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Subbarrier photofission cross sections and the fission half-lives have been calculated for '"U in terms of a
suitable double-hump fission barrier model. The competition due to the gamma deexcitation to the shape
isomeric state in the second well (and its consequent fission) has been included by introducing an absorptive

part in the potential in the second well region. The calculated cross sections reproduce satisfactorily the

recently observed shelf" in the deep-subbarrier energy region and result in a resonance structure in the
threshold region consistent with that observed. The calculation also predicts several low energy resonances

in the cross sections and a detailed competition of the prompt and the delayed fission contributions suggests
that ah angular anisotropy measurement might be more sensitive in detecting the relatively small

contribution of delayed fission in the energy region 4.5-5.5 MeV.

NUCLEAR REACTIONS Fission calculated subbarrier photofission cross sec-
tions and fission half lives using a suitable two-hump fission barrier in U.
The results reproduce the observed "shelf" in the cross sections in the deep-
subbarrier energy region and the observed resonance structure in threshold

region.

I. INTRODUCTION

During the last decade we have witnessed a great
revival of interest in the study of the physics of
nuclear fission. This has been due to parallel
developments in experiments and theory during
this period and has brought about a significant
improvement in our understanding of the process.
By adding single-particle effects (shell correc-
tions) to the collective (i.e. , liquid-drop) compo-
nent of the nuclear potential energy, Strutinsky'
first introduced the concept of a double-humped
fission barrier in the actinide nuclei. This so-
called "Strutinsky prescription" has since been
extended by several other authors in multidimen-
sional calculations of the nuclear potential energy
and has resulted in predicting two- and three-
humped fission barriers in various actinide nuclei.
As the typical heights of these fission barriers
are around 5-6 MeV, it is necessary to study the
energy dependence of the fission cross sections
and of the fission-fragment angular distributions
at lorn excitations in order to determine the de-
tails of the fission barrier shapes which seem to
be responsible for several interesting subbarrier
fission phenomena such as broad and narrow
intermediate structures in fission cross sections,
the existence of the fission isomers, and the re-
cently discovered "isomeric shelf" in the deep-
subbarrier photofission cross sections. At such
low excitations, the fission process is supposed
to proceed entirely via barrier penetration and the
energy dependence of the fission cross sections in

this energy region should therefore reflect the
shape of the fission barrier.

The measurements most suitable for such in-
vestigations are the low energy neutron-induced
fis sion; the direct-reaction- induced fiss ion, and
the photofission or electrofission processes. Al-
though it is now possible to study various particle-
induced fission processes with a much higher
energy resolution of the order of a few keV, ' the
excitation spectra of the fissioning nuclei in these
reactions are rather complex due to a large variety
of spin and angular momenta introduced by the
exciting particle. Furthermore, most of these
measurements have as yet been restricted to
energies very close to the top of the fission bar-
riers, thus providing information only about the
barrier shapes at such high excitations. This
limitation is due to the fact that ne'utron-'induced
fission obviously cannot be used below the neutron
binding energies which are also of the order of
5-6 MeV in the actinide nuclei and due mainly to
the difficulties associated with a relatively large
background in direct-reaction-induced fission
cross sections below 10 '-10 ' b. In order to
study the details of the barrier shapes ak, excita-
tions mell below the top of the barriers, the photo-
fission and electrofission processes are there-
fore an excellent means especially because of the
restricted angular momenta in the entrance chan-
nel corresponding mainly to the dipole and the
quadrupole photoabsorption leading to 1 and 2'
transition states, respectively, in the fission of
even-even nuclei. This particular feature of the
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limited angular momenta in photofission processes
was pointed out by Bohr' long before the realiza-
tion of two- and three-humped fission barriers in
actinide nuclei. The importance of the photofission
process in investigating the details of such multi-
hump fission barriers at low excitations in the
actinide nuclei has since been emphasized in
recent review papers by Huizenga' and by Bhandari
and Nascimento. '

