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The photofission cross section of »*Th was measured in the 5.8—12 MeV energy range with an
average photon energy resolution of 600 eV. Intermediate structure was observed at 5.91, 5.97, and
6.31 MeV. The experimental fission probability and various properties of the intermediate structure
were compared with calculated values based on a double-humped fission barrier as well as a triple-
humped one. The results favor, though not decisively, the presence of a shallow third well in the
barrier. Certain features of both barriers, a rather high first hump and a deep secondary well, are
quite different from those predicted by current theoretical barrier calculations.

I. INTRODUCTION

Since the discovery of the double-humped fission bar-
rier in actinide nuclei, extensive experimental and theoret-
ical work has been done on various aspects of fission.! Of
great value have been experimental investigations at exci-
tation energies in the vicinity of the barrier because of the
information they supply on the details of its character and
shape. Very fruitful in this respect have been experiments
on particle transfer reactions leading to fission** as well
as experimental studies of neutron-induced fission.! The
latter in particular, because of their characteristically high
neutron energy resolution, proved to be an excellent tool
for investigating the complex level structure at sub-barrier
excitation energies. As a result of these efforts, the main
features of the fission barrier are now well understood.

Persisting interest in the fission of thorium isotopes has
been caused in part by the difficulty in resolving the ques-
tion of the existence of a theoretically predicted third
minimum in their fission barriers."* The most direct evi-
dence in favor of such a complex barrier has been provid-
ed by the observation’ of rather narrow resonances in
neutron-induced fission of 2!'Th and ?*3Th. Fine struc-
ture observed within these resonances in high resolution
measurements has been interpreted as corresponding to
rotational bands built on undamped vibrational states.
Various features of this structure appear to be in support
of a triple-humped barrier with an inner barrier 4 consid-
erably lower than barriers B and C. However, it has been
shown by Lynn® that the observed structure could also re-
sult from coupling of single particle and vibrational
motion in these nuclei.

In 232Th, whose barrier is also expected®”® to be triple-
humped, sub-barrier excitation energies are not accessible
in neutron-induced fission because the neutron separation
energy is higher than the barrier. Such energies, however,
can be reached in photofission. Accurate photofission
measurements are best done with monochromatic gamma
rays of variable energy. Such measurements have been
done on **?Th at E, <8 MeV by Dickey and Axel,’ and
by Knowles et al.,125 with tagged bremsstrahlung having
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an energy resolution of 70 keV and 13 keV, respectively.
In both cases the photofission cross section exhibits struc-
ture, the most prominent manifestation of which is a
broad resonance at 6 MeV. We recently'! reported results
of measurements of the photofission cross section of 23*Th
at excitation energies close to the top of the barrier. The
necessary photons were derived from (p,y) resonances in
several light nuclei. They had an energy resolution better
than 500 eV. These measurements revealed resonances re-
sulting from compound states in the second well of the
barrier (intermediate structure). Various properties of this
structure could be understood within the framework of
the double-humped barrier, although the possibility of a
shallow third minimum could not be excluded.

Although the details of the shape of the fission barrier
are reflected most directly in the behavior of the fission
cross section at excitation energies in the vicinity of the
barrier, measurements at higher photon energies also pro-
vide useful information. Such measurements are also im-
portant for the understanding of the fission decay of the
giant quadrupole resonance.'>!3 Existing data have been
obtained using quasimonochromatic photons from annihi-
lation of positrons in flight. The energy resolution of
such photons is 250 keV. Cross sections obtained by
Veyssiere et al.!* for several actinide nuclei are in sub-
stantial disagreement with the more recent results of
Caldwell et al.'> In the case of 22Th, the results of the
two experiments differ by about 30% on the average. Re-
cently reported measurements by Ries et al.'® on 2*°U and
28U involving counting of fission fragments instead of
neutrons as in the two other experiments, appear to con-
firm the values reported for these two nuclei by Veyssiere.
However, results of Arruda-Neto et al.'> obtained with
continuous bremsstrahlung are in better agreement with
the data of Caldwell.

