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9.50
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7.30
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TABLE I. Single-particle energies (in MeV); oc-
cupied and unoccupied levels are separated by a hori-
zontal line. The experimental values are taken from
Bef. 8.

bound-state spectra (see Table I). The momen-
tum-dependent potential as derived from the non-
local potential can be considered as a kind of phe-
nomenological G matrix which already includes
the effect of nucleon correlations. The introduc-
tion of the moment-dependent term provides a
simple phenomenological representation of many-
body effects, and describes the way in which the
independent-particle motion of a nucleon within
a nucleus is influenced by the presence of other
nucleons in its neighborhood.
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Experimentally measured fusion excitation functions for the reactions induced on YAl

with 0 and on ~ Ag with ONe are interpreted in terms of an equilibrium model with fis-
sion competition during de-excitation of the compound nucleus. The results of the calcu-
lation are in excellent agreement with experimental results, thereby predicting limits to
angular momenta for nuclei surviving de-excitation of the compound nucleus.

Data have been published recently for the "fu-
sion cross sections" in heavy-ion-induced com-
pound-nucleus reactions. " "Fusion" or "com-
plete fusion" cross sections have been defined ex-

perimentally as those which involve products that
have masses consistent with the formation of a
compound nucleus, followed by de-excitation via
the emission of some number of nucleons or light
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clusters by an evaporation mechanism.
One very interesting observation from this

work is that the ratio of fusion cross section
(of„,) to reaction cross section (a„„)decreased
from nearly unity near the Coulomb barrier to a
fraction at bombarding energies several times
the barrier energy. Such an effect was predicted
qualit3, tively by Kalinkin' in a model for the fu-
sion reaction involving arbitrary shapes for the
fusing system. Other suggestions have also been
made, e.g. , that the limit is determined by the
unavailability of higher spin states in the com-
pound nucleus, or by the predicted disappearance
of the fission barrier at higher angular momenta. '
Swiatecki has emphasized' that even before the to-
tal disappearance of the barrier at a sufficiently
high angular momentum (J), significant fission
competition with particle emission during the de-
excitation of the compound nucleus is expected to
take place at lower values of J. It is this fission
competition in an equilibrium approach which we
have investigated in this work. Results of our
calculations will be compared with some of the
other assumptions listed above. This general
area of investigation has been cited as one of the
prime reasons for building new heavy-ion accel-
erator facilities; it is therefore important that
possible reaction models be fully explored. '

It will be assumed that for all impact param-
eters which contribute to the total reaction cross
section in any given heavy-ion reaction, a com-
pound nucleus is formed, and that fission may
compete with particle emission in the de-excita-
tion process. The fission barrier is a function
of angular momentum (and hence of the impact
parameter) and was obtained from the liquid-
drop model as described below. The assumption
of compound-nucleus formation at a11 impact pa-
rameters is required for the consideration of fis-
sion and particle emission competition in the
equilibrium model. We wish, however, to point
to the following qualification: In the case of a
large impact parameter when the fission barrier
is small, the system may not actually form a
compound nucleus. To determine whether or not
a compound nucleus is formed in such a case
would probably require a more sophisticated dy-
namical calculation. In this work, when the fis-
sion barrier is small, the nucleus de-excites by
fission and thus, whether or not a compound nu-
cleus is formed, it does not in either case contri-
bute to oq„,. As the fission barrier tends to zero,
therefore, our assumption of compound-nucleus
formation may not be valid, but calculated of„,/

O„„results remain unaffected.
The calculations presented here are based on

the calculations of Plasil and Swiatecki' for uni-
formly charged rotating drops in which the dis-
ruptive rotational and Coulomb energies are coun-
teracted by the cohesive nuclear binding energy,
approximated by surface tension. These liquid-
drop calculations are static (or more precisely
gyrostatic) and give ground-state and saddle-point
equilibrium shapes. From Ref. 7 we have ob-
tained values of E„„(J),the minimum energy of
a rotating drop with angular momentum ~ at equi-
librium deformation [E„,(J) is the liquid-drop
yrast energy], and of E,z(J), the energy of the
saddle-point shape. The fission barrier of the
drop, Bf,,(J), is the difference between E, (J)
and E„,(J). In relating liquid drops to nuclei, the
nuclear constants of Myers and Swiatecki were
used. ' These rotating ground-state and saddle-
point energies were then used with the Bohr-
Wheeler'" expression for neutron and fission
widths modified in the following ways:

(1) Proton and n-particle emission widths were
also included in calculating the fission to total
width ratios, I «,/I'„„by substituting the appro-
priate inverse cross sections, binding energies,
etc. , into the Bohr-Wheeler expression.

(2) The calculation was performed for each par-
tial wave populating the compound nucleus. Par-
tial-wave cross sections for the incident heavy
ions were computed using the parabolic-potential
approximation due to Thomas" with parameters
of Ref. 11.

