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Abstract

HIGH RESOLUTION PHOTOEISSION MEASUREMENTS
and
INTERMEDIATE STRUCTURE IN 23%Th
by
Hongxin Zhang

Adviser:Professor Henry Lancman

232Th was measured in the ener-

The photofission cross section of
gy range 5.8 - 12 MeV with an average photon energy resolution of
600 eV. The gamma rays,variable in energy,were obtained from narrow
(p,¥) resonances in various nuclel. Intermediate structure was
observed at subbarrier excitation energles. ' The average spacing of
photofission resonances provided the first relatively direct determination
of the energy of the second ﬁxinhnum of the fission barrier,relative to
the ground state. The measured fission probability and various prop-
erties of the intermediate structure were found to akree with calculated
values based on a double humped fission barrier. The features of this

barrier,a rather high first hump and a deep secondary well,are quite

different from the predictions of current theoretical barrier calculations.
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INTRODUCTION AND SUMMARY

The properties of the fission barrier of thorium isotopes and other
light actinides have been given much attention in recent years because

agreement between the theoretical and experimental results is far from

1

satisfactory for these nuclei.” This is in contrast to the situation in

heavier actinides where agreement with the predictions based on the
double humped fission barrier model is very gmoq:i.:l'z’3 The most
pronounced difference between theory and experiment has existed in the

cases of 231Th and 233

23

Th. The observatlons of undamped vibrational

232

resonances in the 0Th(n,f) and Th(n,f) cross sections at excitaion

energies above 5.8 MeV has implied,within the confines of the ‘double
hump mode},an inner barrier height E A 2 6MeV and a secondary well

with a minimum at EII 2 4.5 MeV. On the other hand ,theoretical

calculations have ylelded‘l E

A
A solution to this difficulty was proposed by Moller and Nix,‘ who

#£4.5 MeV and EH',::Z.S MeV.

obtained in their calculation for light actinides a low inner barrier and
a shallow third well at the deformation of the outer barrier by taking
into account ¥ deformation and mass asymmetry. Evidence of the
existence of a third well has been found in the recent high energy

resolution measurements in 23 23

OTh(n,f), and %32Th(n,f). Fine structure
observed within the undamped vibrational resonances in these reactions
has been interpreted as rotational states bullt on vibrational states in
the third well.B However ,it has been shown by L:ynn9 that the
observed structure could also result from the coupling of single particle
and vibrational motion. Data obtained in high resolution measurements
of structure at subbarrier excitation energies would shed light on this

question. Unfortunately such data have not been available in abundance.



The present thesis work is a high resolution photofission
measurement on 232'1‘1:. Its primary aim is a search for structure at
subbarrier energies. Photofission has long been recognized as a
promising method to Iinvestigate the fission barrier. The entrance
channel, predominantly electric dipole photon absorption,is well
understood. As a result of the selective absorption,only states with a
limited range of angular momenta are inolved in the process. In the
even even nuclei these are predominantly 1~ states. This makes
identification of spins and parities of fission barriers much easier than
in the case of particle induced fission.

The experimental setup is described In detail in the main body of
this thesis. Briefly, a collimated proton beam of average current 150
uA strikes a water cooled target mounted in a vibratinﬁ target
assembly(Fig. 1 of Chapter II). The emergifxg gamma rays are allowed
to fall on sandwiches of 30 mg/cmz thick thorium or uranium foills in
close contact with 8 ym Kimfol films serving as fission track recorders.
The sandwiches are placed on a cylinder coaxial with the proton
beam(Fig.1 of Chapter IV). The energy of the gamma rays varies with
the angle relative to the proton beam as a result of the Doppler shift.
The average photon energy dispersion is 200 eV/degree. A typical
photon energy range from a resonance is 20 keV.

;.l‘he measured photofission cross section at subbarrier excitation
energies in 232Th shows prominent resonances,which are interpreted as
representing intermediate structure. The average resonance spacing
yields En= 2.8 MeV.This js the first relatively direct determination of
this quantity. Details of other results obtained at subbarrier excitation

energies and their interpretation are given inua Chapter III. These
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results also suggest the E A is about 6 MeV,a value which is consistent

6,7

with the broad resonance ’ at an excitation energy of about 6 MeV,

but is quite different from the predictions of the current theoretical

calculatlons." 13,14

Since it is impossible to determine accurately the
remaining fission barrier parameters from the intermediate structure
only, the measurements were extended to photon energles up to 12
MeV. The results given in Chapter IV allow us to determine the
complete set of fission barrier parameters by fitting both,the measured
fission probability, and the observed structure. It turns out that the
data can. be adequately Interpreted on the assumption of a double
humped barrier shape but a shallow third well can not be excluded.

232Th, for

The complete set of parameters of the fission barrier of
J‘=1-,K=0,1 obtained from the present measurements is listed in Table I
of Chapter IV. The remaining question conéerns the existence of the
shallow third well at the deformation of the outer barrier.To answer it
one needs to search for resonances ~ 30 keV wide at an excitation
energy ~ 6 MeV, with photons having an energy resolution ~2 keV.
Such narrow resonances could represent the undamped vibrational states
in the shallow well. In principle,this can be done by using photons
from p(heavy ion, ¥ ) resonances.

High energy resolution photofission measurements on 238U have
been also simultaneously carried out in the photon energy range 5.8 -
12 MeV. The data is still being processed and will be published socn.
The cross sections are listed vex;sus energy in Appendix I.
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AUTOMATIC SCANNING OF SOLID STATE NUCLEAR TRACK DETECTORS

AT LOW TRACK DENSITY

H.X. Zhang, T.R. Yeh, and B. Lancaan
Physics Department, Brooklyn College of CUNY,
Brooklyn, N.Y. 11210, U.S.A.

ABSTRACT

A device for scanning lﬁrge areas of Kimfol fission track
detectors is described. It is being used in photofission experiments
wvhere ~ 10" cnz of film per run have to be handled. Th; tracks are
first enlarged by etching and sparking. The film is then scanned
by a high resolution Vidicon camera and the x and y coordinates
of each track are lt.oud in a computer. A typical scanning speed
is 10 azluc. The counting efficiency is close to 100%. -



1. Introduction

Solid state track detectors have found extensive use in fields
ranging from nuclear phyeics to archeology.l' In many applications
a very valuable characteristic of these detectors is their position
gensitivity. A serious disadvantage is the often encountered
necessity to carry out the scanning and position measurements of the
tracks manually. Techniques for accurate automatic scanning which
employ an optical microscope coupled to a television camera have been
deve].chpedz'5 mainly for handling detectors of small area and high
track density (103-10” tracks/ca?). Methods based on spark counting®s7
have been used for the determination of the total number of tracks over
large areas of thin film. They are not suitable however for accurate
measurements of the positions of the tracks.

Photofission measurements, vhich we have been carrying ;mts using
thin polycarbonate Kimfol fiims as fission fragment detectors, require
scanning of very large areas of film (~10" n? per run) with a high
accuracy in the determination of the position of each track.