The aim of the present measurements was to continue
the investigations of intermediate structure over a wider
energy range than the one reported earlier,'! and to extend
the cross section measurements to higher energies in order
to resolve the existing discrepancy between the published
values of the cross sections. Preliminary results of this
work have been described before.!”

1397 ©1986 The American Physical Society



1398 H. X. ZHANG, T. R. YEH, AND H. LANCMAN 34

II. EXPERIMENTAL SETUP AND PROCEDURES

The (p,y) resonances chosen for these experiments are
characterized by small natural width, large gamma ray
yield, and decay by emission of only, or predominantly,
one gamma ray with an energy higher than 5 MeV. Since
the lifetime of a typical resonance is considerably shorter
than the average stopping time of the recoiling compound
nucleus in the material of the target, the energy of the em-
itted gamma ray is fully Doppler-shifted. It varies with
the angle of emission O relative to the proton beam (see
Fig. 1) according to the expression

E,=Ey[1+(v/c)cosf] ,

where v is the velocity of the recoiling nucleus. A typical
value of dE, /d@ is 300 eV/deg at 6=90", and a typical
photon energy range is 20 keV.

Since high proton beam currents, 150 uA on the aver-
age, have to be used in order to ensure an adequate photon
flux, a target chamber designed'® to withstand the large
beam power dissipation was employed. The target materi-
als were deposited on a water-cooled thin Ta foil. The
foil, mounted at the end of a bellows, vibrated in two mu-
tually perpendicular directions in the plane perpendicular
to the proton beam, spreading the beam over a large target
area. High vacuum was maintained in the chamber to
prevent deposit of contaminations on the target. In
choosing the target materials, care was taken to avoid iso-
topes with (p,n) thresholds below the proton energy for
the particular (p,y) resonance. Each Ta foil was
thoroughly cleaned and repeatedly heated in vacuum be-
fore the target was deposited.

The experimental setup was the same as the one
described before.'""!7 Foils of thorium, 30 mg/cm? thick,
containing 99.9% of 2*Th were sandwiched between 8
um thick strips of polycarbonate film (Kimfol). The
sandwiches were located on a cylindrical surface coaxial
with the proton beam (Fig. 1) which was provided by the
Brooklyn College Dynamitron accelerator. The Kimfol
film served as the fission fragment track detector. In or-
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FIG. 1. Part of the fission fragment detection setup showing
a fragment emitted from depth 1 in the thorium foil. The
sandwiches of Kimfol film and thorium foil are located on a
cylindrical surface coaxial with the proton beam.

der to determine the gamma ray intensity and spectrum, a
large, efficiency calibrated, Ge(Li) detector (not shown)
was placed at 90° to the proton beam.

To make the handling of the sandwiches manageable,
the thorium foil was cut into 5 cm X5 cm squares. Each
square was covered by a 100 g/cm? layer of gold on both
sides to protect its surface from oxidation. It was neces-
sary to use 90 such squares to ensure an adequate count-
ing rate of the fission fragments.

The efficiency calibration of the Kimfol film for count-
ing the thorium fission fragments, and the procedures
used in developing the film were described elsewhere.!®
The scanning of the developed film for fission fragment
tracks was done with a high-resolution vidicon camera. A
detailed description of the setup used for scanning was
also given elsewhere.?’

III. DATA REDUCTION

In the cylindrical geometry used here, fission fragments
produced by photons of energies between E, and
E,+AE, are created in strips of foil defined by the inter-
sections of the cylindrically shaped foil with cones of ver-
tex angles 8 and 60+ A6 originating at the proton target
(see Fig. 1).

