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A comparison of the penetrabilities calculated in the Wentzel-Kramers-Brillouin approximation
through equivalent multihumped fission barriers shows that the penetrability saturates to its max-

imum value much more slowly for a three-humped potential than that for comparable two-humped

and single-humped potentials. An analysis of the slopes of the near-barrier photofission cross sec-

tions of actinides yields results that can be understood in terms of the predicted potential barrier
shapes for these nuclei, and thus provides evidence in support of resolving the "thorium anomaly"

along the lines suggested by Moiler and Nix. Our results further indicate that the uranium nuclei,
and in particular U, may more likely exhibit three-humped potential shapes in which the ap-

parent consequences of both the second and third minima may be observable.

I. INTRODUCTION

The studies of the detailed shapes of the potential bar-
riers against fission of heavy nuclei have been of consider-
able interest over the past two decades. ' While most of
the medium heavy fissioning nuclei exhibit a single-
humped potential barrier against fission as predicted by
the liquid drop model, those in the actinide region have
been found to exhibit a double-humped potential barrier.
Such barriers have been shown' to occur mainly as a re-
sult of the superimposition of the oscillatory "shell
corrections" or the so-called single-particle effects on the
relatively flat potential energy surfaces predicted by the
liquid drop model in the corresponding deformation re-
gions for the actinide nuclei. For the lighter actinides,
such as those in the thorium region, the inclusion of the
mass-asymmetric deformations in the fission barrier cal-
culations led to a further splitting of the outer or the
second barrier in two, thereby indicating a triple- or a
three-humped potential barrier against fission. A close
examination of the potential energy surfaces in these
cases reveals that there are, in fact, two third wells, in
which the fissioning compound nucleus has equal quadru-
pole deformations, but opposite "pear-shaped" octupole
deformations. These two wells are separated by a low
barrier of about 1 MeV along the mass-asymmetry degree
of freedom. Such potentials with rather shallow third
minima have been suggested as a possible explanation of
the so-called "thorium anomaly" in fission literature.
This anomaly consists of a systematic discrepancy in the
theoretically calculated heights of the inner (or the first)
barriers and of the second minima with their values ob-
tained experimentally for most of the actinides with neu-
tron numbers N ~ 140. On the other hand, for the very
heavy actinides with N & 154, some evidence has been re-
ported suggesting even a fragmentation of the inner or
the first peak of the fission barrier.

Extensive experimental evidences have been reported
in fission literature over the past two decades in favor of
such complex potential barrier shapes for the actinide nu-
clei. While a host of experimentally observed phenomena

such as narrow and broad resonance structures in subbar-
rier fission cross sections, fission isomers, and the so-
called "isomeric shelf, " observed in the deep subbarrier
photofission cross sections of the actinide nuclei, provide
ample evidence in favor of two- and three-humped poten-
tial barriers as against a single-humped potential barrier,
it has not yet been possible to conclusively differentiate
between a two-humped and a three-humped potential
barrier for the actinide nuclei based exclusively on the
observed experimental data. The observation of rather
narrow resonances in the neutron-induced fission cross
sections of Th and Th by the Saclay group' ' pro-
vide so far the most direct evidence in favor of a three-
humped potential barrier. Fine structures observed
within these resonances in high-resolution measurements
have been interpreted as corresponding to rotational
band structures of opposite parity built on the relatively
undamped vibrational states in the dual third minima.
The band head separation of these opposite parity struc-
tures is determined by the penetrability of the low barrier
separating the two third minima. However, Lynn' has
shown that the observed structure could also result from
the coupling of single-particle and vibrational motion in
these nuclei and has further considered the effects of the
coriolis interaction on such structures more recently.

Central to the description of subbarrier fission process
in terms of such multihumped fission barriers is the quan-
titative calculation of the probability that a fissioning nu-
cleus shall tunnel through such complicated potential
barriers. Penetrability calculations through such poten-
tial shapes have been reported by several authors and
have been used extensively in the analysis of the observed
subbarrier fission phenomena at various laboratories.
The purpose of the present manuscript is to critically
compare the results of such penetrability calculations
through a few equivalent sets of a single-, a double-, and a
triple-humped potential barriers in order to investigate
the resulting differences expected in the correspondingly
calculated subbarrier fission cross sections. It is hoped
that such a study may suggest some clues which, when
compared with the observed subbarrier fission cross sec-
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tions of suitable nuclei, might help in differentiating be-
tween a two-humped and a three-humped potential bar-
rier in the lighter actinides.

