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The temperature dependence of fission barriers has been interpolated from the results of recent
theoretical calculations and included in a statistical model code. It is shown that the inclusion of
temperature dependence causes significant changes to the values of the statistical model parameters

deduced from fits to experimental data.

For many years statistical model codes have been used
to fit experimental data on fission cross-sections (o) and
prescission neutron multiplicities (v,.). Even though it
has been long realized that fission barriers (E,) must be
temperature dependent, to the best of our knowledge only
zero-temperature fission barriers, mainly calculated with
macroscopic models,"? have been used in the codes. This
is probably because calculations of barriers as functions
of temperature 7 and angular momentum J# have only
recently become available. The purpose of this paper is
to indicate how the inclusion of the temperature depen-
dence of E affects the results of statistical model calcula-
tions.

Garcias et al.> °® have made calculations of E,(J,T)
for eight nuclei covering a wide range of fissility. They
have used a Thomas-Fermi model, which self-consistently
incorporates the effects of rotation and temperature, with
the Skyrme SkM* force. In order to gain agreement with
liquid-drop barriers they have scaled the Weizsacker
coefficient for SkM*. Other recent calculations, for J =0
only, have been carried out with the finite-temperature
Hartree-Fock method’ (**°Pu) and with the extended
Thomas-Fermi density variational method® (*®®Pb and
240py); in both cases the SkM* force was used.

We have chosen to use only the results of Garcias
et al. because they cover a wide range of nuclei and in-
clude the effect of angular momentum. One might there-
fore expect them to be consistent within themselves. We
have attempted to interpolate their results in a simple
way so that the Ef(J, T) can be incorporated in the sta-
tistical code PACE2. However, we do not wish to imply
that such interpolation is rigorously possible but merely
to suggest that it is sufficient for our present purpose. We
have excluded the results for the light nucleus ¥Cu,
which has a fissility (0.28) well below the Businaro-
Gallone point.

For temperatures up to 3—4 MeV, which cover our re-
gion of interest and above which the density of the exter-
nal gas of evaporated nucleons has to be taken into ac-
count, the variation of fission barriers with temperature is
well described by the expression

E (J,T)=E/;(J,0)(1—aT?) . (1)

This relation suggests that the fission barrier goes to
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zero for T>*=T2 =1/a, though in fact Eq. (1) may not be
reliable when E(J,T) becomes very small. The values of
E;(J,0) calculated by Garcias et al. are plotted versus
their values of 1/a=T?2 in Fig. 1. It can be seen that
their data can be fairly well described by the line given by

E;(J,0)—57.8{1—exp[ —1.49X 10 °T% ()]} MeV .
b))

Nevertheless, there remains some uncertainty in the mag-
nitude of the values of a because the calculations of Gar-
cias et al.>”® do not agree well with those of Refs. 7 and
8.

The region in Fig. 1 of most significance for statistical
model calculations is roughly that between the two verti-
cal dashed lines. To the left of this region, where
E;<<B,, the neutron binding energy, the fission proba-
bility is so high that o has little dependence on the ex-
act value of E,. It should also be noted that the statisti-
cal model may not be reliable when E;ST.° To the
right of this region, where E, >>B , the fission probabili-
ty is very small and it has been shown'® that for heavy-
ion induced fission of lighter nuclei, where the J =0 bar-
riers are high, most of o arises from the region of angu-
lar momentum where E,(J)=~B,,.

We have also attempted to interpolate these results in
terms of T2, and an effective J-dependent fissility similar
to that of Blann and Komoto.!! The quality of the fit was
about the same as that described above.

Since the macroscopic fission barriers E/(J) of Sierk?
are currently thought to give the best approximations to
the real values at medium temperature and are almost in-
variably used for recent statistical model calculations, we
have used them to give the zero-temperature values. The
Sierk barriers are of course not temperature dependent
but only are relevant to medium temperatures where shell
effects have washed out. We have then somewhat arbi-
trarily corrected the Sierk barriers to finite temperature
by deducing a=1/T?, from the curve in Fig. 1. Though
the barriers of Garcias et al. greatly exceed those of Sierk
for light systems, for nuclei with fissility x 2 0.6, which
are of most interest to us, they differ only by up to
~20%. In view of the other uncertainties this difference
seems of little consequence.
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FIG. 1. Calculated values of zero-temperature fission barriers
vs T2, for systems with differing fissilities and angular momenta.
The occurrence of more than one point with the same symbol
indicates that calculations were made also for J > 0. Apart from
the two points indicated by stars, the values derive from the cal-
culations of Garcias et al. The full line represents the curve of
Eq. (2) (see text).