The photofission cross section o, at photon energy E,
is related to the fission fragment counts N(E, ) in a strip
of width m (6) corresponding to an energy interval AE,
by the expression

21(0)
N(E,)=—""2—
(Ey) 47r¥(6)

o, s(E, )InLm(6)n(6) . (1)
Here I(6)=IW(6)R(0) is the intensity of the gamma
rays at angle 6, I is the intensity of the photons coming
from the proton target, W (6) is the photon angular distri-
bution function and R (6) accounts for absorption of the
photons on their way to the strip, n is the number of tar-
get nuclei per unit volume, L is the length of the strip,
r(0) is its distance from the photon source, and

70)= [ [ [F(@o,a)sinfdBded1, @)

where F(B) accounts for the angular distribution of the
fission fragments?®! relative to the direction of the gamma
rays, and Q(1,a) is the efficiency of the Kimfol film'® for
detecting fragments emitted from depth 1 in the foil at an
angle a to the normal. The angles 6, a, 3, and the azimu-
thal angle ¢ are related by

cosa = cosf3sinf — cosf sinfBsing . (3)

The photofission cross section is found for each energy
E, by adding the numbers of tracks counted in strips
found at angle 6 in all Kimfol films. In plotting the cross
section versus the photon energy, the choice of the energy
interval per channel AE, was dictated by the total num-
ber of accumulated counts at a given (p,y) resonance and
by the photon energy resolution.
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IV. RESULTS AND DISCUSSION ok LA AL L ]
. ¢ This work
A. The photofission cross section — Caldwell et a.
. . . . 30  --- Dick d Axel B
The photofission cross sections obtained with gamma = _ V:s:):e:' ot :,e
rays from several (p,y) resonances are shown in Fig. 2. CHE Knowles et al. S~
The target isotope and proton resonance energy are indi- 7 20F , \-\ .
cated in each case. Twenty-two such spectra were taken b ’ \
in the photon energy range from 5.8 to 12 MeV. The ok i
average duration of each run was 20 h. The statistical ac-
curacy of the counts, shown by the error bars, varies from ]
spectrum to spectrum, reflecting the fluctuation of the 0 3 7 8 5 n) T 5
strength of the (p,y) resonances. Ey (MeV)

The photon energy resolution depends on several fac-
tors. Among them are the angular photon energy disper-
sion, the accuracy of the alignment of the films relative to
the proton beam, the accuracy of the determination of the
track position,?’ and the natural width of the (p,y) reso-
nances. In cases where the last contribution is negligible,
the energy resolution ranges from 200 eV for the lower
photon and resonance proton energies and heavier (p,y)
target isotopes, to 700 eV for the high photon and proton
energies and light target isotopes.

The cross sections averaged over the photon energy
range at each (p,y) resonance are plotted versus the aver-
age photon energy in Fig. 3, where data reported previous-
ly!' have been included. Two adjacent spectra at 6.17

FIG. 3. Photofission cross sections obtained in different ex-
periments. The results of this work are averaged over the pho-
ton energy range at each (p,y) resonance.

MeV are represented by one point. The error bars include
counting errors (negligible), errors in the efficiency cali-
bration of the gamma ray and fission fragment detectors,
uncertainties in the angular distribution of the fission
fragments and the gamma rays, and uncertainties in the
alignment of the thorium foils and Kimfol films relative
to the proton target. The plotted cross sections were
corrected for contributions caused by the unwanted gam-
ma rays emitted from some (p,y) resonances. Except for
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FIG. 2. Photofission cross section of >*Th for several photon energies. The (p,y) resonances used to produce the photons and the

resonance proton energies are listed in each case. The average photon energy resolution in the three spectra exhibiting structure is 300
eV.
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one case, these corrections did not exceed 10% of the
presented values. The sum of the contributions from fis-
sion caused by neutrons from (y,n), (y,2n), and fission, as
well as the contribution from (y,nf), were estimated to be
smaller than 2%.

Our results are in good agreement with those of Dickey
and Axel,” and at energies above 9 MeV, those of
Caldwell et al.'> They are systematically higher than the
results of Knowles et al.'° They are also higher than the
cross sections reported by Veyssiere et al.'* The broad
resonance at 6 MeV, clearly seen in the data of Knowles
and Dickey, has been confirmed by (p,p’f) measure-
ments.?> It should be kept in mind while comparing the
various data that our results are obtained by averaging
over an energy interval at least an order of magnitude
smaller than in the other experiments.