Unfortunately the relative weakness of the elec-
tromagnetic interaction results in very low cross
sections in photofission and electrofission pro-
cesses, thus rendering such measurements ex-
tremely difficult as well as very time consuming.
In view of the extremely low cross sections in the
subbarrier energy region ranging from approxi-
mately 10 "b near 3 MeV of photon energy to the
order of a few mb at 6 MeV of photon energy, it
-becomes essential to use very intense gamma flux
in these measurements. Such intense gamma-flux
is currently available only through the electron
bremsstrahlung beams either from low energy,
high current microtrons or from electron linear
accelerators with similar characteristics. The
use of bremsstrahlung beams in such investigations
introduces the usual problems connected with the
unfolding of the measured yield curves obtained
with a continuous gamma-ray spectrum and results
in a relatively poor energy resolution. However,
by using the experimentally measured form of the
bremsstrahlung spectrum and because of the fact
that the fission cross section changes very rapidly
(exponentially) in the subbarrier energy region,
such difficulties with unfolding procedures are to
some extent circumvented. Despite these serious
limitations, it is truly remarkable that subbarrier
photofission cross-section measurements have
recently been extended to very low photon energies
of the order of 3 Mev where cross sections of the
order of 10 "-10 "b have been measured. ' "

In Sec. II we compare photofission cross sections
of the even-even nucleus "'U near fission thresh-
old revealing resonance structure obtained in
various measurements using ctifferent photon
sources, discuss qualitatively the occurrence of
the isomeric shelf in deep-subbarrier photofission
cross sections, and define the purpose of the
present work devoted to the calculation of such
cross sections. Sections DI and IV deal with the
calculation of the fission penetrability and that of
the photofission cross sections, respectively, within
the framework of a double-humped fission barrier
model. In Sec. V we compare the results of our
calculation of cross sections and of fission half-
lives with those measured and discuss these with
particular emphasis on the shape of the double-
humped fission barrier in ' 'U.

II. STATUS OF EXPERIMENTAL RESULTS AND

PURPOSE OF PRESENT WORK
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FIG. 1. Measurements of threshold photofission cross
sections in U. The solid line represents the results
of Rabotnov et al. (Ref. 13), the dashed curve is the re-
sult of Khan and Knowles (Ref. 15), and the dash-dot
curve is from Anderl eg al. (Ref. 16). The crosses re-
present the results of Dickey and Axel (Ref. 17). Open
circles are the points from Mafra eg cl. {Ref. 14) using
gamma rays from neutron capture on various elements
as labeled in the diagram.

8.5

A. Status of experimental results

1. Threshold photo fission

Subbarrier photofission cross section measure-
ments have recently succeeded in revealing the
presence of resonance structure in fission cross
sections at energies close to the top of the bar-
riers. The typical results of such measurements
using different photon sources in '"U are sum-
marized in Fig. 1. In this figure the solid line
represents the results of Rabotnov et al. ' using
bremsstrahlung; this is a gross resolution mea-
surement and suffers typically from poor knowledge
of the bremsstrahlung spectrum needed in unfold-
ing the cross sections from the measured fission
yields. The open circles represent the results of
Mafra ef al."using discrete neutron-capture y
rays. These y rays are extremely narrow with
widths of the order of a few electron volts. One
therefore has to exercise caution in identifying
this structure with that of the previous experi-
ment because, with this technique, one could be
sensitive to the structure in the entrance channel
corresponding to excitation of individual compound
nuclear states. The dashed and dash-dot curves
represent respectively the results of Khan and
Knowles" and those of Anderl et aL" using Comp-
ton scattered capture gamma rays, a method which
has an energy resolution intermediate between the
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ments"methods previously mentioned. Measurement
wi is'th th' technique exhibit evidence of resonance

238structure in photofission--cross sections of U at
5.2, 5.7, 6.2, 7.1, and 7.8 MeV. The crosses
are the results of Dickey and Axel" using "tagged"
bremsstrahlung, a method claiming better resolu-
tion than Compton scattered neutron-capture
gamma rays. Thes e results appear to conf ir m
the resonances of Ref. 15 except at the lowest
energy (5.2 MeV). The cross section, however, is
significantly larger.