II. FISSION PENETRABILITY CALCULATION

Penetrability calculations through multihumped poten-
tial barriers have acquired special significance in recent
years because of the fact that most of the fissionable ac-
tinide nuclei are now known to exhibit two- or three-
humped fission barriers. As most of the interesting phys-
ics of low energy (subbarrier) fission is determined by the
probability that the fissioning compound nucleus shall
tunnel through its corresponding fission barrier, it is im-
portant to calculate the tunneling probability through
such potential shapes. These penetrability calculations
can be carried out in Wentzel-Kramers-Brillouin (&KB)
or quasiclassical approximation, ' ' numerically, and
also exactly if the potential shapes in the individual
regions are approximated by parabolas or some other
suitable shapes for which the corresponding Schrodinger
equation can be solved exactly. The analytical expres-
sions for the penetrability through such potential barriers
derived in the %'KB approximation, however, provide in-
teresting physical insight into the problem and can be
used more effectively for the analyses of the measured
data on the intermediate structure in the second well as
emphasized recently in a photofission investigation.
Also, as the method is applicable for a wide variety of
suitably parametrized arbitrary potential shapes and also
for a reasonably wide range of incident energies, we have
resorted to this approximation in the present work. The
detailed calculations of the penetrability through such
potential shapes in WKB approximation have already
been reported [except the Eq. (12)] by us' as well as
by other authors' ' ' ' in the past, and, therefore, we
only quote here the analytical expressions for the pene-
trability and compare the results obtained using these ex-
pressions for the equivalent set(s) of such multihumped
potential barriers.

A. Analytical expressions for the penetrability

P = [1+exp( —
2~ v~ )] (2)

for energies above the top of the barrier. The energy-
dependent phase v is given as

v= I I2p[V(c) E]/fi I'~ de, — (3)
a

where p is the effective mass of the tunneling system
along the e direction, V(e) is the potential as a function

1. Single-humped barrier

For an arbitrary-shaped potential barrier [Fig. 1(a)] of
height Eo and curvature energy %coo, the penetrability
calculated in the JWKB approximation by Froman and
Froman' is given as

P =[1+exp(2v)]

for energies below the top of the barrier, and
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FIG. 1. An equivalent set of single-, double-, and triple-
humped symmetric potential barriers. The barrier parameters
are given in the following. Other symbols are described in the
text. Single-humped: Eo =6 MeV, Pi~0=0.485 MeV. Double-

umped: E1 E3 6 MeV E2 3 MeV ~~1 ~~2 ~~3= 1.018 MeV. Triple-humped: E& =E3 =E5 =6 MeV, E2
=E4 =3 MeV, %co) =Ac@2=kco3=fico4=Acoq=1. 55 MeV.

This formula gives results exactly identical to those given
by Eq. (1) for a parabolic potential barrier.

2. Double-humped barrier

Defining I'~, I'z, and I' as the respective penetrabilities
for the first barrier alone, second barrier alone, and the
entire double-humped barrier, it has been shown'
that

P=P„Pii/([1+[(1 P„)(1 Pii)]' I cos v2——

+ I 1 —[(1 P„)(l Pii)]'~ I sin—vz), —

of the dimensionless deformation parameter e, and E is
the total energy of the system. a and b are the two classi-
cal turning points where E = V(e.). Since e is dimension-
less, p has the dimensions of the moment of inertia. The
value of p used in the present work has been taken to be
constant for all values of e, and is taken to be equal to

p=0 0543 A MeV (4)

where A' is to be expressed in MeVsec and A is the nu-
clear mass number. Eo is the maximum value of the po-
tential, V(e), at the deformation eo.