(3) Calculations were performed for multiple n,
P, and n emission over all paths appropriately
weighted over spectra of residual excitations.
These evaporation calculations were governed by
the Weisskopf-Ewing formula, "using the s-wave
approximation, as described below. The calcula-
tions were performed using a modified version of
a computer program previously described. "

(4) Lacking experimental information on the
ratio of average single-particle level densities
for particle emission to those for fission in the
mass region considered in this work, a value of
1 was assumed, i.e. , a«, =a„~„=A/8, where A

is the nucleus mass number.
The resulting expression for I"«,/I'„, at angu-

lar momentum 4 may be represented as

=%[%+2 Q j gv(e)p&
I'tot J v= n,p„n

x p(E-E,„(J)—B„-e)de] i, (1)
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FIG. 1. Experimental and calculated fusion excitation
functions. The ordinate is the ratio of fusion cross sec-
tion (as defined in the text) to total reaction cross sec-
tion (as calculated with the parabolic approximation of
Ref. 11). Experimental results of Refs. 1 and 2 are
shown as points with error bars. Calculated results
are shown as solid lines. The ratio of 1.0 on the ordi-
nate {complete fusion limit) has been. extended by a
dashed line as a visual guide.

where E' =E -E„,(&) —&„and

N = mh' f p(E — Ez(J) —e) de,

with E, " =E Ez(&). -In (I), E is the compound-nu-
cleus excitation energy, p represents the level
density at the appropriate excitation, & the chan-
nel energy, p. the reduced mass, g& the statisti-
cal factor for particle type z, o z(&) the inverse-
reaction cross section, and 8& the binding energy
of the evaporated particle. The integrals over
particle emission were replaced by a sum over a
1-MeV mesh size in the computer code used; the
fission width integrals were replaced with sums
with a 100-keV mesh size.

Calculations were performed for the systems
"0+"Al and ' Ne+'~Ag, for which fusion cross
sections have been measured using solid-state
track detectors. " Results are shown in Fig. 1
for the fusion excitation functions. The experi-
mental and calculated cross sections have both
been divided by the calculated total reaction
cross sections of this work and are shown as
fraction of total reaction cross section versus
bombarding energy. Results seem to be in agree-
ment nearly to within experimental uncertainties
for these systems.
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FIG. 2. Calculated cross section surviving fission as
a function of angular momentum for two systems, The
solid curve represents the partial reaction cross sec-
tions versus angular momentum. The dashed curve
represents the cutoff imposed by fission as given by
the calculations of this work. Also indicated are the
sharp-cutoff J value {which gives the same fusion
cross section as the calculated result), and the 4 val-
ues for which the fission barrier becomes zero, for
which the rotational energy of a rigid rotor equals the
excitation energy, and for which the rotational energy
of a rotating drop at equilibrium deformation equals
the excitation energy. The latter two values are not
shown for the Ne+ Ag system since both values are
at J values higher than those populated in the reaction.

The predicted partial-wave cross sections sur-
viving fission are shown as a function of angular
momentum J in Fig. 2 for 168-MeV "0+"Al and

for 200-MeV "Ne+' 'Ag. The initial distribution
of partial-wave cross sections is indicated as
well. The angular momentum at which the fission
barrier goes to zero is indicated; it may be seen
that the fission competition during de-excitation
of the compound nucleus places a much lower lim-
it on the maximum angular momentum surviving
de-excitation than the value at which the barrier
disappears. The 4 value for which the rotational
energy of a rigid sphere equals the total excita-
tion energy is also shown in Fig. 2. This value
of 4 is one of the suggested limits to the maxi-
mum angular momentum for formation of a com-
pound nucleus. Also indicated is the J value for
which a rotating drop with equilibrium deforma-
tion has rotational energy equal to the excitation
energy. This more realistic limit on 4 lies high-
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er than that deduced from a rigid sphere. How-
ever, as indicated by the results of this work, a
much lower limit is obtained from the J-depen-
dent fission competition in the de-excitation pro-
cess. We have also indicated the value of the
angular momentum 4 in the sharp-cutoff approxi-
mation which gives the same-'f'usion cross section
as that given by the calculation described in this
work. It may be seen that the maximum calculat-
ted Z values exceed the sharp-cutoff limit by
(5—8)5.

Several observations can be made from the re-
sults of this work. Detailed supporting evidence
for our conclusions will be given in a later paper.
The main conclusions are as follows:

(A) The experimentally observed limit on the
fusion cross sections for the heavy-ion bombard-
ments studied here has at least a consistent inter-
pretation in terms of angular-momentum-en-
hanced fission competition during the de-excita-
tion process.

(B) This fission competition has significant con-
tributions from many nuclides in the de-excita-
tion cascade, not just from the compound nucleus
on a "first-chance fission" basis.

(C) Because of binding-energy considerations,
proton and n emission can have greater widths
than neutron emission in these reactions and
must therefore be considered in the de-excitation
cascade in competition with fission.

(D) Maximum angular-momentum values in ex-
cess of the sharp-cutoff values are predicted in
these calculations, but these values are far less
than those for which the fission barrier goes to
zero or for which no states are thought to exist
in the compound nucleus. At lower bombarding
energies the fission cross sections are predicted
to go to zero, consistent with experimental obser-
vations that 0't„,jo„„goes to 1 at lower bombard-
ing energy.

(E) For a given target-projectile system, the
maximum angular momentum surviving de-exci-
tation was found to increase with increasing bom-
barding energy to some maximum value, but then
was found to decrease slowly as the projectile en-
ergy is further increased.

(F) For a given compound nucleus, the maxi-

mum angular momentum surviving de-excitation
will result from the target projectile system giv-
ing the minimum excitation energy st a given 4,
as given by the energy dependence of Etl. (1).

It remains to be seen if our interpretation of
the observed behavior of 0,„,/o„„with increasing
heavy-ion bomarding energy is the correct one.
Nonetheless, it seems to give very good agree-
ment with experimental results with no parame-
ter adjustment. An equilibrium model should be
the simplest one with which to attempt an inter-
pretation of complete fusion phenomena, and we
conclude that this model should be investigated
further since it suggests that equilibrium poten-
tial-energy surfaces give valuable estimates even
in the absence of dynamical calculations.

We are indebted to %. D. Myers for helpful dis-
cussions.
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