The gamaa rays in our measureaments are obtained from various (p, Y)
resonances in light nuclei. Owving to the poppler shift, the energies of
these gasma rays v,ary continuously "as a function of the emission angle 0

relative to the proton beam. Multilayer sandwiches of foils containing
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fissile nuclei and Kimfol films are Plléld on & cylindrical surface
having the proton beam as its sxis. TFission events induced by photons

of energy batween E(Q) and E(+49) lie on a strip of film determined

by the incersection of the cylinder with cones of vertex angles @ and

8+ 40 originating at the proton target. A typical energy dispersion

is of the order of 200 eV/degree , which in the presently used geometry
corresponds to ~ 200 eV per 1 ma wide strip. For scanning, the tracks
produced by the photofission fragments in the film are made visible to
the naked eye by first etching the film and then passing it through a

set of spark gaps.9 Sparking enlarges the tracks turning them into tiny
holes in the film. In the process, information contained in the
properties of the tracks is destroyed. However, since the fission fragments
enter the film at a wide range -of angles and the foll from wh:lch_ they
emerge is thick in comparison to the fragment's range, this mtomatit;n

would not be particularly illmn:lnating.

2. The scanner
The scanner, shown schematically in Fig. 1, employs a Hamamatsu .

C1000-00 vidicon camera equipped with a Nikon 55 sm £/3.5 Micro-Nikkor
lens and interfaced to a PDP-11/20 computer. Designed for precisiom
image analysis this camera is characterized by very low distortions and
high stabilicy.

Because of the difficulty in handling the 8 pm Kimfol film, Xerox
copies are used for scanning. The paper copy of the film on which the
holes representing tracks appear as dark 'dou is placed ‘on a trmthtiml

stage facing the camera and advanced manually in discreet steps. A monitor



is used to control the lighting conditions, lens setting and position
of the film. Scanning can be done with, in order of increasing
resolution, 256, 512 or 1024 lines in both the x and y directions.
The address signals ares processed to determine the coordinates of the
center of, each dot, which are then stored in the memory of the computer.
To be processed,the size of a dot has to fall within limits set in
the program to ensure that various forms of background such as dust,
_ scratches, creases and other extraneous marks on the fila or the paper
are not countgd as valid data. These 1im1ta are determined by the conditions
used in developing the film. 'The_background can also be discriminat;d

against on the basis of the gray level.

3. Efficienéx

The scanning efficiency 1s defined as the ratio of theJtotdl number of
dots counted by the camera to the total number of dots counted by eye on -the
same film. An efficiency close to 1.00 can be obtained for several sets of
conditions as can be seen from Fig.lz, where th; efficigney is plotted
against the threshold setting that determines the gray level below which the
video signal is accepted. The four curves correspond to different scanning
resolutions and different minimum dot sizes Ngi,, the smallest number of
lines across a dot, in the x or y direction, below wvhich the dot will not
be counted by the program. The upper limit on ;he dot size has been kept
at Nyax™32 lines.

The different slopes on the left side of each'efticgency curve and their
different onset thresholds reflect the gray level distribuction across s single

dot and the dots' size distribution. The onset of the rapid increase at the
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right end of each curve indicates acceptance of background. The plateau for
resolution 512, q_m-z_u longer than the one for resolution 1024 as a
consequence of the small size of the average background dot. In the ramaining
two counting conditions background is caused by accidental coincidence of
several background dots in the right spatial configurations. The number of
such dots neceksary for acceptance is higher in the case of resolution

512, Mpin=3 than for resolution 256, N, =2. The plateau in the latter case
is therefore shorter. '

4, Size Distribution and ovarlap

Fig. 3 shows the number of dots as a function of N (the smaller of Ny and
Ry) determined with a gray level threshold set at the midpoint of the plateau
for resolution 256. The distribution of dots representing fission tracks is
centered at N=8.5 and 1is well separated from thé background which increases
rapidly for small values of l!.. The magnitude of this separation’can be varied by |
changing' the sparking conditions. An important consideration in choosing
the latter is dot overlap.

The probability of overlap increases with the size and density of the dots.
Because of their irregular shapes (the result of sparking) two or more overlaping
dots can not be distinguished from a single one and are counted as such by the
program, The typical track density encountered in our experiments is
~ 5 per ca?., Given the sverage size of a dot this leadsl? to a correction %3%
in the number of counts. Making the dots smaller by cl"mnging the gsparking
conditions would reduce the overlap corriction. but it would also make

discrimination against background less certain. The average size of a dot is



4
x

10
chosen to minimisze the combined correction for overlap and background.

S. Reproducibility, accuracy, and scann aed

The counting rate reproducibility of the camera was obtained by
scanning the same copy of a film a number of times over & 12 day period
with the copy left in place and the scanner turned on and off once a day.
The counts Qtrc found reproducible within a standard deviation of 0.6X.

This deviation from perfect reproducibility is caused by cases of marginal
overlap where spatial resolution is very sensitive to the stability of
threshold, illumination, etc.

The counting reproducibility of the whole scanner, including camera and
positioning device, was obtained by repeatedly placing, scanning, and removing
the same copy of a film, The counts were found reproducible within a standard
deviation of 1. .

For the dot sizes used in our work the position reproducibility of the
camera over a time interval of 10 hours is within 0.5 of a scanning line.

The overall position reproducibility is affected by the accuracy of mounting
the film on the translational stage and the aligmment of the stage in its
various positions relative to the camera., It was found that the coordinates
of a dot are reproducible within a standard deviation of one scanning line
at resolution 512. Good p&aition reproducibility is important for preserving
the energy resolution of the gamma rays in our experiments.

Another factor affecting the emergy resolution is due to image
distortions. These distortions caused mainly by nonlinearity of the camera's
response do not exceed 1% for the Hamamatsu C1000 camera.

Because of the large areas of film which have to be aﬁalyzed in our

experimencs, the speed of scanning 1s an important characteristic of the
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i{nstrument. It depends on the track density and scamning resolution. A

typical value in our measuraments is 10 cal/sec.

6. A sample spectrum

Figure 4 shows a spectrum of photofission fragments counted over
strips of film AX corresponding to gamma ray energy intervals of 100 eV.
The combined errors in determining the dot position tranmslate inte a
gamma ray energy uncertainty of A- 50 eV. This is three times smaller
than the average gamma ray energy resolution which varies somewhat in
magnitude across the spectrum. The counting rate errors of the scanner
are negligible in comparison with the statistical errors shown by the

vertical bars.

7. Conclusions

At very low densities of fission tracks,and when the desired
information is limited to the number of tracks and their positionms,
scanning is greatly facilitated by enlarging the tracks and allowing
the camera to examine large areas of the detector at one time. Back-
ground discrimination, a serious problem in automatic scanninglo,becomes
straightforward as a result of the enlargénent; however,overlap corrections
also increase.

The device described here provides, apart from scanning speed, an
accuracy in counting and position determination that is difficult to
achieve by manual scanning.

The authors would like to thank M. R. Stolfo and K. Davenport for
their help with the computer program. Thanks are also due to Dr. M. Ismail
}br his assistance at the initial stage of chese investigations. This work
was supported by‘the U. S.Department ©f Energy and by the PSC-BHE Faculty

research Award Program of CUNY.,
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Schematic diagram of the scanner.