Monoenergetic photon beams have also been pro-
duced recently by in-flight annihilation of mono-
energetic positrons at Saclay" and at Livermore"
and have been used in an extensive series of mea-
surements of actinide nuclei by a joint Los Alamos/
Livermore collaboration. These measurements
have also resulted in cross sections similar to
those shown in Fig. 1 and a comparison of these
results with some of those shown in Fig. 1 can be
seen in Ref. 19. The use of such monoenergetic
photons is limited, however, to energies either
very close to or above the fission threshold be-
cause of a relatively low gamma flux, thus nec-
essitating extremely long exposure times in sub-
barrier photofission measurements. Such mea-
surements using bremsstrahlung beams with im-
proved energy resolution using high current micro-
trons have also been reported more recently""
with similar results.

2. Isomeric shelf

More recent deep-subbarrier photofission mea-
surements' " have confirmed the predicted22
presence of an isomeric shelf in this energy re-
gion in several actinide nuclei. The presence of
such a "shelf" in the cross sections (Fig. 5),
meaning an abrupt decrease in the slope, is at-
tributed to the delayed fission on the assumption"
that at these energies gamma deexcitation to the
fission isomer (ground state in the second mini-
mum of a double-humped barrier) is competitive
with direct decay by fission from the second well.
Since there is no time selection of the fission
events in these photofission measurements the ob-
served cross sections, representing the sum of
the prompt and the delayed fission, exhibit a
relatively slowly varying and dominant contribution
of the delayed fission in the form of a shelf in the
energy region 2.5-4.5 MeV. The fission fragment
angular distribution on the shelf is expected" and
has indeed been found" to be isotropic since a
gamma-ray cascade, which destroys the reference
to the incoming photon beam, takes place before the
isomer undergoes fission. When the incident
photon energy falls below the isomer excitation

energy, the cross section begins to drop again
much more rapidly as shown in Figs. 3 and 5.

B. Purpose of present work

The purpose of this paper is to calculate the
238U isubbarrier photofission cross sections of

the framework of a two-hump fission barrier
model. We have attempted in this work to deter-
mine a single suitable set of double-humped bar-
rier parameters for "'U which reproduces satis-
factorily the observed resonance structure in the
cross section near fission threshold as well as the
observed isomeric shelf in the deep-subbarrier
photofission cross sections. In addition, the ob-
tained set of barrier parameters is also consistent
with the observed isomeric excitation energy, the
isomeric half-life, and the ground state spontane-
ous fission half-life of this nucleus. It is our hope
that such a simultaneous analysis of a number of
observed fission characteristics in terms of a
single set of barrier parameters should prove use-
ful in determining the adequacy of a one-dimen-
sional description of the potential shapes using a
set of smoothly joined parabolic potentials to
parametriz e a double -humped fiss ion barr ier.

III. FISSION PENETRABILITY CALCULATION

A. Formalism
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FIG. 2. Two-hump fission barner in U. The so88 he olid
horizontal line in the second well corresponds to the
shape-isomeric state (&;). Other symbols are described
in the text. The barrier parameters are &&——5.60 MeV,
Scu = 1.77 MeV Eg ——2.30 MeV, @&o

——0.52 MeV, &3= 6.35
MeV, K~3 ——0.74 MeV.

The penetrability through a double-humped fis-
sion barrier in "'U has been calculated in the WEB
approximation. The potential barrier (Fig. 2) has
been parametrized by smoothly joining three
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p =Q 054/51 @ Me@ (2)

The details of the penetrability calculation
through two- and three-humped fission barriers
in the WKB approximation have been reported by
us earlier. ""Defining P„,PB, and P as the
respective penetrabilities for the inner barrier
alone, outer barrier alone, and the entire double-
humped barrier, it has been shown ' that

P= P„Ps/([1+((1—P„)(1—Ps))'I']' cos'v,

+ [1—((1 —P„)(1 —Ps))'I']' sin' v,),
where the individual penetrabilities (p& and p&)
in the WKB approximation are given" as

P„=[1+exp(2v,)] '

parabolas and is given by

V(e) = Ey + q p, &d J (E —ey)

where the plus sign applies for j=2 and the minus

sign for j=1 3nd 3. E,- represent the maxima and
minima of the potential, 5+1 their respective curv-
ature parameters, and e& the locations of the ex-
trema on the deformation axis. V(e) is taken to be
zero at g =0. p, is the inertial mass parameter,
assumed to be constant for all values of e, and

has the dimensions of the moment of inertia, '4 as
q, the distortion parameter, is dimensionless.
The value of p. used in the calculation is respectively. For a complex potential (V+iW) in

the region of the second well, the phase factor 5

is given as

provided

y, ~
'" 's W(e)

2a-') [Z —V(~)]'" (10)

W(e) «& [E —V(e)].