B. The fission probability

The fission probability is obtained by dividing the mea-
sured photofission cross section by the total gamma-ray
absorption cross section o,. Thus Pr=o0,r/0,. This
quantity is shown in Fig. 4 vs the gamma ray energy. It is
assumed that fission occurs at the excitation energy
E =E,. The values of o, were taken directly from Ref.
15 for photon energies higher than 9 MeV. Below this en-
ergy they were obtained by extrapolation.’* The calculat-
ed fission probability that provides the best fit to the data
up to the (y,2n) threshold is shown by the solid line. It
was computed using the program FISSAL developed for a
double-humped fission barrier by Back and Britt.2* The
statistical model on which the program is based is dis-
cussed in detail by Back er al.> We therefore describe it
here only briefly.

1.0p— T T T T T ™)
s ]
s ]
Py
O.1F .
i t]
!
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0 6 7 8 9 10 1 12
Ey (MeV)

FIG. 4. Comparison of the fission probability of *’Th with
the results of calculations based on the statistical model. The
solid line is for axially asymmetric, reflection symmetric barrier
A and axially symmetric, reflection asymmetric barrier B. The
dashed line is computed assuming axial symmetry, reflection
asymmetry for both barriers. The dotted line is based on the
same assumption as the dashed one but with E2+ lower by 200
keV.

The fission probability is given in its usual form
T (EJ™)

s, )
T (EJ™)

P{(E)=3a(EJ")
Jﬂ'

where a(EJ™) is the probability of populating a state with
spin J and parity 7 by photoabsorption, I',=T;+T,+T,
is the total width of the state, and I'y, Iy, and T',, are its
partial widths for decay by fission, neutron emission, and
gamma-ray emission, respectively. S is a correction fac-
tor for width fluctuation.! All widths are averaged over
many states at excitation energy E. The averaging obli-
terates structure resulting from compound states in both
wells while preserving the much wider spaced vibrational
resonances in the second well.

The gamma-ray width is calculated by summing the
widths for all transitions to states at lower energy in the
first well, assuming that only E 1 transitions take place.
Similarly, the neutron emission width is computed by
summing the transmission coefficients for transitions to
all possible final states in the 4-1 nucleus.

The average fission width is obtained from

Dy{(EJ™)

™ —
LB =—"

STHEI, (5)
K

where D is the average level spacing at ground state de-
formation, and TfK are the barrier penetrabilities for the
transition states with different spin projections K on the
nuclear symmetry axis. These penetrabilities are found
analytically by solving the Schrodinger equation for a
double-humped fission barrier. The barrier is formed by
joining smoothly three parabolic sections which represent

its two humps and the well between them (second well).
Thus

Vie)=E,+uoie—e)/2,

where, in the commonly used notation, / = A for the first
hump, B for the second, and II for the well; € is the defor-
mation parameter, u=0.0544°3%#* MeV~!, and 7w, are
the curvatures of the parabolas.

The penetrabilities found in this way exhibit resonances
at energies of vibrational states in the second well. To ac-
count for the damping of these states into the compound
states in the second well, an imaginary term is added to
the potential

Ule)=—WI(E)+Cle—ey)*/2 , (6)
where
W(E)=w(E _EII—An"'Ap)_" WO N

A, and A, are the neutron and proton pairing gaps,
C=4W /(a’+b? is found from the condition that
U(a)+ U(b)=0, and a and b are the joining points of the
parabolas. As a result of the addition of the imaginary
term, the penetrability Ty becomes a sum of two parts

Tf=TD+T1 > (7)

where Tp represents direct and 7 indirect fission, i.e.,
fission preceded by the excitation of compound states in
the second well.
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Under the assumption of K mixing in the second well,
when several transition states contribute to the process,
the sum in Eq. (5) has to be replaced by (Np + N;), where
Np=S,TH, and N;=NuNy/(N,+Ng). Here
Nas= A%, and N, 5= (T 5, where AX is the flux
absorbed in the second well from transition state K, and

TS p={1+exp[2mEX p —E)/#i0 51} !

are the Hill-Wheeler penetrabilities of barriers 4 and B
for transition states K.

