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Why temperature-dependent fission barriers should not be included
in statistical model calculations

R. J. Charity
Department of Chemistry, Washington University, St. Louis, Missouri 63130
(Received 1 September 1995

The reduced nuclear density in the surface layer of a nucleus gives rise to an increase in the level density
parameter and also makes the fission barrier of the nucleus temperature dependent. The manner in which these
effects can be consistently incorporated in the transition state formalism for statistical model calculations is
discussed. The naive replacement of zero temperature with temperature-dependent fission barriers in the stan-
dard formula to obtain the level density at the saddle-point configuration is incorrect.

PACS numbds): 25.70.Jj, 21.10.Ma, 24.60.Dr

In statistical model calculations, fission decay rates ardNow the free energy of the nucleus is given by
usually determined from the transition state formalism. The

important quantity in this formalism is the level density at F=E-TS 3

the saddle-point configuration, which is usually calculated

assuming a Fermi gas form, where the appropriate thermal =E(0,e)—aT? (4)
excitation energy is reduced from the value for the ground ] ) _

state by the fission barrier. Theoretical studjés-5] have Numerous theoretical studies have considered the effect

also addressed the dependence of fission barriers on tempef4-the reduced nuclear density in the surface layers of a
ture, concluding that they are expecting to decrease with inducleus on the level density paramef/3,12—1%. In gen-
creasing temperature. Newton, Popescu, and LEsyhave eral, the level density parameter can be written as a sum of
taken such temperature-dependent fission barriers and i¥olume and surface terms:

cluded them in the standard Fermi gas formula for the B 23

saddle-point level density. More recently, Hofman, Back, and a(e)=a, At aBy(e)A™, ®
Paul[7], in one of their statistical model calculations, have

also included a temperature-dependent fission barrier. Otthhere By(e) is the liquid drop model quantity giving the

studies have also briefly mentioned temperature-dependeﬁi‘t'_ooOf ;[:(.a sttlf]rface ?rea at debform?ilﬁmo th?t for a sphe(;e
barriers as a possible reason for the low fission barriers€=0), A is the nucleon number of the nucleus, andan

needed to fit daté#8,9] or as a possible way of enhancing % are both constants. For simplicity, the curvature term will
intermediate fragmént productigao] be ignored in this discussion; however, the conclusions of

The purpose of this Brief Report-is point out that, for the this work will not be altered if one were also to consistently
determination of the thermal excitation energy at the saddle'—nCIUde curvature terms in the free energy and other quanti-
point configuration, the naive replacement of the zero1€S:

temperature fission barrier with the temperature-dependent As the deformed saddle-.pomt conﬂguratlo_n has a larger
surface area than the spherical or near-spherical ground-state

value is incorrect. Specifically, theoretical temperature- i tion. the f . d fast ith
dependent fission barriers are determined from the differencgontiguration, the fre€ energy in E@) decreases faster wi

between the Helmholtz free energy at the ground-state and mperature at the saddle-point than at the ground-state con-
the saddle-point configuration. This free energy would b iguration. Hence, the fission _barr_ler defined in terms of the
appropriate for determining the potential energy surface fo ifference in the free energies Is temperature deper}dent.
isothermal processes. However, the thermal excitation ener owever, the thermal excitation energy is still det.ermlned
at the saddle point is the energy above the zero-temperatu m Eq.(Z} and hence the entropy at the saddle-point defor-
saddle-point energy (ground-state energy plus zero- mation egp IS

temperature fission barrlemnd not the value above the
saddle-point free energy.

To further elucidate these points, less us briefly reconside,(I
the basic results of the Fermi gas mofEl]. The level den-
sity is approximately proportional te®, whereS is the en-
tropy. The entropy and the thermal excitation enethyre
related to the temperatufieby the level density parametar
S=2aT and U=aT? The total energy of a nucleus,
E(T,e), can be separated into its dependence on temperatu
and deformatiore by

S=2a(esp T=2Va(esp[E—E(O,esp]. (6)

ote thatE(0,esp) is the zero-temperature saddle-point en-
ergy which is determined from the zero-temperature fission
barrier.

Now, the saddle-point deformation is determined from the
balance between the cohesive surface force and and the dis-
ruptive Coulomb force. The change in the surface free en-
g?‘gy of the nucleus with temperature changes this balance
and one should allow for a temperature dependence of the

E=E(0,e)+U (1) saddle-point deformatioreg(T). However, the quantity
E(0,esdT)) does not change with temperature to first order,
=E(0,e)+aT?. (2 as by definition, the saddle-point energy sits at a maxima as
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a function of the fission deformation parameter. Thus theetical studies have included the above effects, only
effect of the reduced nuclear density in the surface layetemperature-dependent fission barriers are presented. Unfor-
which is primarily responsible for the theoretical tunately, the entropy at the saddle-point configuration cannot
temperature-dependent barriers, is incorporated in the obtained from these barriers without further information.
saddle-point level density formula via the level density pa-in the future it would be useful if such studies present the
rametera(esp) . dependence of the saddle-point entropy on the excitation en-
In most statistical model analyses of fission excitationgrgy,
functions, the quantitya;/a,, the ratio of level densities  The small modifications to the saddle-point entropy from
parameters for the saddle-point and ground-state configurgne changes in nuclear density and surface diffuseness may
tions[which can be identified with ratia(esp/a(0) in the e gifficult to investigate experimentally, especially if the
above discussidpis often used as a fit parameteralf/a,  |evel density parameter itself is temperature dependent as
values greater than unity are obtained from such fits, thegyggested by some experimefity,18. Theoretically, such
this would be consistent with the theoretical decrease of thgp, effect can be obtained from a temperature dependence of
fission barrier(as defined from the free energiegith tem-  the effective mass. Prakash, Wambach, and [V argue
perature. However, fission barriers extracted from fitting fisyhat the frequency-dependens) effective mass consider-
sion excitation functions are zero-temperature barriers. ably enhances the value of,. However, thisw effective
Some minor modifications to the temperature dependencgass s predicted to decrease with tempera2@e-22 and
of the fission barriers and the level density at the saddle poink s the deformation dependence of the level density param-
can result from the predicted expansion of nuclear matter angier will depend on the temperature and the ratida,
increase in surface diffuseness with temperature. One consgnoy|d decrease with increasing temperature.
quence of this is that the Coulomb energy of the nucleus | conclusion, a deformation dependence of the level den-
becomes temperature dependent. To lowest order, this effegly narameter implies that fission barriers calculated from
can be included by adding a Coulomb tefdeformation  he difference in free energies between the saddle-point and
dependentto the level density parameter when used in EQ.ground-state configurations are temperature dependent.
(2). Note, however, that the change in Coulomb energyowever in statistical model calculations, when determining
modifies the total and free energies by the same amount, afde saddle-point level density with the standard Fermi gas
so when calculating the entropy from the temperature, thigypression, one should not calculate the thermal excitation
Coulomb term should not be included in the level densityenergy using the above temperature-dependent fission barri-
parameter. In any case, the magnitude of such terms is min@fs. Fyture studies of the fission probability should consider

compared to the surface and volume tefi23]. - _ both the temperature and deformation dependence of the
For saddle-point shapes which have prominent necklikgg,/g| density parameter.

features, the consideration of the finite range of the nuclear

force is important. Fission barriers calculated for such | wish to acknowledge several informative discussions
saddle-point shapes are reduced relative to predictions of theith Professor L.G. Sobotka. This work was supported by
liquid drop model when this effect is includdd6]. The the Director, Office of High Energy and Nuclear Physics,
magnitude of this finite range correction may be modified byNuclear Physics Division of the U.S. Department of Energy
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