For a parabolic single-humped potential barrier, Hill
and Wheeler have derived an exact expression for the
penetrability as

P =
I 1+exp[2m (Eo —E)/iris)o] J
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P~ =[1+exp(2vi)]

Ps =[1+exp(2v3)]

for energies below the top of the barriers, and

P„=[1+exp(—2lvil)] ',
Ps =[1+exp( —2[v3~ )]

(7)

for energies above the top of the barriers. The quantities
v, are the integrals in respective regions, as shown in Fig.
1(b), of the wave numbers or the momentum functions

where the individual penetrabilities (P„and Pli) in the
WKB approximation are given' as

The classical turning points a„a2, a3, and a4 are as
shown in Fig. 1(b) for an incident energy E. For the actu-
al computation of the penetrability, the double-humped
potential barrier has been parametrized by smoothly join-
ing three parabolas and is given by

V(e) =EJ+ ,'pcoj—(e e—j )

where the plus sign applies for j =2 and the minus sign
for j = 1 and j=3. E represent the maxima and minima
of the potential, A~ their respective curvature energies,
and e the locations of the extrema on the deformation
axis. Vfe) is taken to be zero at e=O. The value of p
used in the calculation is as given in Eq. (4).

K, (e)= I2p[E —V(e)]/A' )
' =iKz(e),

for example,
a2

v, = f Kz(e)de,
a3

vz= f K, (e)de,
a4

v3= f Kz(e)de .
a3

(9)

(10)

3. Triple-humped barrier

Defining P„, P~, Pc, and P as the respective penetra-
bilities for the first barrier alone, the second barrier alone,
the third barrier alone, and the entire three-humped po-
tential barrier, it has been shown through a straightfor-
ward, though rather tedious, analytical formalism that

P =P„PziPc/([I+(I P~ )(1 P—s)+(I ——P„)(1—Pc)+(I Pzi)(1 P—c)]—
+ I 2(2 —Pc )[(1 Pz )(1 P—s )]—'~ I cos(2vz)+ I 2(2 —P„)[(1 P~ )(1 Pc )]'—~ ]c—os(2v4)

+ I2(1 Ps)[(1 P—z )(I P—c)]' Icos[2(v—z —v~)]+ I2[(1 P„)(1 Pc)]'—Icos[2(v—z+v„]), (12)

Pc =[1+exp(2v5)] (13)

for energies below the top of the barrier, and

where the individual penetrabilities (P„,Ps, and Pc) are
given in the WKB approximation by expressions similar
to those given earlier. For example, P~ and P~ are ex-
actly as defined in Eqs. (7) and (8), respectively, while Pc
is given as

minus sign for j = 1, 3, and 5.
In the generalized JWKB approximation developed by

Froman and Froman, ' expressions for the penetrability
have been obtained both at excitations below and above
the top of the barriers as given earlier. This involves con-
sidering both the real as well as complex turning points.
For the special case of a potential barrier parametrized
by an inverted parabola of height Eo and curvature ener-
gy %coo, i.e.,

Pc =[I+exp( —2 I v51) ] (14)
V (e)=Eo ,' @coo(e —eo—)— (16)

for energies above the top of the barrier. The quantities
v; are the integrals in the respective regions, as shown in
Fig. 1(c), of the wave numbers or the momentum func-
tions defined in Eq. (9). For example, in addition to the
vi, vz, and v3 as defined in Eq. (10), we also have

a5 a6
v4= f K, (e)de, v~= f Kz(e)de . (15)

4 5

The classical turning points a „a2, a 3, a4, a &, and a6 are
as shown in Fig. 1(c) for an incident energy E. For the
actual computation of the penetrability, the triple-
humped potential barrier has been parametrized by
smoothly joining five parabolas and is given by Eq. (11)
where the plus sign now applies for j =2 and 4, and the

the energy dependent phase v can be obtained by a
straightforward integration in Eq. (3) as

v= [n.(EO —E) /A'~o] (17)

Similarly, for two- and three-humped barriers, the phases
v. at energies above the top of the individual parabolic
barriers are given as

fv, /

= /[~(E, —E)/e~, ][,
where j =1,3, and 5.