As expected, Eq. (8) reduces to Eq. (3), and L

vanishes for 6 =0 (W=O). The flux absorbed in the
second well is redistributed in different available
channels and contributes a "delayed" fission pene-
trability term

B ~ Y2P KP

PA+PB+Py PA+ PB+Py

ology of Eqs. (3)-(7) with the added feature that the
phase v, now has added an imaginary part (i6),
expressions for the prompt penetrability through
the double barrier and for the absorption in the
second well are found"" to be

P =(P„P/(e' +2[(1—P„)(1—P )]'~' cos2v,

+(1 —P„)(1—Ps)e "J) (8)

and

and

Ps = [1+exp(2v, )] '

for energies below the top of the barriers, and

P~ = [1 +exp(-2 I v, I)]

and

Ps = [1+exp(-2 I vs I)]
'

(4) where P& is the y-deexcitation probability to the
y2

shape-isomeric state in the second well and K is a
fraction representing the average ratio of the

probabilities of the spontaneous fission and the

radiative decay to the first well for the isomeric
state. We have accordingly chosen K as"

for energies above the top of the barriers. The
quantities v& are the integrals in respective re-
gions, as shown in Fig. 2, of the phase

Ki(e) =(2p[E —V(e)]/5 ) =4K~(6),

for example,

(6)

02 as a4

vi = Kq(e)de, vq = Kg(e) ed, vs = K~(e)dE.
ay 03

(7)

The classical turning points a, , a„a„anda4 are
as shown in Fig. 2 for an excitation energy E.

The competition due to y deexcitation to the iso-
meric state (which consequently fissions) has been
simulated in the present work by including an ab-
sorptive (imaginary) part in the potential in the
region of the second well. The calculation again
uses the WKB approximation. Using the termin-

P =P+Pl . (13)

The first term in the parentheses in Eq. (11) rep-
resents a fission contribution delayed by the time
taken in the absorption and in the consequent re-
distribution of the flux in different available chan-
nels in the second mell while the second term there

where v,& and w~+ are the respective half-lives for
the y-decay and for the spontaneous fission of the
shape-isomeric state and have been calculated for
our static potential shape (Fig. 2) using the expres-
sions given by Mix and Walker. "

As there is no time selection of the fission events
in the subbarrier photofission measurements des-
cribed earlier, the total fission penetrability (P')
is the sum of the prompt fission penetrability (P)
given by Eq. (8) and the delayed fission penetrabil-
ity (Pn) given by Eq. (11):
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represents a contribution delayed further by the
isomeric half-life. The remaining fraction of the
absorption, which does not contribute to fission
either directly or through the isomeric state, can
be termed as "loss" and is given as

KP
PA+ PB+Py PA+PB+Py

e5-.
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The absorptive part, W(e), of the potential in the
second well has a parabolic shape with respect to
the deformation parameter [similar to the real
part V(e)] and increases linearly with the excita-
tion energy. The functional form of W(e) in the
region of the second well used in this calculation
ls

W(e) = —W, [E—V(e)],

where W, represents the strength of the damping
and has been chosen to reproduce the width of
the observed resonance structure in photofission
cross section of '"U near 5.7 MeV of photon
energy as shown in Fig. 6 as well as the magnitude
of the cross section on the shelf as shown in Fig.
5. The value used in this calculation is

Wp=3x10

which is also consistent with the limits of the
validity of Eq. (10). As this. value of Wo used in

our calculation has been chosen by the requirement
of reproducing satisfactorily the observed cross
sections in a wide energy region, 2.5-6 MeV, it
should, in turn, provide at least qualitatively
reasonable estimates of the absorption and of the
"loss" as defined in Eqs. (9) and (14), respectively,
in this region of excitation.
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FIG. 3. Fission penetrability versus excitation energy
for a two-hump fission barrier shown in Fig. 2. P, PD,
and P' represent, respectively, the prompt, the delayed,
and the total fission penetrability.