Scanning efficiency as a function of the gray level threshold
setting for several values of the minimum acceptable dot size

and scanning resolution,

The size distribution of the dots. N represents the number of
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A spectrum of photofission fragments of 238y 4n the photon energy
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the "ZCa(p,)') reaction was used to produce the photons. The
dispersion due to the Doppler shift is in this case 164 eV/degree
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A VIBRATING TARGET ASSEMBLY FOR

INTENSE ION BEAMS

HE. X. ZHARG AND H. LANCMAR

PHYSICS DEPARTMENT, BROOKLYN COLLEGE OF CUNY
BROOKLYN, N.Y. 11210

Abstract

A high pover vibrating target assembly was designed for work with
well-collimated intense proton beams. The water-cooled target vibrates
in two mutually perpendicular directions at different frequencies. It
is shoun that for many target materials power dissipationm up to

0.5 kﬂ’lclz can be tolerated over long time intervals.
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A vibrating target assembly was designed as part of a tacility;for
generating monochromatic gamma rays of variable energy at our 3.75 MeV
Dyhamitron Accelerator.

The gamna rays are obtained from selected (p.av) resonances in
various light nuclei. Their energies vary due to the Doppler shift
within a typical range of 10-30 keV. DBecause the cross sections of
the (p, ¥ ) reaction are low it is necessary to employ a high protom
beam current,up to 2 mA is available from the Dynamitron, to assure an
adequate gamma ray yield. At the same time it is éesirahle to have a
very small cross sectional area of the beam on target in order to
preserve the excellent energy resolution of the gamma rays, limited
in principle,at a fixed angle to the proton beam, by the natural width
of the particular (p.x) resonance, if thermal Doppler broadening is
neglected. The lifetime of the target under these condiééons can be
increased many fold if it is moved continuously relative to the beam
so that the dissipated power is distributed over a -large area.

An often used design accomplishes this by rotating the targct.z
The power dissipation capabilities of commercially available rotating.
target assemblies are rated in the kW range. Such assenblies have
typically been used for the gemeration of intense neutron fluxes. ¥For
the present work, in vhich many, often quite expensive, target materials
have to be used, a rotating target is not the best solution of the power
dissipation problem because such a design does not allow for an efficient
use of the target asrea.

A compacgt design in which the target, driven by a systea of coupled

gears, describes Lissajous figures in the plane perpendicular to the
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_proton beam vas des:rided by Hoffman et ai.’ Although in this case

the beam is distributed over the vhole target, the spreading is not
uniform since the sinusoidal motion along the x and y directions makes
the bean spend more time per unit area at the periphery of the targst
than in its middle.

Our design is shown schematically in Fig. 1. The target chamber
is mounted at the end of a bellows and supported by a translational
stage. The stage is driven in the horizontal direction by an electro-
magnetic vibrato;'l: vhile its support is moved up and dowmn by another
vibrator. Sawtooth waves. superimposed on adjustable d.c.
potentials are applied to each vibrator so that the latter's frequencies,
amplitudes,and equilibrium positions can be varied independently. At
low frequencies, the vibrators® displacements depend linearly on time
with good accuracy so that the target chamber follows a n::‘langular wvave
pattern in both its horizontal and vertical directions. This is shown
in Fig. 2, where the frequencies of the x and y vibrations are 0.45 Hz
and 0.1 Hz,respectively. As can be seen’the beam covers the selected
area of the target with great uniformity. The maximm amplitude in
the present system is 12 sm. The electroformed nickel bellms are
designed to withstand 108 vibrations at this amplitude.

Four beam sensors are placed 90° apart around the cylindrical
target chamber in a plane parallel to the target and 10 sm from 1it.

A negative bias of 10 V is applied to the sensors to protect them from
electrons ejected by the 'target. The currents from the sensors provide
information on the position of the beam rdativc to the target. They
are used to control the amplitude and equilibrium position of the

chamber during long rums.
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The target material is deposited on a 0.25 mn tantalum foil.
The back of the foil is c'ontinuously cooled by chilled water flowing
under rressure of 40 psi at a rate of 10 liters per minute.

Figure 3 shows the yield of the 9.365 MeV photons from the
2.488 MeV resonance in 27A (P'U) as a function of time for several
values of power dissipation per c-.z The targets were 50 pm thick
and were obtained i’y evaporation in vacuum. At a power density of
2.5 l:.‘Wcm2 the yield' decreases rapidly, indicating fast target
deterioration (leading to puncture). At densities £ 0.7 kﬂlmz the
yield remains practically constant over a long time interval. Although
different target naterials behave differently,a limit of 0.5 kHIcuz

for long range yield stability is applicable to most targets used in

(p, ¥ ) work.

The effective target area in the present design is 3 ¢;||2 vhich

provides a power dissipation capability under conditions of stable
yield of 1.5-2 kW. This is sufficient for gemerating photon beams of
adequate intensity for many photoﬁclur experiments.

The authors would like to thank Dr. T. R. Yeh for his help at the
eafly stages of this work. This work was supported by the USDOE

and the PSC-BHE Research Avard Program-of CUNY.
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Captions to Figures

Schematic diagram of the target assembly.

Trace of the proton beam on the target at \’x = 0.43 Bz

and Vy = 0.1 Hz. Departures from linearity at the end

of each displacement have been neglected.

Time dependence of the yield of the 9.365 MeV gamma rays
from the 2.49 MeV resonance in 27A1(p.3) for two values

of power dissipation density.
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Iantersediate Structure in the Photofisaion
Croas Section of 2329y,

B.X. Zhang, T.R. Yeh and H. Lancman
Physics Department, Brooklyn College of CUNY
Brooklyn, N.Y. 11210

Abstract
Intermediate structure has bee;: observed in the photofission cross
section of 232‘!11 measured with a photon energy resolution =500 eV. The
gamma rays, variable in energy, were obtained from the (p, Y ) reaction
on several nuclei, The average spacing of the observed photofission re-
sonances at an excitation energy of 6.16 MeV is 1.6 + 0.4 '_kev. The
average areas of the resonances are compared with theoretical expectations

for a double-humped and a triple-humped barrier.

PACS mumbers: 25.85.3g
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The properties of the fission barriers of actinide nuclel have been,
in large measure, derived from studies of structure in the fission cross
section at subbarrier excitation energies.1 Much attention has yeen
given to the question of the shape of the barrier in thorium isotopes,
vhere barrier calculations have been in diszgreecment with experimental
data.1 The existence of undamped vibrational resonances in the 23°T‘h(n,f)
and 232Th(n.f) cross sections at excitation energies zbove 5.8 MeV has
implied, within the confines of the éouble-hump model, an inner barrier
height E, 2r 6 MeV and a secondary well with a rinimum at E;jp & 4.5 Kev.
On the other hand, theoretical czlculations, generally successful in pre-
dicting barrier heights for heavier actinides, have yieldedz E, = 4 KeV

for thorium isotcpes. This discrepancy has been known 2s the thorium

anoraly.

A solution vas suggested by Moller and Nix? vho obtained in their
czlculations for light actinides a low inner barrier znd a shallew third
well at the deformation of the outer barrier. Experimental evidence for
such a triple-humped barrier has been provided3 by investipations of the struc-
ture within the vibrational resonances in 231Th and 233Th.

Subbarrier structure has been cobserved in many nuclei,mainly in high
resolution mezsurements of neuvtron induced fission. However, such measure-
ments cannot be done vhen the neutron sepzration energy exceeds the height
of the barrier. This is the case in 232Th, 2 nucleus whose barrier struc-
ture is expected2 to be sirilar to that of its neighbors. A way to reach
subtarrier energies Iin 232Th is provided by photofission.