These expressions have been used in calculating the
penetrabilities at excitations above the top of the indivi-



920 B. S. BHANDARI AND A. S. AL-KHARAM 39

dual parabolic barriers using the Eqs. (2), (8), and (14), re-
spectively.

&o.t o

B. Results: Comparison of penetrabilities

For the equivalent one-, two-, and three-humped fission
barriers shown in Figs. 1 and 2, we have calculated the
penetrability using the above formulas and the results are
shown in Figs. 3 —5. By the term "equivalent" we mean
that the three barriers (one-, two-, and three-humped)
chosen for a given set give approximately the same pene-
trability at excitations close to the bottom of the potential
and thus predict approximately similar spontaneous
fission half-lives. A sample comparison of the calculated
penetrabilities in the entire energy range (subbarrier) is
shown in Fig. 3 for the set of three equivalent fission bar-
riers of Fig. 1. The single-humped barrier penetrability
increases monotonically with energy. On the other hand,
the two-humped and the three-humped barrier penetra-
bilities exhibit narrow resonances. As the barriers chosen
for this set are symmetric, the penetrability resonances
rise to a maximum value of unity. Also seen in this figure
are the so-called "doublets, " expected in a symmetric
triple-humped barrier as it is exactly similar to the prob-
lem of a symmetric double-well potential where such op-
posite parity states arise as a result of the removal of the
otherwise two-fold degeneracy due to the tunneling
through the finite intermediate barrier separating the two
wells. %'hile this splitting is too small to be seen for the
lower resonance, it is clearly visible for the higher reso-
nance in the three-humped barrier penetrability curve of
Fig. 3.
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FICx. 2. An equivalent set of single-, double-, and triple-
humped asymmetric potential barriers. The barrier parameters
are given in the following. Single-humped: ED=6.5 MeV,
Acro=0. 406 MeV. Double-humped: E& =6 MeV, E2=3 MeV,
E3 6.5 MeV, fico, = 1 MeV, A'coz = 1 MeV, Aco3 =0.66 MeV.
Triple-humped: E& =6 MeV, E2=3 MeV, E, =5.5 MeV, E4
=5 MeV, E, =6.5 MeV, A~&=1 MeV, Aco~=1 MeV, %~3=1
MeV, Aco4=0. 8 MeV, ficus=1. 2 MeV.
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In addition to the above expected features, and leaving
aside the effects of the various resonances, we also ob-
serve that the single-humped barrier penetrability rises
much more rapidly than that for a double-humped bar-
rier and even more than that for a triple-humped barrier.
This behavior is seen more clearly at excitations close to
the top of the barriers and is shown in the linear plots of
the penetrabilities in Figs. 4 and 5. In Fig. 4 the rapid
rise of the penetrabilities corresponding to the double-
and triple-humped barriers just below 6 MeV is caused by
the presence of the transmission resonances in these po-
tentials. This is not to be confused with the general be-
havior of the slopes of the corresponding penetrabilities.
Above these resonance energies, it can be seen clearly in
Fig. 4 that the three-humped barrier penetrability satu-
rates to its maximum value much more slowly than that
for the equivalent two-humped barrier, and even more
slowly than that for the corresponding single-humped
barrier. A similar feature is also observed in Fig. 5. This
means that a triple-humped barrier will allow a much
slower opening of the fission channels or transition states
than would be the case for the equivalent double-humped
and single-humped barriers. Such a feature was reported
earlier by Cramer and Nix while comparing the
penetrabilities through the equivalent single- and double-
humped fission barriers. As the same feature is now
found between a double- and a triple-humped barrier, we
shall attempt to exploit it to distinguish between the cor-
responding fission barri. ers in the actinide nuclei. The
main inhuence of such a feature would be expected in the
measured fission probabilities at excitations close to the
top of the barriers. The slopes of the fission cross sec-
tions at such excitations would then be expected to be
considerably smaller for a triple-humped fission barrier
than those for an equivalent double-humped barrier. A
systematic analysis of the slopes of the fission cross sec-
tions at energies close to the top of the fission barriers can
then be expected to lead to some useful information that
can help distinguish between a triple- and a double-
humped fission barrier for a given actinide. Such an
analysis of the photofission cross sections of the various
actinide nuclei is discussed in Sec. III.