B. Results

In Fig. 3 we have shown a sample calculation of
the prompt and the total fission penetrability in

'U. For energies greater than approximately
4.5 MeV, the dominant contribution to the fission
yield is made by the prompt fission penetrability.
However, below 4.5 MeV, the dominant contribu-
tion is made by the delayed fission penetrability
and results in an isomeric shelf in the total pene-
trability as shown in Fig. 3. For excitations below
the isomeric energy (2.56 MeV), the total pene-
trability is seen to fall very rapidly to coincide
again with the prompt fission penetrability. The
magnitude of the penetrability (cross sections) on
the shelf is largely determined by the values of W,
and that of the branching ratio II' and, therefore,
defining II in terms of Eq. (12) puts some con-
straints on the arbitrariness in the variation of
the barrier parameters and leads to a somewhat
self-consistent calculation of various observables
such as fission half-lives and cross sections.

In Fig. 4 we have shown the behavior of the total
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text.
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penetrability (P'), the absorption (L), and that of
the loss (L ) versus excitation energy in the sub-
barrier photofission of "'U. The fission contribu-
tion seems to be dominant above approximately
5.5 MeV. However, for excitations well below this
energy only a negligible strength is seen in the
fission channel. This explains the difficulties as-
sociated with fission cross-section measurements
at energies well below the top of the barrier.
and l. seem to be essentially equal except for
energies very close to the top of the barrier
where P~ attains values comparable to unity.

IV. PHOTOFISSION CROSS-SECTION CALCULATION

The photofission cross section below the neutron
threshold is related to the photoabsorption cross
section by the expression

pJ,E

where J, m, andKrepresent, respectively, thetotal
angular momentum, parity, and the component of
J along the nuclear symmetry axis of the fission-
ing nucleus. Pg + represents the total fission
penetrability in a given channel J', K. The total
angular momentum J and the parity z are supposed
to be conserved throughout the fission process.
However, this is certainly not the case with K
and, thus, at least in principle, quite different
fission barriers are expected to be encountered
in different J', K channels. A summation over all
these individual channels is therefore needed to
obtain the total photofission cross section. e~ ~,
and P~& are, respectively, the photoabsorption~1
cross section and the radiative decay penetrability
in the primary well in a given channel J'. Thus,
in order to calculate the photofission cross sec-
tions, one needs to know the photoabsorption
cross section and the relative strength in the
fission channel.

Reliable data on the cross section for dipole
and quadrupole photoabsorption at low energies
are not available. However, Axel" has suggested
the energy dependence of the total photonuclear di-
pole absorption cross section of heavy elements
near 7 MeV excitation as

,(E„)= Bx(E~/7)'x(0. 014)'I' mb. (18)

With a normalization factor B=3.5, the magnitude
of the cross section approximately fits"'" the
extrapolated giant-dipole resonance values in Ref.
18. This value of B is also consistent with the
more recent observation by Zhuchko eg aL" that
the original value of B=5.2 given by Axel" leads
to a substantial overestimation of the absorption
cross section in the subbarrier energy region.

Pz =2m x4.1x10 'xexp(1. 6E ). (20)

This expression gives a radiative penetrability
consistent with the dipole radiative transmission
coefficient calculated in Ref. 38. We have there-
fore restricted ourselves only to the dipole chan-
nel corresponding to J"=1 in the present calcula-
tion and have also not included the competition be-
tween K=O and K=1 channels for the simple rea-
son that most of this calculation is in the deep-
subbarrier energy region where only the lowest
barrier corresponding to K =0 will be most sig-
nificant. This has been shown in Ref. 17, where
the fission transmission coefficient in "'U cor-
responding to K=1 channel is approximately one
to two orders of magnitude smaller than that for
K=0 channel in the threshold energy region. More
recent analyses"" have also located the K =1
threshold approximately 500-600 keV above that
corresponding to K=O. Thus, in the absence of
any strong resonances in &=1 channel occurring
at energies corresponding precisely to the minima
in K=O channel, a rather unlikely possibility, our
assumption of neglecting the K = 1 competition is
reasonably justified.