Fhoton~induced fission takes place only from states which can be

rezched by electric éipole and, with a cuch smaller probebility, electric
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quadrupole excitations. This makes identification of spins and parities
much easier than in the case of particle induced fission where a much
wider range of angular momenta is possible.

’ The cain difficulty in photofission experiments is in obtainiég oono-
chromatic photons of varisble energy and adequate intensity. Compton
scattered as well as direct gaora rays from slow neutron capture, brecsstrak-
Jung, and tagged bremsstrahlung hLave been used.l"5 The last tecknique in
its improved version provides an energy resolution of 12-14 eV for 6 Hevf
photons.

In this paper we present results of measurecents of the photofission

cross section of 232Th carried out with a photon energy rasolution <500 eV.

These pezsurements for the first time clearly reveal narrow intercediate

structure resulting from the excitation of compound states in the second
well of the fission barrier of 232'1"h. Similar structure has been found in
nevtron and charged particle induced fission of various nuclei.l Inter-’
mediate structure has not been observed before in photofission.

A novel technique in which the photons are obtained from resonances inm
the (p, Y ) reaction has been employed.6 The experimental setup is shown
schematically in the inset of Fig. 1. A collimated proton beam of average
current ~ 150 f‘A from our Dynamitron strikes a water-cooled target
wounted in a vibrzting target assembly. The eperging gamca rays are allowed
to fall on sandwiches of 30 mg/cm2 thorium foils and 8 fnm Kimfol films
vwhich serve as track recorders of the photofission fragments. The sznd-

wiches are placed on a cylindrical surface cozxial with the proton beam.

The energy of the gar—a rays varies with the zngle © relative to the bean
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as a result of the Toppler shift. The zverage energy dispersfioun is

~ 200 eV/degree. An efficiency calibrated Ge(Li) detector (not shown)
loczted at @ = 90° serves to deternine the absolute intersity of the garma
Teys.

The developed7 Kimfol films are scanned for fisslon tracks by a vidicon
ca:r.-era8 wvhich determines the positions of the tracks.

The photofission cross section Is shown in Fig. 1 versus the ganma-ray
energy. To compute the cross section,the efficiency of the Kimfol film7 for -
counting fission fragments a2s a function of the depth in the foil from wbich.
the fragrents cmerge and the zngle at vhich they enter the film was deterrined.
The efficiency was folded with the angular distribution9 of the frzgrents.

Resonznces, in 2951, 42Ca, 34g and ZSMg, yielding gamma ravs of €180,
6172, 6140, 6073 and 5871 keV at 90% to the proton bezm were used. The proton
energies vere well below the (p,n) thresholds of a1l targets. The intensity
of photons frcm undesired branching did not exceed 10Z in any of the cases. .
To match the spectra taken at the zverzge photon energies of 6180 and 6172 keV
it was irportant to peasure accurately the energy difference between these two
lines. This was found to be 7.7 + 0.5 keV. The uncertalnties in the ragnitude
of the cross section at the matching point do not exceed 157. Unfortunately,
with the present setup it was impcssible to obtain an 6ver1ap of the two spectra.
The instrumental garma ray energy uncertainty was - 200 eV in the runs with
42ca zng 34s targets and < 500 eV in the remaining two runs. The natural width
of the 2254 resonance islo 179 + 5 eV. The widths of the other resomances are
voknown but zn upper limit of 1 keV czn te obtained frow their excitation
curves. From the observed structure in Fig. 1 the cverz1ll pkoton energy

resolution is seen to be better thzn 500 eV.
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The average values of the cross sections over the photon energy range for
each proton resonance are in good agreement with the results of Dickey and

Axel 4 and Caldvell et .1-11 They are somewhat higher than those of Knowles

et al. 5

Well established peaks appear in all spectra. The probability that these
peaks represent resonances in the photon absorption cross section is negligible
given the fact that this would require for each resonance a ground-state
radiative transition width ~50 times larger than the average. It should also
be noted that no structure has been found at higher excitation energies.6
We therefore assume that the underlying states are compound levels of spin
and parity 1~ in the second well of the barrier.

The average spacing of the nine peaks at 6.16 MeV is 1.6-i 0.4 keV. From
the constant temperature level-density formula with parameters given by
Bjornholm and Lynn1 we find the energy of the second minimum EII==2.8~i 0.1 Mev,
in good agreement with previous determinations 4,12

The average widths W of the observed resonances at each excitation energy
can be computed from the energy dependence of the fission probability.13 The

results listed in Table I are consistent with the experimental widths within
the limits determined by the photon energy resolution.
The average area of a class 11 compound resonance at an excitation
energy below the neutron separation energy can be writtén in the form
2 2 P
A= Gf‘n!’nlrllfrllc(ﬂ 1‘111‘? + 2DIrIIcrIIfrf) s
where 6.!15 the average gamma ray absorption cross section, Dy is the average
level spacing of class I compound states, rIIc, and rIIf are the coupling width
and fission width of class II compound states respectively; rII = rIIc + rllf,
ri is the average total gamma decay width of class I compound states, and $

i1s the width fluctuation factor.
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If there are scveral fission channels of a given spin and parity ¥

differing in the spin projection on the fission axis K and having incompletely
damped v:lbra.t:l.on.ll resonances in the second well at excitation ene.rgi'ea !l::)'
the widths I, and l'ufaren

Ny, = (Pr/27) %r:f:r"((:-sgl)z + &y, |
vhere Dy is the class 11 compound level spacing, I‘A'gn = TA,(g) ‘k(.ogll()l'lﬂ',

K
'ﬁ@;‘lo is the level spacing of the vibrational states, l‘" and rliv) are their

damping and total widths respectively, T{K) and Tgn are the ’peﬁetrébilit:les for

channel X of barriers A and B respectively.

If the barrier for channel X has a third well with a vibrational resonance

K
E:I:v' then 'l‘l(‘x) in the expressions above has to be replaced by

(x) ®). (X) K)\2 -
pe = fumtmcUEE T + () /2D,

K _ o () K (X) (X) -
where I} 11y ¢ 'I‘B’c)'ﬁ 11 127, and i1y 2nd twlll are the width of the re

sonance, and the level spacing of the vibrational states in the third well res-

at

pec-tively.

" (x) (%)
For parabolic barriers T{k) = (1 + exp(Z'ﬂ'(EiK)-E)ﬁ'ﬂD N ))"l wvhere E; and

'lit.d(? are the heights and curvatures of the first (1 = A) second (i =B) and

ihird (1 = C) barriers for channel K.

The average areas of the observed resonances at the four excitation
energies are compared in Table I with the values calculated for a double-
hunped and a triple-humped barrier. The calculations were done with the
barrier parameters listed in Table 1I and‘ 6{- 25 mb and rr = 3] meV st
6 MeV,

The information on the gross structure in the fission cross section,

which 1s necessary for the area calculations, is somevwhat uncertain. A

-
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4,5

broad resonance at 6 MeV has been well established. '~ 1In addition, Knowles

et al.s reported resonances at 5.92 and 6.11 MeV, each ~ 50 keV wide. These

resonances cannot be clearly discerned in the spectra of Dickey and Axel4

and those of Janszen et alls; the latter's obtained with an energy reso-
lution of 17 keV. Therefore, in the calculations with the double-humped
barrier we assumed a single resonance with a damping width of 0.2 MeV.