III. SI.OPES OF THE NEAR-BARRIER
PHOTOFISSION CROSS SECTIONS

OF ACTINIDES

For a systematic analysis of the slopes of the fission
cross sections at excitations in the vicinity of the top of
the fission barrier, one can use the experimental data
from the low energy neutron-induced fission, charged-
particle- or direct-reaction-induced fission, and the
photofission or the electron-induced fission. However,
for the actinide nuclei, as the neutron binding energies
are approximately equal to or even greater than the
fission barrier heights, the neutron-induced fission data
are only of limited use for such an analysis. The direct-
reaction-induced fission data can be useful provided prop-
er account is taken of the complexities due to a large
variety of spin and angular momenta introduced by the
exciting particle. In addition the effects of the Coulomb

barriers on the slopes have to be taken into account for
the charged-particle-induced fission data. Of course, the
main advantages of these particle-induced fission data are
the relatively large cross sections and thus more accurate
measurements with very high energy resolutions of the
order of a few keV. '

The photofission and electrofission processes are quite
useful ' especially because of the restricted angular
momenta in the entrance channel corresponding mainly
to the dipole and the quadrupole photoabsorption. This
particular feature of the limited angular momenta in
photofission processes was pointed out by Bohr long be-
fore the realization of two- and three-humped fission bar-
riers in actinide nuclei. Unfortunately the relative weak-
ness of the electromagnetic interaction results in very low
cross sections in photofission and electrofission processes,
thus rendering such measurements extremely difficult.
While some investigations have been reported using the
neutron- and proton-capture gamma rays, bulk of the
photofission studies have been made using the intense
gamma Aux in the electron bremsstrahlung beams from
the low energy, high-current microtrons or the electron
linear accelerators. The use of bremsstrahlung beams in
such investigations introduces the usual problems associ-
ated with the unfolding of the measured yield curves ob-
tained with a continuous gamma-ray spectrum and re-
sults in a relatively poor energy resolution. The use of
the Chalk-River bremsstrahlung monochromator in a re-
cent high-resolution photofission measurement appears
rather promising in this connection. The absolute
photofission data obtained at different laboratories also
differ —sometimes rather significantly, and thus call for
caution in using such data.

A systematic compilation of the data on photofission
cross sections of the actinide nuclei reported over the
past 30 years has become available recently and it was
this ready availability of the data and the relative advan-
tages of the restricted angular momenta in photofission
processes that led us to choose the photofission cross sec-
tions for the present analysis. As far as possible, we have
tried to use the data on various actinides obtained at the
same laboratory so as to minimize the uncertainties asso-
ciated with different experimental conditions and other
systematic errors. The main competition to the fission
process in the excitation region close to the fission barrier
heights in the actinide nuclei comes from the neutron
emission and as we are interested in the slopes of the
fission probability alone, the data used for the present
analysis has in most cases been restricted to energies
below the neutron binding energies. Of course, at excita-
tions well below the top of the fission barriers the cross
sections will exhibit an exponential increase with energy
and thus only a small energy region typically of the order
of an MeV below the neutron binding energies and io the
close vicinity of the fission barriers is really suitable for a
linear "fit" of the photofission cross sections in order to
extract their slopes. Our procedure for a typical nucleus
consisted of beginning initially with the entire set of
available data up to an energy just below the neutron
binding energy in the nucleus and then progressively re-
ducing the total number of data points one by one at the
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TABLE I. Relevant details of the near-barrier photo6ssion cross-section data used in a linear least-
squares analysis to extract their slopes. All of the above data has been taken from the recent numerical
compilation in Ref. 35. The original references are listed in the table.