V. RESULTS AND DISCUSSION

Using a suitable two-hump fission barrier (Fig.
2) in "'U, we have calculated the subbarrier photo-

The suggested" cross section below 3 MeV of
photon ener gy is

o',b, (E ) =3.8 x(E„/7)'x(0.01A)'~3 mb. (19)

In Eqs. (18) and (19), E„is the photon energy in
MeV and A is the mass number of the nucleus.
The ratio of the quadrupole- to-dipole photoabsorp-
tion cross section is""approximately equal to
0.02 for low energy y rays of interest in this work.
Therefore, one might expect the photoabsorption
cross section to be given by the dipole absorption
cross section in the absence of any significant en-
hancement of the quadrupole component in the
energy region of our interest. The prediction" as
well as the recent observation" of a giant electric
quadrupole resonance in "'U tend to locate it at
an enex'gy approximately equal to 9-10 MeV. This
is well above the energy region of our interest in
the present work. We have therefore used Eqs.
(18) and (19) to represent the total absorption
cross section.

The relative strength in the fission channel is
determined in terms of the penetrabilities corres-
ponding to fission and y-deexcitation channels
[Eq. (17)]. The fission penetrability is given by
Eq. (13) and the radiative decay penetrabilities
(P~, and P~ ) have been calculated using a semi-
empirical expression given by Bowman":
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fission cross sections and the fission half-lives.
In Fig. 5 we have shown a comparison of our cal-
culated cross sections with those measured by
Bowman et gl. and by Zhuchko et al."' The
differences in the slopes of the cross sections in
the isomeric-shelf region observed in these two
measurements are significantly large and have
been explained" in terms of the large differences
in the energy resolutions achieved in these two
studies.

The solid line in Fig. 5 represents our results,
calculated in steps of 10 keV each, showing a num-
ber of resonances in the subbarrier photofission
cross sections. The crosses are the results of
Bowman et gl. ' using bremsstrahlung beam from a
linear accelerator for photoexcitation. These
cross sections were measured only at a few excita-
tion energies, with an energy interval of 500 keV
each, and with a relatively poor energy resolution.
The filled circles represent the results of Zhuchko
eg gl.""again using the bremsstrahlung beam,
but from a high-current microtron and claim a
better resolution. The cross sections have also
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been measured more systematically with energy
intervals of 100 keV each. These results show
reasonable agreement with our calculation in the
region of the isomeric shelf. In order to compare
our results with those of Bowman et al. ,

' we have
calculated an average on our calculated cross sec-
tions over an energy interval of 500 keV at only
those energies where the measured cross sections
are given. These average cross sections are
shown by the open circles and a dashed line has
been drawn through these points just to guide the
eye. This dashed line does not represent a "moving
average" on our calculated cross sections. In
view of the sharp resonance structures in our cal-
culated cross sections, the shape of any such
"moving average" shall depend crucially upon the
choice of the averaging energy interval. For ex-
ample, an average over the 200-300 keV interval
shall still show resonance structures, though
relatively much wider, in the cross sections,
while an averaging interval much larger than 500
keV shall tend to distort the shape of the calculated
curve which shows sharp resonances separated by
approximately 500 keV each. We believe that these
resonances should be readily observable on top of
the isomeric shelf. This is because when the ex-
citation energy is appropriate for the transmission
resonance, there is a large amplitude for the wave
function in the second well which augments both
fission and y-decay equally. Thus the fission out-
put, whether prompt or delayed, is amplified at
the resonance energy.

Figure 6 shows a comparison of our calculated
results, averaged over the 100 keV energy interval,
with those measured by Dickey and Axel" using
"tagged" bremsstrahlung with variable energy
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FIG. 5. A comparison of the calculated (solid line)
subbarrier photofission cross section of U with those
measured by Zhuchko et al. (Hefs. 8, 10, and 21) (filled
circles). The open circles represent an average on our
calculated cross sections over an energy interval of
500 keV for comparison with poor resolution data of
Bowman et al. (Ref. 6) (crosses). The dashed line has
been drawn through the open circles just to guide the eye
and does not represent a "moving-average" on our cal-
culated cross sections.
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FIG. 6. A comparison of our calculated photofission
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eraged over an energy interval of 100 keV, with mea-
sured data of Dickey and Axel (Ref. 17) (crosses) usirg
"tagged bremsstrahlung" with variable energy photons
defined to 100 keV.
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photons defined to 100 keV. The threshold reso-
nance at 5.7 MeV is satisfactorily reproduced.
The calculated cross section continues to rise
above 6 MeV of photon energy. This is expected
because we have not included the neutron compe-
tition in our calculation. The neutron threshold in
"'U is approximately 6.2 MeV and seems to be
responsible for the observed decrease in pho'to-
fission cross sections near this energy.