The results are in agreement with the experimental values when the areas
at 6.14 and 6.17 MeV are averaged together and represented by a single value
at 6.16 MeV, reflecting the possibility that the difference between the
cbserved areas at the two energles could be due to width fluctuations.

The barrier parameters listed in Table II are close to the values
obtained by fitting the measured®s7 photofission cross sections between 5.5
and 11.5 MeV. It should be noted however that fits to average cross sections
do not, in general, allow a unique determination of barrier paremeters. The
present results provide direct evidence for an inner barrier su;stantially
higher than the one predicted by Moller and Nix. (The uncertainties in the
0~ barrier heights are + 0.2 MeV). They also provide a unique determination
of the depth of the second well.

In the calculations with the triple~-humped barrier the narrow resonances
reported by Knowles et al. were taken into account and assumed to correspond
to vibrational states in the third well. To obtain a better fit to our
data we increased the energy of the higher resonance to 6.12 MeV. The broad
6 MeV resonance was assumed to be located as before in the second well.

Agreement with the measured areas is somewhat better than in the case
of the double-humped barrier. The increase in the resonance areas at 6.14 MeV

can be understood as resulting from enhancement of the fission widths of the

class II compound states owing to their coupling to the 6.12 MeV resonance.
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However, because of the limited extent of the present data and large
errors of the measured areas, it is impossible to conclude with certainty
vhether the observed increase confirms the 6.12 MeV resonance and, conséquendy.
vhether a third well exists in the fission barrier of 2320, More extensive
measurements at subbarrier energles, using properly chosen (p.]y) resonances,
are necessary to reach such a conclusion.

The authors wish to thank P. Punyasena for help in the processing of
the kinfol films., Thanks are due to D. King and W. Stuber for théir .
assistance in obtaining the high proton beam currents. This work was supported

in part by the USDOE and by the PSC-BHE Faculty Research Award Program of

CUNY.
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TABLE I

AVERAGE AREAS AND WIDTHS OF RESONANCES

T A(b.eV) W (eV)
(H:V) Expt Calc? Calcd Calc? CalcP
6.17 5.1 + 1.7 5.0 4.7 257 240
6.14 13.0 + 4.0 5.7 11.0 304 493
6.07 3.1 + 1.5 7.2 7.9 421 434
5.87 0.9 + 0.4 1.3 1.2 95 jL 97
;Double-humped barrier.

Triple~humped barrier.

36
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TABLE 11

FISSION BARRIER PARAMETERS

Barrier Heights (MeV)
X Double-Hump. Triple-—Humpb
E, EB E, EB Ec
0~ 6.15 6.55 6.15 6.55 6.9
1” 6.55 6.85 6.55 6.95 7.5

315004\ “hdz1 = 0.9 Mev;fidy = 0.65 MeV for both K barriers,

These values supersede the slightly different ones reported earlier.l4

b‘ﬁuh =g = 0-9 MeV; hidy = 1.4 Mev; Adyrr = 1.0 MeV; fig), = 1.2 Mev

for both K barriers.
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Figure Caption

Photofission cross section of 232qy,, The vertical bars represent
counting statistical errors only. The solid lines were obtained by
Gaussian fitting. The inset in the right upper corner shows the

geometrical setup of the experiment.
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232
The Photofission Cross Section of Th

H.X. Zhang, T.R. Yeh* and H. Lancsan
Physics Department
Brooklyn College of the City University of New York
Brooklyn, New York 11210

Abstract

The photofission cross section of 232

Th was measured in the energy

range 5.8 - 12 MeV with an average photon energy resolution X 600 eV.
Intermediate structure was observed at 5.97 and 6.31 MeV. The experimental
fission probability and various properties of the intermediate structure

were found to sgree with calculated values based on a double-humped fission
barrier. The features of this barrier, a rather high first hunp'{and a deep
secondary well, e2-e quite different from those predicted by current thecretical

barrier calculations.

Nuclear Reactions 232'l'h (Y.f£ )» E= 5.8 = 12 MeV, measured f(f.f )
deduced fission probability, class II compound levels, fission barrier parameters.

PACS number 25.85. Jg
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1. Inotroduction

Since the discovery of the double-humped fission barrier in
actinide nuclei extensive experimental and theoretical work has been
done on various aspects of fission.l Of great value have been experi-
mental investigations at excitation 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 fission2'3

as well as experi-
mental studies of neutron induced f:l.ssiou.1 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
subbarrier 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 question of the existence of a
theoretically predicted third minimum in their fission batriers.l’a The
most direct evidence in favor of such a complex barrier has been provided
by the observat:lon5 of rather narrow resonances in neutron induced fission
of za}Th and 233Th. Fine structure 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, combined with data on cross sections at excitation
energies above the fission barrier.l appear to be in support of a triple
humped barrier with an inner barrier A considerably lower than barriers B
and C. However, it has been shown by Lynn6 that the observed structure
could also result from coupling of single particle and vibrational motion

in these nuclei.
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n 232

I ‘.7.8

Th, wvhose barrier is also expected to be triple-humped,

subbarrier excitation energies are not accessible in neutron induced
fission because the neutron separation energy is higher than the barrier,
but such energies can be reached in photofission. Accurate photofission

measurements are best done with monochromatic gamma rays of variable energy.

Such measurements have been done on 232

and by Knowles et al.lo with tagged bremsstrahlung having an energy

Th at Ep48 MeV by Dickey and Azel,g

resolution of 70 keV and 13 keV, respectively, In both cases the photo-
fission cross section exhibits structure, the most promiment manifestation

of which is a broad resonance at &6 MeV. We have recentlyu reported

232

results of measurements of the photofission cross section of Th at

excitation energies close to the top of the barrier. The necessary photons
were derived from (p.f ) resonances in several light nuclei. They had an
energy resolution better tham 500 eV. These measurements revealed
resonances resulting 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 by the behavior of the fission cross section at excitation
energies in the vicinity of the barrier, measurements at higher photon
energies also provide useful information. Such measurements are also
important for the understanding of the fission decay of the giant quadrupole
resonance.lz'13 Existing data has been obtained using quasi monochromatic

photons from annihilation of positrons in flight. The energy resolution
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of such photons is ~ 250 keV. Crono sections obtained by Veyssiere

et 11.1‘ for several actinide nuclei are in substantial disagreement
wvith the more recent results of Caldwell et 51.15 In the case of 232Th
the results of the two experiments differ by about 30X on the average.
Recently reported measurements by H. Ries et a116 on 2350 and 2380,
involving counting of fission fragments instead of neutrons as in the

two other experiments, appear to confirm the values reported by Veyssiere
for these two nuclei. However, results of Arruda-Neto et all3 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
earlierll.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 havée been described

before.l

2. 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 emitted gamma ray is fully Doppler shifted.
It varies with the angle of emission @ relative to the proton beam

(see Fig. 1) according to the expression Ef = Eo (1 +(v/c) cosg ), vhere
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v is the velocity of the recoiling nucleus. A typical value of
dey/de 1is ~ 300 eV/degrees at @ = 90°, and a typical photon
energy range is A 20 keV.