We have incorporated the relation of Eq. (2) into the
Monte Carlo statistical code PACE2.!?> Calculations were
first made without the temperature correction using sta-
tistical model parameters which gave excellent fits to ex-
tensive fission cross-section data,'3 which had been fitted
with the grid based code ALERTI. It was found that the
PACE2 calculations gave values for o, which were too
low. However, they could be brought into good agree-
ment with the data by increasing the ratio of level density
parameters at the saddle and equilibrium points (a,/a,)
from 1.00 to 1.03. This must reflect some differences in
the codes but is not of importance for our present pur-
pose, which is to identify the differences caused by the in-
troduction of temperature-dependent fission barriers.
When the temperature dependence was included in
PACE2, equally good fits to the data for all systems could
be obtained when the parameter a,/a, was changed from
1.03 to 0.97, a reduction of 6%. Two examples of fits to
0 data with a,/a,=0.97 and with temperature depen-
dence (full lines) and without temperature dependence
(dashed lines) are shown in Fig. 2(a). If we changed
as/a, to 1.03 the dashed lines would move up to nearly
coincide with the full lines in Fig. 2(a), whilst the latter
would move up in approximately the same proportion. If
all other parameters remain fixed, it is not surprising that
as/a, has to be reduced to fit o data, since the barriers
are reduced by increased temperatures. Possibly surpris-
ing is that the same reduction fits systems with a wide
range of fissility. The magnitude of the reduction is simi-
lar to that suggested by much simpler considerations in
Ref. 13. Though we have not chosen to do this, it might
also be possible to fit the data by varying other model pa-
rameters instead of or in addition to a,/a,. For exam-
ple, the Sierk barrier might be arbitrarily reduced by a
scaling factor kf, as it is well known that there is a corre-
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lated range of k, and a,/a, within which equally good
fits can be obtained.

Whilst the results of Garcias et al.®”® agree quite well
with the earlier calculations of Pi er al.,'* based on a
finite-temperature mass formula, the agreement is less
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FIG. 2. (a) Fits to experimental fission cross sections for two
systems with temperature-dependent fission barriers and
a,/a,=0.97 (full lines). Also shown are the results with zero-
temperature fission barriers, the other statistical model parame-
ters remaining the same (dashed lines). (b) Prescission neutron
multiplicities versus laboratory bombarding energies for two
systems. The points with error bars are experimental data. The
continuous lines are calculated with temperature-dependent
fission barriers and a,/a,=0.97, whilst the long-dashed lines
are calculated with zero-temperature barriers and a,/a,=1.03.

Both cases results in equally good fits to fission cross-section
data.



1774

good with the recent (J =0) calculations of Guet et al.®
for 2°Pu and 2®Pb. Their results are also shown in Fig. 1
(as stars) and would give a value for a in Eq. (1) about
half of that for Garcias et al. This, if correct, would im-
ply a reduction in a; /a,, of about 3% rather than 6%.

The quantity v, is known'® to depend sensitively on
as/a, and to be insensitive to any scaling of the fission
barrier. A reduction of a,/a, by 6% has a significant
effect on the calculated value of v, as shown in Fig. 2(b).

This work is part of a continuing effort to improve sta-
tistical model calculations so that eventually the values of
the parameters derived from fits to experimental data
have real physical meaning. The present calculation
shows that inclusion of temperature dependent fission
barriers has a significant effect. It should therefore be in-
cluded in statistical model codes. However, it is also
clear that more theoretical work needs to be done to reli-
ably establish the absolute magnitude of the effect.

Other effects that must also be included in codes are
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the finite relaxation time (transient time) to build up equi-
librium in the fission degree of freedom at the saddle
point and particle emission during the saddle-to-scission
transition; both of these result from nuclear ‘“viscosity.”
One consequence of the viscosity is apparently to require
large values of a,/a,~1. 1.2 Inclusion of the tempera-
ture dependence of E, might reduce these. Improve-
ments in level density formulations, particle transmission
coefficients, and fusion angular momentum distributions
also need to be made and require further experiments and
basic theoretical work. The parameter a,/a, is com-
monly taken to have a value very close to unity but this is
not necessarily correct and the few theoretical calcula-
tions'®~ ' are in conflict. For a more extensive review of
these questions, see Ref. 21. Much more work remains to
be done before reliable physical conclusions can be drawn
from statistical model calculations; this paper is a small,
but necessary step towards that goal.
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