In the absence of damping, all AX=0, whereas for
complete damping, all T5=0. The latter case is assumed
in the nonresonance version of the program which is used
to calculate the fission probability at energies well above
the barrier. In this case the probability is decided by the
density of states at barriers 4 and B. This density, in
turn, strongly depends on the symmetry of the fissioning
nucleus at the deformation of each barrier. In the present
calculation, following Back et al.,? we used the resonance
version of the program at energies below 7.5 MeV; above
that energy, the nonresonance version was used. Howev-
er, we found that between 6.5 and 7.5 MeV the results ob-
tained with the two versions differ insignificantly. Barrier
A was taken to have axial asymmetry, reflection symme-
try; barrier B axial symmetry, reflection asymmetry. The
population probabilities for the states reached by electric
dipole and quadrapole excitations were taken to be 0.98
and 0.02, respectively,” independent of excitation energy.

Not all parameters defining the barrier can be uniquely
determined by fitting the experimental fission probability.
Fortunately, some can be found independently from other
data. The value of Ej; is determined by the density of
class II states'! at 6.16 MeV. The spacing of the reso-
nances at 6.313 MeV, D;;=1.3+0.3 keV, is in excellent
agreement with this value. The average areas of the ob-
served intermediate structure set the values of E$ and
EJ at 6.10+0.2 MeV and 6.50+0.2 MeV, respectively.
The other parameters were varied to provide the best fit
(solid line in Fig. 4). The results are compared with other
determinations in Table I.

Although the overall agreement between the values of
the parameters determined in different experiments is

good, there are several exceptions. The values E found

by Van der Plicht et al.?’ is too high to account for the
measured average areas of the class II resonances. QOur
data confirm their value of Eg+, which is higher than the
values obtained in the other experiments. Our value for

E} is somewhat higher than the two other values; how-
ever, of these two, the value from Ref. 11 was obtained by
fitting the average areas of the class II resonances, which
is not very sensitive to E5 . In the present case, Ep~ is
determined mainly by the fission probability at 7 MeV,
where the contributions of K"=1" and 0~ fission be-
come comparable. The J”"=2% barrier parameters cannot
be determined from the present data because of the small
value of a(27).

Given the theoretical prediction®"® of a rather low bar-
rier A and a barrier B split by a third well, it is tempting
to compare the calculated fission probability for such a
barrier with the experimental data. If the first barrier is
low, then, in order to account for the intermediate struc-
ture and the broad vibrational resonance, it is necessary to
assume that the third well has a minimum at ~3 MeV.
Since the low first barrier does not affect the fission prob-
ability at energies around 6 MeV, the part of the barrier
which has to be considered is the double humped part
comprised of barriers B and C at higher deformations.
To compute the fission probability, we assume that both
barriers B and C are axially symmetric and reflection
asymmetric,® and that they are characterized by parame-
ters listed in Table I, with 4 =B and B =C. The result is
shown by the dashed line in Fig. 4. Agreement with ex-
periment at higher energies can be improved by lowering
E 3+ by 200 keV, which results in the dotted line. Clearly,
on the basis of the present data it is impossible to choose
between this barrier and the ordinary double-humped one.

4,7,8

C. Intermediate Structure

1. Background

The spectra in Fig. 2 at 5908, 5975, and 6313 keV ex-
hibit structure which we interpret as representing class II
compound states in the second well of the barrier. As in
the cases reported previously,'! the observed peaks are su-
perimposed on a rather high background. Its magnitude
is determined by fitting each spectrum with a function

TABLE 1. Parameters of the double-humped fission barrier (in MeV).