Since high proton beam curremts, A 1504A on the average, have
to be used in order to assure an adequate photon flux, a target

chamber designedls

to withstand the large beam power dissipation was
employed. The target materials were deposited on a water cooled thin

Ta foil. The foil, mounted at the end of a bellows, vibrated in two
mutually 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
isotopes with (p,n) thresholds below the proton energy for the particular
(p» ¥) resonance. Each Ta foil was thoroughly cleaned and repeatedly
heated in vacuum before the target was depoéited.

The experimental setup was the same as the one described befor:ca.u'17
Foils of thorium, 30 lglcnz thick, containing 99.92 of 232‘1’!: vere sandwiched
between 8A{m thick strips of polycarbonate film (Kimfol). The sandwiches
were located on a cylindrical surface co#x:l.al with the proton beam (Fig. 1)
wvhich was provided by the Brooklyn College Dynsmitron accelerator. The |
Kimfol film served as the fission fragment track detector. In order 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 x 5 cm squares. Each square was covered by 2100 Me fc_z
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layer of gold on both sides to protect its surfaces from oxidation.
It was necessary to use 90 such squares to assure an adequate counting
rate of the fission fragments.

The efficiency calibration of the Kimfol film for counting the
thorium fission fragments, and the procedures used in developing the
film were described elsewhere.l9 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. 20

3. Data Reduction

In the cylindrical geometry used here, fission fragments produced
by photons of energies between Ey and Ey + AEY are created in strips
of foll defined by the intersections of the cylindrically shaped foil with
cones of vertex angles © and 6 + A0 originating at the proton target
(see Fig. 1).

The photofission cross section 6;5 at photon energy E,; is
related to the fission fragment counts N(Ey) in a strip of width

m(@) corresponding to an energy interval A Ey by the expression

21(0)
R(E) = Oy (B nin(8)N0) (1

4fic2(8)

Here 1(8) = I W(8) R(8) is the intensity of the gamma rays at angle @, I
is the intensity of the photons coming from the proton target, W(8)
is the photon angular distribution function, and R(8) accounts for absorption

of the photons on their way to the strip, n is the number of target nuclei
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per unit volume, L is the length of the strip, —r(8) is its distance

from the photon source, and
o) = §§§ F(BA1,00 8108480941 | 2

where F( ﬁ) accounts for the angular distribution of the fission fragmem:l21

relative to the direction of the gamma rays, and £ ( 1,00) 18 the

efficiency of the Kimfol f:llu:19

for detecting fragments emitted from
depth 1 in the foil at an angle O{ to the normal. The angles 8, O,

A, and the azimuthal angle § are related by

cos{» cospsind - cos@sinfsing . (3)

The photofission cross section is found for each energy Eyp by
adding the numbers of tracks counted in strips found at angle; 8 in all
Kimfol films. In plotting the cross section versus the photon energy,
the choice of the enmergy interval per chammel A,Ey; was dictated by the
total number of accumulated counts at a given (p.‘)’) resonance_ and by

the photon energy resolution.

‘4. Results and Discussion

A. The Photofission Cross Section

The photofission cross sections obtained with gamma rays from several
(p,f) resonances are shown in Fig. 2. The target isotope and proton
resonance energy are indicated in each case. Twenty one such spectra were
taken in the photon energy range from 5.8 t;:) 12 MeV. The average duration

of each run was ~ 20 hours. The statistical accuracy of the counts, shown
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by the error bars, varies from spectrum to spectrum, reflacting the
fluctuation of the strength of the (p,Y ) resonances.

The photon energy resolution depends on several factors. Among
them are the angular photon energy dispersiomn, the accuracy of the
alignment of the films relative to the proton beam, the accuracy of
the determination of the track position.zo and the natural width of
the (p,f) resonances. 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 average photon energy in Fig. 3.
Two adjacent spectra at 6.17 MeV are represented by one point. The error
bars include counting errors (negligible), errors in the efficiency
calibration 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 aligmment of the thorium foils and Ximfol films
relative to the proton target. The plotted cross sections were corrected
for contributions caused by the unwanted gamma rays emitted from some
(p» Y) resonances. Except for one case, these corrections did not exceed
102 of the presented values. The sum of the contributions from fission
caused by neutrons from (Y.n), (Y »2n), and fission,as well as the

contribution from (i,nf)' were estimated to be smaller than 2%.
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Our results are in good agreement with those of Dicksy and Anl.’
and at energies above 9 MeV those of Caldwell ot 1.1.15 They are
systematically higher than the results of Knowles at .110 (not showm).
They are also higher than the cross sections reported by vcyuiera'ot al.u'
The general features of the cross section as a function of energy have been
known for some time. The rapid decrease in the cross section starting at
6.45 MeV has been shown to be caused23 by competition from the (f »n)
channel which opens at 6.43 MeV. The broad resonance at 6 MeV, clearly
seen in Knowles' and Dickey's data, has been confirmed by (p, p'f)
measurements.zz 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 of

The fission probability is obtained by dividing the photofission
cross section by the total gamma-ray absorption cross section o; .
It is shown in Fig. 4 versus the gamma ray energy. The values of d}

were taken directly from Ref. 15 for photon energies higher than 9 MeV.

15

Below this energy they were obtained by extrapolation. The calculated

fission probability that provides the best fit to the data up to the
(Y .,2n) threshold is shown by the solid 1line. It was computed using

the program FISSAL developed for a double-humped fission barrier by

24

Back and Britt. The statistical wodel on which the program is based

2

is discussed in detail by Back et al.” We therefore describe it here only

briefly.
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The fission probability is given in its usual form

eIy
X -Z;guu% s, )

1 (2™

vhere oL(lJ') is the probability of populating a state with spin J and
parity ¢{ by photoabsorption, l.'t - l'f + rn + Iy is the

total width of the state, and 'l'f. l'n and Ly are its partial
widths for decay by fission, neutron emission and gamma-ray emission,
respectively. S is a correction factor for width flu.ucl:um:i.t:an.l All
widths are averaged over many states at excitation energy E . The
averaging is expected to obliterate structure resulting from compound
states in both wells while preserving the much wider spaced vibrational
resonances in the second well.

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

The average fission Jdt.h is obtained froa
IS - -&-(—-)21‘(3:'
4 £ )

2% X )

vhere DI is the average level spacing at ground state deformation, and
‘r: 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
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squation 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). The parametars that
characterize the barrier are the heights of the first and second humps
E, and E;, their curvatures ﬁtl and 'B(.l. the‘-inim of the second
vell B, ., and its curvature 'ﬁﬁh. The penetrability found in this

way exhibits resonances at energies of vibrational states in the second
well. To account for the damping of these states into the compound
states in the second well, an imaginary term is added to the potential.
This term is a parabolic function of deformation centered at the

deformation of the second well. Its minimum value is

W(E) = w(E =~y -Ay -8 - ¥, , (6)

4
L

vhere An and Ap are the neutron and proton pairing gaps. As a result
of the addition of the imaginary term to the potential, the penetrability

T

P, becomes a sum of two parts

Tf - Ty + Tp» ¥))

where TD represents direct and TI indirect fission i.e. fission preceeded
by the excitation of compound states in the second well.