We have also calculated the ground state spon-
taneous fission half-life and the isomeric half-
life using the two-hump fission barrier (Fig. 2)
in "'U. These estimates for the fission half-lives
are, however, only of qualitative value as these
have been calculated using a static potential shape
with a constant mass parameter. It has been
shown by Pauli and I.edergerber" that significantly
different results could be obtained when dynamical
effects are taken into account. Assuming a curva-
ture (I'~) of 1.0 MeV for the primary potential well
the value obtained for the ground state spontaneous
fission half-life corresponding to the two-hump
barrier of Fig. 2 in our calculation is equal to
1.167 x10' yr. This is in excellent agreement
with the most recent measurement" of this half-
life yielding the value (1.01+0.03) x10" yr.

Similarly, for the isomeric state, assumed to be
the ground state in the second well of the two-
hump fission barrier shown in Fig. 2, we obtain
the following results in our calculation for the iso-
meric-excitation energy and for the different com-
ponents of the isomeric half-life:

E,. =2.56 MeV,

7~ =201x10 ' sec,

y,"=220x10 ' sec,

q-',.'~ =199x10 ' sec.
The isomeric excitation energy and the isomeric

half-life are again in excellent agreement with
those measured as 2.56 MeV~ and as (195+30)
x 10 ' sec, "respectively. The two different com-
ponents of the isomeric half-life yield a value for
the fraction a [Eq. (12)] equal to 0.913x10 ' in our
calculation. This is also in good agreement with
values obtained for this branching ratio as equal
to 2 x10 2 in Ref. 42 and equal to 1 x10 ' in a more
recent work. "

We would also like to comment here on a recent
observation by Zhuchko et al. in Ref. 8 where they
found that although the shelf in the photofission
yield (cross sections) was evident only for photon
energies below 4.5 MeV, an increase in the iso-
tropic component of the fission fragment angular
distribution was observed in the energy region
4.5-5.5 MeV. This led them to propose a "normal
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FIG. 7. Relative contributions of the prompt and the
delayed fission probabilities in the photon energy region
4-6 MeV in the subbarrier photofission of U.

isomeric shelf" in the energy region 4.5-5.5 MeV
and an "anomalous shelf" in the energy region
below 4.5 MeV. In the first proposed explanation
of the occurrence of an isomeric shelf in the
framework of a double-humped fission barrier,
Bowman" calculated only the average cross sec-
tions and thus neglected the effects of subbarrier
resonances expected in such a model. However,
with more refined measurements, Zhuchko et al. '
seem to have also observed the presence of such
resonance structures in deep-subbarrier photo-
fission cross sections. In the present work, we
have included such resonance structures and
believe that a further classification of the isomeric
shelf into a "normal" and an "anomalous" one is
unwarranted as both these belong to the same
physical phenomenon and arise due to a nonvanish-
ing delayed-fission contribution at higher energies.
This is illustrated in Fig. 7 where we have shown
the prompt- and the delayed-fission penetrabilities
as a function of photon energy. The delayed-fission
penetrability is dominant at energies below 4.4
MeV and results in a shelf in the measured photo-
fission yields (cross sections). The two penetrabil-
ities seem to be equal to each other at 4.4 MeV,
above which the prompt penetrability begins to
dominate. However, the delayed contribution does
not vanish. In the energy region 4.4-5.2 MeV,
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the delayed contribution is about an order of mag-
nitude smaller than that of the prompt penetrability.
Such a small contribution may be difficult to be
detected in a cross-section measurement. How-

ever, as the delayed-fission contribution is ex-
pected to result in a distinctly different (isotropic)
angular distribution, an angular anisotropy mea-
surement might be more sensitive to it. In a
qualitative sense this seems to be exactly what
has been observed recently in Ref. 8.