Fissioning
nucleus

232Th
233U'

234U

236U

23SU

237Np
238p

239p

240pu

242pu

'Am

Reference

36
36
37
36

36,38
36
39
36
39
39
36

Neutron
separation

energy
(MeV)

6.43
5.74
6.84
6.55
6.14
6.62
7.00
5.66
6.53
6.30
6.66

Photon
energy range
of the data

in {MeV)

5.85-6.35
5.25-5.65
5. 15-6.34
5.85-6.55
5.85-6. 15
6.05-6.55
5.74-6.61
5.45-5.75
5.47-6.47
5.61-6.19
5.85-6.65

Number
of data
points

6

13
8
4
6
7
4

5
9

lower end of the energy spectrum until a minimum in the
value of y for a linear least-squares fit was obtained. The
relevant details of the data used. in the present analysis
for various actinide nuclei along with their original refer-
ences are listed in Table I.

The slopes of the near-barrier photofission cross sec-
tions obtained through the above analysis for eleven ac-
tinide nuclei are shown in Fig. 6 as a function of the neu-
tron number. Most actinides seem to have their slopes
lying between 10 and 20 mb/MeV. The slopes are seen to

be somewhat lower for the actinides with smaller neutron
numbers although more data are clearly needed for
lighter actinides to confirm this trend conclusively. The
most notable exception is that of the even-even nucleus

Th, for which even the more recent high-resolution
data of Knowles et al. also gives a slope of approxi-
mately 16—17 mb/MeV in the energy region indicated in
Table I. A large value of the slope obtained for this nu-
cleus for which a three-humped barrier has been predict-
ed quite widely in Gssion literature may seem at 6rst sight
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FIG. 6. Slopes of the near-barrier photofission cross sections of various actinide nuclei. The solid line represents an extrapolated
least-squares fit indicating the approximate variation of the slopes with neutron numbers.
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to be in contradiction with our prediction of smaller
slopes for such potential shapes. However, a closer look
at the predicted fission barrier shapes for the thorium nu-
clei reveals that as the first barrier and the second mini-
ma are too low, the effective barrier for excitations near
the fission threshold is only a double-humped potential
and is thus expected to yield a relatively higher value of
the slope. Our analysis therefore provides further evi-
dence in support of resolving the so-called "thorium
anomaly" along the lines suggested by Moiler and Nix.

We also note that the slopes for the plutonium isotopes
tend to be generally higher while those for the uranium
isotopes are rather low as seen in detail in Fig. 7. This
can be explained in terms of the predicted shapes of the
double-humped barriers for these nuclei. For plutonium
nuclei the outer barriers are predicted to be rather low
and thus the slopes of the fission cross sections in the
threshold region would be mainly determined by the
single-humped inner barriers alone. However, for the
uranium nuclei as both the inner and the outer barriers
are predicted to be of comparable heights, the slopes
would be determined by the entire double-humped bar-
rier shapes and would thus be relatively lower. Whether
the smaller slopes obtained for the uranium nuclei can be
fully accounted for in terms of such broad double-
humped barriers, or that three-humped barriers are war-
ranted for their adequate explanation is not very clear,
however. It is tempting nevertheless to suggest that
among the actinides that we have studied in the present
work, it is the uranium nuclei which may more likely ex-
hibit well-developed three-humped fission barrier shapes

in which the apparent consequences of both the second
and the third minima in the potential energy surfaces
may be observable. This suggestion is in agreement with
the recent sketches of the fission potential barriers, for
example, for U, reported by James using the turning
points given by Howard and Moiler. More recent high-
resolution experimental data on (d,pf) reactions in
uranium and thorium nuclei from the Saclay group also
support such a conclusion. The slope for the nucleus

U, in particular, is found to be quite small. This may
partly be due to a plateau-type structure in the cross-
section data near 6 MeV of excitation corresponding ap-
parently to a relatively lower fission barrier in this nu-
cleus. The slopes of the photofission cross section data
are also seen (Fig. 6) to increase linearly with the increase
in nuclear charge for a given neutron number. The only
exception to this systematics observed among the ac-
tinides studied in this work is Th, and this may again
be related to the special shapes of the predicted three-
humped fission barriers in thorium nuclei as mentioned
earher.