When several transition states contribute to the process, the sum
in Eq. 5 has to be replaced by (N.D + N ), vhere 11 Z ‘1". and, under the
assumption of K mixing in the second well, HI - lbs B -I-NB). Here

Z & }3 ™
N = A", and N = » where A is the flux absorbed in the
-1

second well from trmit:lon state K, and r:.n (1+ explzﬂ(!:.n - B)M.Bh
are the Hill-Wheeler penetrabilities of barriers A and B for transition

states K.
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In the absence of damping, all As = 0, vhereas for complete
damping, sll Tg = 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 A 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 512. we used the resonance version of
the program at energies below 7.5 MeV; above that energy, the non-
resonance version was used. However, we found that between 6.5 and
7.5 MeV the results obtained with the two versions differ insignificantly.
Barrier A was taken to have axial asymmetry, reflection syumetry;
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, reapectively.23 independent
of excitation energy.

All barrier parameters cannot be uniquely determined by fitting the
experimental fission probability,Yortunately, some can be found independ-
ently from other data. The value of E;p is determined by the denaity of
class 11 states11 at 6.16 MeV. The spacine of the teaonanﬁes at

6.313 MeV, D__ = 1,3t 0.3 keV,is in excellent agreement with this value.

1I
The average areas of the observed intermediate structure set the values
of E) and E] st 6.15 £ 0.2 MeV and 6.55 + 0.2 MeV, respectively.
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The other paramaters wers varied to provide the best fit (solid line
in Pig. 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 lﬁ found by Van der Plicht et .125 is too high to account for

the measured average areas of the class Il resonances. Our data confirm
their value of Eg*, which is higher than the values obtained in the other
experiments. Our value for E;- is somevhat higher than the two other
values, however,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 E;-. In the present case, !;- is determined mainly by the
fiseion probability at ~7 MeV, where the contributions Gf K,e 1~ and 0~
fission become comparable. The 5“- 2t barrier parameters cannot be
determined from the present data because of the small value of o((2+).

Given the theoretical predict:lon"”8

of a rather low barrier 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
structure and the broad vibrational resonance, it is necessary to assume
that the third well has 2 minimum at ~3 MeV. Since the low first

barrier does not affect the fission probability at energies ~v 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 axiaslly
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symmetric and reflection nyl-ou'i.c.8 and that they are characterized
by parameters listed in Table I. The result is shown by the dashed

line in Fig. 4. Agreement with experiment at higher ensrgies can be

o+
improved by lowering ng 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.

C. Intermediate Structure

a. Background
The spectra in Fig. 2 at 5974 and 6313 keV exhibit structure which

we interpret as representing class II compound states in the second well
of the barrier. As in the cases reported prev:l.oualy,u the observed

peaks are superimposed on a rather high background. 1Its magnitude is

determined by fitting each spectrum with a fumction t

K.otos ofF tan SV, L __7 w am - 22

- 2
where 0;(21) a Ri + bnf + c'and B 3 are the energies of the

peaks. To compare the magnitudes of 0; with theoretical expectatiouns,
ey ¥ ’ , 2 -

peaks. To compare the magnitudes of 0; with theoretical expectations,

(8)

it is useful to express the cross section in terms of the fission
probability. Thus Ef P (E) = Pf(B) O;(E). wvhere it is assumed that the
excitation energy E = Ey.

Employing the picket-fence model for the class II states we can
write for the fission probability at energy E = E; + x below the ( f.n)

threshold.
I(x) + I '
2,x) = X ot P_s . (9)
J“ i‘f(x) + 'rb + l'?

We will assume that o (17)=1.0.
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When overlap of class 1I resonance tails is not neglected,

fe(x) represents the sum of comtributions from all class I1I

states to the fission width at x. This has the foml2
| S N | sinh (v, /Dyy)
Le(x) = HETIEOL 11/P11 . Ao

PPy cosh(fTyy/Dyy) - cos(2%x/Drr) .
vhere I, s tuf and ., are, respectively, the coupling, fissions
and total widths of the class II states. In the presence of several
transition atates K with incompletely damped vibrational resonances

in the second well at energies E?

Iv
D.
11§ 4
Ty1e,e = e f:,nlf’“" - Brv)? + “%Iv/z)z) ) (11
x -
vhere X
. he
- 2 1L o K (12)
B™ 79 T )

and l': and !l]s.lv are, respectively, the damping,and total widths of
the vibrational resonances. When damping in the second well is complete
b1 o .x
I n —T
e, £ 2N L AB
The direct fission width 71'D can be written in the form

. l 2
D. (Beag /20
L '_2%2' ook 1/2% + T 5 (13)
K (B - E17y) +(II§v /2)
The first tera in Rq. (13) arises from the coupling of the

vibrational and compound states in the first well of the barrier.

The of ten—on:ltteds’ 26

factor 1/2f1 in this term was found by
Bjérnholm and I.ytml to be necessary in order to account better for
the ratio of the class I to class II squared vibrational wave functions,

which enters into the calculation of [ D The second term represents



55

enhancemsent of the direct fission width due to class 1I vibrational
resonances. It can be obtained from the expression for the "resonant

Jdirect" fission width of Goldstone and Pau1 6

by replacing their
squared coupling matrix element v2 with D, 'ﬁmull;ﬂ 2. This replacement
_1- consistent with Eq. (12) and is equivalent in our case to & value for
the matrix element V = 0.3 keV, wvhich is considerably lower than the
value V = 3 keV determined by Goldstone et 1127 for several actinide
nuclei. The smaller magnitude of V is consistent, within the doorway-
state l\m'lel,z6 with the experimental width(20) keV) of the vibrational
regonance at 6.01 MeV,whereas the larger one ylelds s value of ~2 MeV
for this width,

The fission probability ?f(x) computed with the barrier parameters
of Table I is plotted for two excitation energies in Fig. ."34. Only two
peaks are shown at each energy. The fission probability between these
peaks Pb = Pf(n—gl) is taken to represent the background that would be
observed?xper:lnentally in these spectra. The values of P, computed at
the energies vhere intermediate structure was resolved in the present
and previously teportedn experiments are compared in Fig. 6 with the
values of PSP = o’b /10y averaged over the measured spectrum at each

b
energy. Agreement is very good.

b. Average Resonance Area

The average area of the class Il resonances that one may expect to

observe directly in a spectrum is

A~ 6_#!’ rgtx) - 2 dex . (14)
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This can be writtem in the fors

A= (PP, - PO/ (G4 Iy (13)
' Py = T Geon [ +I¥Ty ).
and
- 2 ..M
P, =SG((Grcosh(ilyy/Dry))™-1)
with
Trrefine®y

- ainh(‘lrl' In ) .
II' 11
I+ l'D)Dn | ‘
It can easily be verified that when Pye<x DII and rn<@< Iy the

second term in Bq. (14) disappears and Eq. (15) assumes the form given
for A in Ref. 11, where direct fission and overlap of class II states
were neglected. It is also interesting to compare l’f (x) averaged over
the intermediate structure with P£ (E) given by FISSAL. When: this is
done, the difference is found to be about 5% on the average,in the energy
range 6.0 - 6.3 MeV., A greater difference is found below the vibrational
resonance because FISSAL yields a slightly lower value fof the energy

of this resonance than the experimental value taken for computing

Pf(x). After this is accounted for by a simple shift in energy of

Pf(x) relative to P(E), the two fission probabilities are remarkably
similar in magnitude.