K™ Ref. 22 Ref. 1 Ref. 9 Ref. 25 Ref. 2 Ref. 11 This work
ot 5.8 5.82 5.5 5.7 <5.5 5.82
E,4 0~ 6.75 6.3 6.7 6.15 6.10
1- 6.5 6.55 6.55
fiw 4 0.9 1.0 0.9 0.9 0.9 1.0
ot 6.75 6.22 6.1 6.6 6.15 6.40
Ep 0~ 6.75 6.3 6.6 6.55 6.50
1- 6.9 6.85 7.25
fiwg 1.2 0.75 0.5 1.2 0.5 0.65 0.7
Ey 3.0 3.0 3.0 2.8 2.8
fiwy 1.5 1.5 1.5 0.9
W, 0.05 0.05 0.05
w 0.25 0.15 0.15




1402 H. X. ZHANG, T. R. YEH, AND H. LANCMAN 34

ayf(Ey)=ab(Ey)+2Aiexp[—B,-(Ey—E,.)z] , (8)
3

where ab(ET)zaEf’, +bE, +c, and E; are the energies of
the peaks. To compare the magnitudes of o, with
theoretical expectations, it is useful to express the cross
section in terms of the fission probability.

Employing the picket-fence model for the class II com-
pound states, we can write for the fission probability at
energy E =E; +x below the (y,n) threshold

Cs(x)+T
Prx)=Ya f D
J"l’

_—S . 9
l“f(x)+l"D+F,, ©)

We will assume that a(17)=1.0.

When overlap of class II compound resonance tails is
not neglected, I';(x) represents the sum of contributions
from all class II states to the fission width at x. This has
the form?

Ty TupDy
Fex)=—7r:—"
d Dy
Sil’lh(ﬂrn/Du)

X cosh(nTy/Dy) —cos(2mx /Dyp)

(10)

where 'y, iy, and Ty are, respectively, the coupling,
fission, and total widths of the class II compound states.
In the presence of several transition states K with incom-
pletely damped vibrational resonances in the second well
at energies EX ),

D
| —Z-fr‘—‘?r’j,ar’;/[(E —EE 24k, /2%,

where

X p=—"T%;, (12)
18

and I‘ﬁ and 'K, are, respectively, the damping and total
widths of the vibrational resonances. When damping in
the second well is complete

Dy
VS 3;‘% Tis -
The direct fission width is given by the expression
D,
Ip="-3TF.
b=y ST

For a double-humped fission barrier, T can be obtained
from FISSAL, but for the purpose of computing the prop-
erties of the intermediate structure, which depend very
strongly on the positions of the vibrational resonances in
the second well, it is better to calculate T in a way that
will allow us to use the experimental values of the energies
of these resonances as independent input data. A suitable
expression for T of a double-humped barrier can be de-
rived with the aid of the Wentzel-Kramers-Brillouin
(WKB) approximation. In such a derivation the loss of
direct flux due to damping in the second well can be ac-
counted for by adding to the potential the imaginary part
given by Eq. (6).
According to Bhandari*® for a potential V(e)+iU(e)

Tp=T,Tgexp(—28){1+2exp(—28)[(1—T,)(1—Tz)]""*cos2v+(1—T4)(1—Tp)exp(—48)} ", (13)

where

6=~ de

€ [E—V(G)]l/z ’

e Ule)
M € €
2ﬁ2 ] f

and €' and €” are the classical turning points at energy E
in the second well. The phase angle v can be determined
locally from

The penetrability computed according to Eq. (13) is in
good overall agreement with the one given by FISSAL.

The damping width of a resonance in the second well
can be estimated from

r _—_@[l—exp(—%)]
w 277_ .

In the absence of damping, i.e., when W =0, §=0 and no
indirect fission occurs. Indeed in this case I';(x)=0, as

E=6.0MeV

ok E=6.4MeV

= 0.4

Py

0.2

FIG. 5. Intermediate structure in the fission probability cal-
culated at two excitation energies for the double-humped fission
barrier.
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TABLE II. The average areas, widths, and underlying backgrounds of the intermediate structure resonances.
E A (beV) W (eV) Py

(MeV) Expt. Calc? Calc® Calc? Calc® Expt. Calc? Calc®
6.313 52+1.7 33 32 440 440 0.34+0.07 0.35 0.41
6.175 51x+1.7 4.2 4.9 370 420 0.16+0.03 0.21 0.24
6.144 13.01£4.0 4.2 5.0 350 430 0.25+0.05 0.19 0.34
6.074 3.1£1.5 4.6 5.0 400 470 0.18+0.05 0.19 0.15
5.975 48+1.6 5.0 5.2 620 550 0.121+0.02 0.13 0.12
5.908 54%1.5 24 5.4 200 310 0.24+0.05 0.035 0.21

“Double-humped barrier.
*Triple-humped barrier.

can be seen from Egs. (10) and (11). On the other hand,
when § is very large, damping becomes complete.