IV. CONCLUSIONS

Penetrability calculations through the equivalent set(s)
of the multihumped fission barriers show that the pene-
trability saturates to its maximum value near the top of
the barriers much more slowly for a three-humped poten, -
tial than that for a two-humped potential. Such a feature
should lead to relatively smaller slopes for the measured
fission cross sections in the threshold region for the nuclei
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exhibiting three-humped fission barriers. As such an ex-
pectation implies a rather strong correlation between the
experimentally observed slopes of the fission probability
near the top of the barrier and the nature of the fission
barrier for a given nucleus, it is useful here to include a
brief discussion of the assumptions as well as of the con-
sequent limitations of our approach. In the present work
we have parametrized the multihumped fission barriers
by smoothly joined parabolic segments and have con-
structed "equivalent" three classes of barriers (one, two,
and three humped) such that these all lead to approxi-

, mately the same penetrability at the bottom of the poten-
tial and thus predict similar spontaneous fission half-
lives. This requirement of the equivalence of these three
classes of barriers of approximately the same heights
leads to the larger values of the curvatures near the top of
the barriers for a three-humped potential than those for a
comparab1e two-humped potential. Such differences in
curvatures near the top of the barriers then lead to the
different slopes in the corresponding penetrabilities.

The use of the smoothly joined parabolic segments in
parametrizing the multihumped fission barriers is, of
course, only an approximation. While such an approxi-
mation has worked quite well so far at least at excitations
near the top of the barriers, there is no physical reason as
to why the potential shapes must be exactly quadratic in
the entire deformation region. Thus in reality the poten-
tial shapes could be quite different. Also the inertial pa-
rameters may vary significantly with deformation
through the barrier. These factors could possibly distort
the shapes of the multihumped fission barriers to such an
extent that they become vastly difFerent from smoothly
joined parabolic segments. For such distorted mul-
tihumped potential shapes the correlation between the
slopes of the penetrability near the top of the barrier and
the nature of the fission barriers may or may not be as
strong as found in our work using the parabolic potential
parametrization. While it is reasonable to expect that the
potential shapes in reality would be smoothly varying at
least near the top of the barriers and will thus lead to re-
sults similar to those found in our present work, it is nev-
ertheless conceivable that the real potential shapes may
turn out be highly distorted or nonsmooth in certain de-
formation regions. With our present incomplete
knowledge of the dynamics of the fission process and thus
of the real shapes of the multihumped fission barriers,
such a possibility cannot be completely ruled out. It is
important therefore to realize that the magnitude of the
slope of the fission probability near the top of the barrier
alone cannot by itself determine whether the experimen-
tal barrier has two or three peaks. However, such a

feature can be used as an additional information to help
distinguish between such barriers in conjunction with the
other expected differences such as the energies, strengths,
and widths of the fission cross section resonances, and the
so-called opposite parity "doublet" structures expected in
a third minimum as opposed to those in the second
minimum.

An analysis of the near-barrier photofission cross sec-
tions of 11 actinides studied in this work shows that the
slopes tend to be generally lower for the actinides with
smaller neutron numbers. A notable exception is that of

Th for which a large value obtained for the slope can
be explained in terms of the predicted three-humped po-
tential shapes with very low first barrier and the second
minimum. Our analysis also shows that the uranium nu-
clei, in general, tend to have smaller slopes. Whether this
is due to rather broad double-humped potentials with
comparable heights for the two barriers predicted for
such nuclei or due to the relatively well-developed three-
humped fission barrier shapes is not very clear. Our re-
sults can merely be said to be consistent with the possibil-
ity of a three-peaked barrier in the uranium nuclei. As
the isomeric shelf in the deep subbarrier photofission
cross sections has already been well established "' for
at least two uranium isotopes ( U and U), it would be
interesting to measure their photofission cross sections in
the threshold region with high energy resolutions similar
to that reported recently for Th. A simultaneous ob-
servation of the isomeric shelf in the deep subbarrier en-

ergy region and of the relatively undamped narrow reso-
nances in the near-threshold fission cross sections for a
given nucleus would provide compelling evidence for a
three-humped fission barrier with relatively well-
developed second as well as the third minima. Based on
the analysis of the photofission cross sections in this
work, we would like to recommend the even-even nucleus

U for such a systematic investigation.
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