terms in the region of scission.

In the framework of the two-spheroid model
these results may help to justify previous calcu-
lations for the scission point by Schmitt and Van-
denbosch, "and Dickmann and Dietrich. " Both
calculations assume a scission process suffi-
ciently slow that the two fragments in contact
can adjust their deformations in order to retain
the lowest energy.

In conclusion we may say that the results ob-
tained in the present two-center shell-model cal-
culation have added to the understanding of the
fission process in its latest stages. Models sim-
ilar to the one presented here are being devel-
oped by Dietrich and Dickmann" and, for very
general shapes, also by Nix", so that hopefully
more quantitative information about this part of
the fission process will soon be developed.

We wish to thank Professor W. Greiner for his
special interest in this work and for many stimu-
lating discussions. Also one of the authors
(U.M. ) acknowledges several helpful and clarify-
ing comments by Dr. H. W. Schmitt. We also
thank K. Albrecht for letting us use his shell-
correction code.

*Work supported in part by the U. S. Atomic Energy
Commission under contract with Union Carbide Cor-
poration and by the Deutsche Forschungsgemeinschaft
and the Bundesministerium fur Wissenschaft und For-
schung.

S. G. Nilsson et al. , Nucl. Phys. A131, 1 (1969}.
J. Damgaard et al. , Nucl. Phys. A135, 432 (1969).
P. Holzer, U. Mosel, and W. Greiner, Nucl. Phys.

A138, 241 (1969}; D. Scharnweber, U. Mosel, and
W. Greiner, Phys. Rev. Lett. 24, 601 (1970).

K. Albrecht, D. Scharnweber, W. Greiner, and

U. Mosel, to be published.
J. H. Nix, and %.J. Swiatecki, Nucl. Phys. 71, 1

(1965).
C. Gustafson, I. L. Lamm, B. Nilsson, and S. G.

Nilsson, Ark. Fys. 36, 613 f967).
D. A. Arseniev, A. Sobiczewski, and V. G. Soloviev,

Nucl. Phys. A189, 269 (1969).
V. M. Strutinsky, Nucl. Phys. A122, 1 (1968).
W. D. Myers and W. J. Swiatecki, Nucl. Phys. 81,

1 (1966).
J. Grumann, U. Mosel, B. Fink, and W. Greiner,

Z. Phys. 228, 371 (1969).
A direct conclusion as to how this influences, e.g.,

the kinetic energy distributions is not possible at this
stage since it is well known that the mass parameters
are also strongly inQuenced by the shell structures.
A. Sobiczewski et z/. , Nucl. Phys. A131, 67 (1967);
T. Damgaard et a/. , in Proceedings oq~the Second In-
te~ationgl Symposium on the Physics and Chemistry

of Fission, Vienna, Austria, 1969 (International Atomic
Energy Agency, Vienna, 1969), p. 213.

J. H, . Nix and G. E. %alker, Nucl. Phys. A182, 60
(1969).

W. Scheid and W. Greiner, Z. Phys. 226, 364 (1969).
' II. Mosel and W. Greiner, Z. Phys. 222, 261 (1969);

%. Noreberg, to be published.
H. W. Schmitt, in Proceedings of the Second Inter

national Symposium on the Physics and Chemistry of
Fission, Vienna, Austria, I969 (International Atomic
Energy Agency, Vienna, 1969), p. 67; H. W. Schmitt,
Ark. Fys. 36, 633 (1967); R. Vandenbosch, Nucl. Phys.
46, 129 (1963).

K. Dickmann and K. Dietrich, Nucl. Phys. A129,
241 (1969).
"K.Dietrich, private communication.
' M. Bolsterli, E. 0. Fiset, and J. H. ¹ix, Proceed-

ings of the Second International Symposium on the
Physics and Chemistry of Fission, Vienna, Austria,
1969 (International Atomic Energy Agency, Vienna,
1969), p. 183.