It may be noted that in the vicinity of a resonance, Tp
given by Eq. (13) is well approximated by a Lorentzian
function of energy, whereas far from resonances it is pro-
portional to the product T,Tg. This is in general agree-
ment with the algebraic structure of T, used in the
doorway-state model of Goldstone and Paul,2® where the
Lorentzian terms reflect coupling of the compound states
in the first well to vibrational resonances in the second
well, and the smoothly varying T,Tp term originates
from coupling of the compound class I resonances to the
completely damped vibrational resonances in the first
well. The vibrational resonances act as doorways to fis-
sion.

If the barrier is assumed to be triple humped, the pene-
trability of barrier B in Eqgs. (12) and (13) has to be re-
placed by the overall penetrability Tpc of parts B and C
of the barrier, whose shapes as before are approximated
by parabolic functions of deformation. For a shallow
third well in which no damping takes place, Ty is given
by Eq. (13) in which §=0, and T, and T are replaced by
Tp and T, respectively.

To calculate Ps(x), one needs to know the energies Ey,
and Eyy, of the vibrational resonances in the second and
third well within the energy range of interest. But despite
persistent efforts made in search for resonance structure
in the cross section of 232Th, its details are not well estab-
lished. In addition to the broad resonance at 6 MeV, con-
siderably narrower resonances have been reported by
Knowles et al. at 5.92 and 6.11 MeV. However, the latter
two resonances cannot be discerned in the spectra of
Dickey and Axel taken with monochromatic photons of
energy resolution 70 keV. They also do not appear in the
fission cross section measured by Janszen et al.?2 with an
energy resolution of 17 keV.

Because of these uncertainties concerning the existence
of the narrow resonances we have assumed only one reso-

nance at 6 MeV in the calculations with the double-
humped barrier, whereas in the triple-hump calculations
all three peaks were assumed to exist; the two narrow
ones, in the third well. In order of increasing energy these
peaks were taken to have J",K=17,0, 170, and 171.
The last assignment does not contradict the results of the
measurements of the angular distribution of the fission
fragments.?!

The background underlying intermediate structure can
be defined as P, =P;(Dy;/2). This is illustrated in Fig. 5,
where Ps(x) is plotted at two excitation energies, with
only two peaks shown at each energy. P, represents back-
ground in spectra measured with sufficiently high energy
resolution. It contains contributions from direct fission
and peak overlap.

The values of P, computed at the energies where inter-
mediate structure has been resolved in the present and
previously reported!! experiments are compared in Table
II with the values of P;**=o0,/0, averaged over each
measured spectrum. For the double-humped barrier the
parameters used in the calculations were taken from Table
I; for the triple-humped barrier they are listed in Table
III. The overall agreement between the experimental
values and the calculated ones for both barrier shapes is
quite good at all energies except 5908 keV, where the large
value of P, appears to confirm the existence of the nar-
row vibrational resonance at 5920 keV.

2. Average resonance area

The average area of the class II resonances that one

may expect to observe directly in a spectrum is
Dll

A:o'yfo [Py(x)—P,dx . (14)

This can be written in the form

A=0’YD“(P2—P1)F7/(FY+FD) , (15)

TABLE III. Parameters of the triple-humped fission barrier (in MeV).

K7 E, i 4 Ep fio g Ec fiwc L fiom Wo w
0~ 6.2 1.0 6.25 0.37 6.3 1.2 0.9 0.9 0.05 0.10
1- 6.55 1.0 6.30 04 6.7 1.2 0.9 0.9
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where
_ SFf(x=DII/2)
" Tfx=Dy/2)+Tp+T, ’

and
P, =SG{[G +cosh(mT'/Dy))*—1} 12,
with
_ DucysDy
T (T, +Tp)Dy

It can easily be verified that when TI'y<<Dy and
I'p «T,, the second term in Eq. (14) disappears and Eq.
(15) assumes the form given for 4 in Ref. 11, where direct
fission and overlap of class II states were neglected.