The areas obtained from Eq. (15) are compared with the average
experimental resonance areas in Table II. The data reported previously
are included, with one exception, in this comparison. The omitted value
at 5.87 MeV was obtained with a (p.'] ) resonance, which, as we have

28

learned recently, has a natural width of 1.7 keV. Therefore, the
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structure observed at this energy may have reflected the existence
of only the strongest class I1 resonances. Considering 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 is very good.

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

difficult to observe.

5, Conclusions
We have measured the photofission cross section in 20 narrow

energy intervals between 5.8 and 12 MeV with an average phg;on energy
resolution of A~ 600 eV. The investigation of the intermediate
structure was extended to 6.3 MeV. From studies of the properties of
this structure and dependence of the fission probability on the
excitation energy, we have determined the fission barrier parameters
on the assumption of a double~-humped barrier shape. The data confirms
our previous finding that in 232Th a barrier of 6 MeV is followed by a
deep intermediate well with a minimum at 2.8 MeV. This is contrary to

4,7,8

the theoretical predictions of a much lower first barrier followed

by two shallow wells. Indications that the first barrier in the

233

adjacent Th 1s also considerably higher than the cne predicted

theoretically and that it 1s followed by‘a deep secondary well were

29

found by Perez et al™” in their measurements of the 232Th (n, £f) cross

section.
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The present data is not sufficient to determine wvhether a
tertiary well exists in the fission barrier of 232’“1. For this
more extensive measurements of structure at low emergy have to
be done.

We wish to thank D. King and B. Stuber for their expert
maintenance of the Dynamitron during the course of these experiments.
The contributions of Drs. P.X. Zhu and M. Ismail during their stay
at this laboratory are gratefully acknowledged. This work was
supported in part by the U.S. Department of Energy and by the
Professional Staff Congress ~ Board of Higher Education Faculty

Research Award Program of the City University of New York.
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Tigure Captions

Fig. 1. Part of the experimental setup showing a fission 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.

Fig. 2. Photofission cross section of 2321.1: for several photon
energies. The (p,¥ ) resonances used to produce the photons
and the resonance proton energies are listed in each case.
The photon energy resolution in .the two spectra exhibiting

structure was ~ 300 eV.

Fig. 3. Photofission cross sections obtained in different experiments.
The results of this work are averaged over the photon energy
range at each (p.f) resonance. .

Fig. 4. Comparison of the fission probability of 232‘1‘11 with the

results of calculations based on the statistical model.

The solid line is for axially asymmetric, reflection
symmetric barrjier 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 Bg lower by 200 keV.

Fig. 5. Intermediate atructure in the fission probability calculated at two

excitation energies.

Fig. 6. The background fission probability. The experimental points

represent the average values of P:x‘p.
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Th (in MeV)

Table I. Fission barrier parasaters of

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
z, 0~ 6.75 6.3 6.7 6.15 6.10

1~ 6.5 6.55 6.55
s, 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
£, 0~ 6.75 6.3 6.6 6.55 6.50

1= 6.9 6.85 7.25
Ty 1.2 0.75 0.5 1.2 | 0.5 0.65 0.7
Err 3.0 3.0 3.0 2.8 2.8
tayy 1.5 1.5 1.5 0.9
LA 0.05 0.05 0.05
v 0.25 0.15 0.15

9



Table II.

Average areas and widths of resonances

Area(b.ev) Wideh(eV)
RQteV) Expt. Cale. Cale.
6.313 5;&1.7 3.5 420
6.175 5.1%1.7 3.7 290
6.144 13.084,0 3.9 330
6.074 3.141.5 4.8 450
5.974 4.841.6 4.7 400
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APPENDIX I

Photofission cross sections of ”‘u and 231.m obtained with gamma
tays from various (p,y’) resonances.

(P+Y ) resonance " Oy ¢nb)
Target !p(ke‘c') E,, (keV) 232‘1’!’1 23811
25ug 1701 5871 3.920.5 8.2:0.8
34g 848 5974 5.820.6 11.5:2
42ca 2037 6073 7.220.7 15.315
34 1020 6143 15.0¢1.5
42cs 1423 6172 7.220.6 5.9£0.6
29¢4 1302 6180 5.620.7 15.2¢2
345 1756 6312 15.041.5 12.0%4
344 2073 6622 12.421.3
3054 1878 6878 8.120.8 10.943
30gy 1398 7377 4.620.4 10.421
2yg 1716 7954 5.320.5 12.4¢1
30gy 982 8244 5.5:0.5 16.5¢1.6
3054 1480 8727 6.5¢0.6 18,122
23\a 1417 8923 9.821 24.022.5
2 2488 9363 19.512 42.04
Ba 1519 9980 22,082 54.915
219 992 10759 28.423 80.5:8
23 1317 " 11072 31.5¢3 96.149
27n 1381 11134 31.213 103.0+10
273 1800 11537 32.823 80.628
7 2203 11925 28.823 99,010
21 774 12326 97.5£10
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APPENDIX 11
DERIVATION OF EQUATION (13) OF CHAPTER IV

The area of an observed paek in the photofission cross section is given

by(see Fig.5 of Chapter 1IV)

Oy

A= | (R@-P)dx 3
o
with ﬁ;(x):_ﬁ.(xH o o ' (2)
l}.(x)-l'ro'i'rf
. and P = P.[.(I:%) : . _, (3)

It can be shown by means of simple algebraic manipulations that

Po-p— TV ( R (%) )
(lvtlo) \ GO+  T(2D+o+ly/ .

— @

Vhen resonance overlap is to be taken into account the picket-fence model

yields for the width [I¢(x)

MO0 — Mzelz¢ Dz sinh ('ll'i'n/Dn)
A faDg cosh( Wy /Dx) - cos(znx /pg)

)



vhere

Civ —
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CI (6)
Cs - cos(znxpg) |
&T2sDz ginh(mra/y) . ()

14

cz —_— C%h("rl/bx)

Therefore

S De 00 dx
o [30)+ fp+ly c
|

SD“ Ca —C05(2mx/Og) dx
Cy .
O (,-cos(2wx/0Oy) + rD-H-Y

Ch

o Tits 'H'f ‘l‘Cz — cos(2mx/Dg) -

This can easily be transformed to the form of the linwn‘ integral

an .2

§M CoS9 m

r - M>]  (10)

*This integral can be found in CRC Handbook of Chemistry and Physics,62nd

edition,edited by Robert C, Weast,Page A-71,



C
M +Ty

Lat ? == ZUI/D.[ ’ G =

Thes SDR Ts00)dx
o T30 +Tp +ly

DG (7_dp
2“ oG-l'Cz-COS?

| Delr -
(G +Ca)*-

]
|Gt eoshlmmemg)!

(1)

wvhere

— — TxcTnsDx sinhl Ma/Dy)
&= TaDs ([p47y) L™

Substuting (2),(3),(4),(10),and (11) into (1),and taking into account

fission width fluctuation,one can obtain Equation (15) of Chapter IV.

A= O?D_E.(Pz-—P.)I'y/(l’r +l'p) ’

vhere ‘.P' —-— SF4(Z=D;222 |
s Ce="%)+Tp4y

12

wma = 5&((&+C05h(11'|'1/9;))2"|)~
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