The parabolic shapes used in parametrizing the
double-hump fission barrier in the present work
are only an approximation. In reality the potential
shapes could be quite different. However, our
results indicate that such shapes are reasonably
consistent with the observed fission characteristics
of ' 'U in the subbarrier energy region. Some of
the discrepancies in the calculated cross sections
versus those observed might be related to the lack
of flexibility of the parabolic potentials used. The
barrier parameters obtained in this work (Fig. 2)
are consistent with those available in the litera-
ture" "except that we need a much narrower and
thus a more penetrable inner barrier. Such fea-
tures. for the inner barrier have also been obtained
recently by Bowman"' from the observed slope
of the cross section in the shelf region and were
claimed' to be in contradiction with the inner
barrier shapes obtained through an analysis of
threshold photofission data. The present work
shows that such a shape (Fig. 2) is reasonably con-
sistent with cross sections in the entire subbarrier
energy region, 2.5-6 MeV, and also reproduces
reasonably correct fission half-lives.

The discrepancy in the peak value of the cross
section in the resonance region on the isomeric
shelf, for example near 3.6 MeV in Fig. 5, is, in
our opinion, due to the difficulties associated with
the energy resolution in the bremsstrahlung mea-
surements. Although it is possible to reduce the
peak value of the resonance to that observed""
by increasing the damping strength [Eq. (16)] used
in our calculation, it would then be impossible to
obtain an agreement with cross sections measured
by Bowman et al. ' with a still poorer energy reso-
lution. Furthermore, such a large damping shall
result in the threshold resonance at 5.7 MeV
(Fig. 6) to be much broader than that observed.
These arguments are, of course, valid only if the
observed cross sections in the entire subbarrier
energy region correspond to a single fission path
as assumed in the present work. Recent analy-
ses ' of fission probabilities for "'U have sugges-
ted the possibility of two distinct second saddle
points providing two independent paths to fission.
However, even this analysis ' concludes that for
excitations below 6.5 MeV, fission is dominated

by the lower of the two outer saddle points thus
justifying our assumption of a single fission path
in the s ubbarr ier energy region.

Finally there is some evidence for an apparent
increase in the quadrupole component of the photo-
fission angular distribution data" below 6 MeV
consistent with the more recent finding" of the
apparent location of the (J'",K) = (2', 0) threshold
at 5.5 MeV. This is approximately 500 keV below
the (1,0) threshold" and results4' in an inner
barrier lowered by this much energy in (2', 0)
channel as compared to that in (1,0) channel. The
outer barrier is, however, expected" to be equally
high in both these channels. It is then important
to inquire if such a lowering of the inner barrier
could increase the quadrupole barrier penetrability
to an extent that it may compensate for the other-
wise low quadrupole photoabsorption probability.
Such competition was first considered by Vanden-
bosch" in an attempt to explain the dominance of
the quadrupole component in near-threshold photo-
fission of '"Pu. It was, however, noted in our
earlier work' that, although such a competition
was qualitatively consistent with the observations,
it was not sufficient from a quantitative point of
view. For "'U, we have independently calculated
the quadrupole-photofission cross section expected
with the above mentioned modification in the
double-hump barrier shape and found4' that the
quadrupole cross section is several orders of
magnitude smaller than the dipole cross section
in the isomeric-shelf region. However, in the
threshold region the two differ only by an order
of magnitude. An angular anisotropy measure-
ment" may perhaps be more sensitive to this
small quadrupole contribution in the threshold
region in the same way as discussed earlier in
connection with the delayed-fission contribution
in Fig. 7. We thus conclude that our neglecting
the (2', 0) channel in the present work does not
affect the cross-section results in any significant
way. Our conclusion is further confirmed by a
more recent work" which attempted to analyze
their isomeric-shelf data in "U in terms of a
pure (2', 0) channel and failed. This failure can be
easily explained in our model calculation in terms
of Eq. (12). A lowering of the inner barrier in-
creases I'„,thus decreasing z,. and g, which, in
turn, leads to a significant decrease in the contri-
bution of the delayed fission mainly responsible
for the observed isomeric shelf.
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