The areas obtained from Eq. (15) are compared with the
average experimental resonance areas in Table II. The
data reported previously, with one exception, are included
in this comparison. The omitted value at 5.87 MeV was
obtained with a (p,y) resonance, which, as we have learned
recently,?® has a natural width of 1.7 keV. Therefore, the
structure observed at this energy may have reflected the
existence of only the strongest class II resonances. Con-
sidering the fact that the experimental average areas in
Table II are based on a limited number of peaks in each
spectrum, the agreement with the calculated values for
both barrier shapes is good. It is, in fact, slightly better in
the case of the triple-humped barrier, but given the limit-
ed amount of data the difference cannot be taken as con-
clusive.

From Fig. 5 and the calculated areas listed in Table II,
it is clear that near the top of the barrier, intermediate
structure becomes increasingly difficult to observe as the
excitation energy increases.

sinh( TTFH/DI[ ).

3. Average fission probability

It is interesting to compare Py(x) averaged over the in-
termediate structure with P;(E) given by FISSAL. This is
done in Fig. 6, where the averaged P(x) is plotted for
both shapes of the fission barrier. The large difference be-
tween the results of FISSAL and P;(x) obtained for a
double-hump barrier below 6 MeV results from the fact
that FISSAL yields a slightly lower value for the energy of

1 M T ! T N T T T

—+— Fissal
---- Double hump
—— Triple hump

0.6

0.4} -
Pf
0.2 =
] ] . ] A 1 . I
0 5.9 6.1 6.3
Ey(MeV)

FIG. 6. The fission probability near the top of the barrier.
The experimental points represent the average values at each
(p,¥) resonance.

the broad vibrational resonance than the measured value
taken for computing Ps(x). As before, the experimental
points, particularly the ones at 5908 and 6140 keV, favor
the triple-humped barrier.

Below the energy range of Fig. 6 the cross section de-
creases rapidly. Data obtained in different experiments
vary substantially. Knowles et al. reported peaks at 5.5
and 5.6 MeV each about 50 keV in width. These peaks
appear to have been confirmed in the measurements done
by Findlay et al.®' with continuous bremsstrahlung.
Within the framework of either of the present models
these peaks could be understood as 17,0 and 17,1 vibra-
tional states in the second well. The expected width of
such states, due mainly to damping, is 80 keV. This iden-
tification would imply a separation of vibrational states of
about 500 keV. That this is smaller than fiwy; is not unex--
pected near the top of the well.’

Finally, it may be noted that at excitation energies well
above the barrier the fission probability is not sensitive to
the details of the shape of the barrier.

V. CONCLUSIONS

We have measured the photofission cross section in 21
narrow energy intervals between 5.8 and 12 MeV, with an
average photon energy resolution of about 600 eV. The
investigation of the intermediate structure was extended
to 6.3 MeV. From studies of the properties of this struc-
ture and the dependence of the fission probability on the
excitation energy, we have determined the possible values
of the parameters of a double-humped and triple-humped
barrier. The data confirm our previous finding that in
232Th a barrier of 6 MeV is followed by a deep intermedi-
ate well with a minimum at 2.8 MeV independent of the
shape of the remaining part of the barrier. This is con-
trary to the theoretical predictions*”® of a much lower
first barrier followed by two shallow wells. Indications
that the first barrier in the adjacent 23*Th is also consider-
ably higher than the one predicted theoretically and that it
is followed by a deep secondary well were found by Perez
et al.?® in their measurements of the 2*2Th(n,f) cross sec-
tion.

Because of the limited amount of data and lack of firm
information concerning the gross structure of the cross
section at sub-barrier excitation energies, the present re-
sults are not sufficient to determine with reasonable cer-
tainty whether a third well exists in the fission barrier of
22Th, although it favors the existence of such a well. For
a conclusive determination more extensive measurements
of structure have to be done.
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