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Abstract

PHOTOFISSION AND PHOTOEXCITATION STUDIES 

by

TAUN-RAN YEH 

Advisor: Professor Henry Lancman

The high proton beam current available from the Brooklyn College

Dynamitron Accelerator have been used to generate beams of gamma-rays of

well defined and variable energy from the (p, Jf' ) reaction on various

targets. Eleven such gamma-rays in the energy range from 5.8 to 11.5

MeV have been used to induce photofission in the even-even nuclei of 
258 232U and Th. Spectra of photofission fragments have been measured with a

photon energy resolution of several hundred eV. Polycarbonate films

have been used as fission track detectors. The absolute efficiency of

these films for counting fission fragments from thick uranium and thorium

foils has been determined experimentally. Evidence of structure resulting
232from class II states was observed in Th.

The average photofission cross sections for each (p, "€) resonance

have been compared with published values. The results of our measurements
9

are in good agreement with those of Caldwell et al at energies above 
238 2327 MeV for both U and Th. At lower energies our value are higher

. 238 232than Caldwell s in the case of U but agree well for Th. The

fission probability obtained from the average photofission cross section

was compared with the theoretical predictions of the statistical model
20 232 of Back et al to extract the barrier parameters of and Th.

In the course of the photofission work a nuclear resonance fluores-
208cence experiment was carried out on Pb and the widths of the 7.06 and

ill



7.08 MeV states were determined to be P o - 29^3 eV and P Q - 16^3 eV 

respectively. The ^F(p, reaction was used to produce the incident

gamma-rays.
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1
(I) INTRODUCTION

Our present understanding of the mechanism of fission at low excit­

ation energies is based on ideas forwarded by A. Bohr* who pointed out that 

near the fission threshold most of the energy of the fissioning nucleus as 

it passes through the saddle point is concentrated in the deformation 

energy. In such a cold nucleus the transition states near the saddle point 

represent quite simple collective excitations similar to the low lying 

states at ground state deformation. These transition states are the fission 

exit channels. The measurements of fission induced by gamma rays is 

particularly useful for studying these states since photons are absorbed 

predominantly with El,and with a considerably smaller probability, E2 

multipolarities. This selective absorption results in excited states of a

very limited range of angular momenta. For example, in even-even nuclei 
2 38 2 32such as U or Th the states excited in this way may be expected to have

spins and parities of 1~ and 2 , corresponding to quadrupole and octupole

vibrations and rotations associated with them.

Measurements of the energy dependence of the photofission cross section

near the fission barrier and of angular distributions of the fission

fragments can provide information on the barrier parameters for the various

fission channels. This is in contrast to measurements of fission induced

in particle reactions in which parameters averaged over many angular

momentum states are determined.

Measurements of photofission cross sections have been carried out

using a number of methods. Bremsstrahlung has been used for the determination
2

of the energy dependence of the cross section and the angular distribution 

of the fission fragments. Such measurements are difficult, since the 

bremsstrahlung spectrum is very broad with rapidly falling intensity toward



the end of the spectrum. The method relies on an unfolding procedure and 

detailed structure within energy intervals of less than about 200 keV is 

very difficult to study.

Photofission cross sections have been measured also using monoenergetic
3

gamma rays. Khan and Knowles used variable—in-energy compton scattered gamma 

rays from the Ni(n, Tf'*) reaction to study the photofission of 232Th, 235u 

and 238jj_ ganaaa rays in this experiment had an energy resolution (

relative energy spread) of 4 to 5%. Their energy was variable from 5 to 

8.3 MeV. This method also requires an unfolding procedure. It has the 

advantage over the bremsstrahlung method in that the intensity of the 

scattered beam is peaked at the maximum energy. Similar measurements have 

been done by Yester for ^^Th and ^-^U. Monoenergetic photons derived from 

bremsstrahlung by means of the tagging technique were also used by Dickey 

and Axel to measure the photofission cross section for 238^ an(j 232-p̂  with 

an energy resolution of ^  100 keV.

Neutron capture gamma rays in the energy range from 5 to 9 MeV have
6-7

been used by a number of investigators for photofission studies , This 

method provides excellent resolution (determined by the Doppler broadening

of the line --  typically a few eV) and intensity on target of the order of

10^ photons/cm^sec. The method has severe limitations, however following 

from the fixed energy and restricted number of suitable lines. In the 

experiments mentioned above about 10 lines were used. In addition the 

analysis is complicated by the fact that usually several lines contribute 

to the photofission yield.

The cross section determined by Khan and Knowles exhibits a considerable 

amount of broad structure. In the case of for example, bread peaks



3

were observed at 5.2; 5.7; 6.2; 7.1 and 7.8 MeV, Many of these peaks were

also observed by Dickey and Axel. The bremsstrahlung measurements do not

resolve these peaks but indicate a hump slightly above 6 MeV. The hump

which may correspond to the 6.2 MeV peak observed by Khan and Knowles was
8

interpreted as a photofission resonance. However, Huizenga and Britt , and

Dickey and Axel presented evidence that it may be due to the onset of neutron

competition. Considerable structure in the photofission cross section near
9

threshold has been reported by Caldwell et al .

The photofission measurements observed using the sharp gamma lines 

from thermal neutron capture show large fluctuations about the results of 

Khan and Knowles, which may be due to the fact that individual levels are 

excited. (the average level spacing of states is '"'-10 eV at an excitation 

energy of 6 MeV).

Although the method of Khan and Knowles and Dickey and Axel provides 

a photon beam of variable energy their resolution is low. To study the 

details of the observed structure in the photofission cross section,photon 

beams of variable energy and high resolution are necessary. In this thesis, 

we describe a simultaneous measurement of the photofission cross section for 

and 232yh nuclei between 5.8 and 11.5 MeV, using photons produced from 

resonances in (p, y") reactions on various targets. The typical energy 

resolution of such photons is of the order of several hundred eV. With this 

resolution one may expect to observe structure due to the states in the second 

well of the double-humped potential barrier.

Chapter II contains a review of the theoretical and the experimental 

aspects of photofission with emphasis on the effects of the double-humped 

fission barrier. The details of our experiments are described in chapter III.



The results are presented in chapter IV and followed by a discussion. In 

the last section of chapter IV, we describe a photo-excitation experiment
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(II) THEORETICAL AND EXPERIMENTAL BACKGROUND

(A) Fission theory
10,11Nuclear fission was discovered in 1938 by Hahn and Strassman 

It was observed when uranium was bombarded with neutrons. Since then a 

very large number of articles has been published on various aspects of 

fission, and the subject is still receiving a considerable amount of 

attention.

The particle induced fission process is usually described as taking place 

in two different phases. A compound nucleus is formed which undergoes 

a series of collective oscillations and intrinsic excitations until it 

fissions by passing through the saddle point. To describe the fission 

process a sophisticated model of the nucleus Is needed. Among existing

models, the liquid drop model (LDM) of Bohr and Wheeler has played a 

very Important role in our understanding of fission.

In the liquid drop model, the nucleus is represented by a uniformly 

charged drop of incompressible nuclear matter having a definite surface. 

The total potential energy of the drop includes two constituents, the 

electrostatic Coulomb energy which acts to pull the drop apart, and the 

surface tension energy which acts to hold it together. As a result, the 

total potential energy of actinide nuclei as a function of deformation 

exhibits a barrier. Spontaneous fission is the result of penetration 

through this barrier

To describe the deformation of a nucleus, the radius vector of the

charged drop is frequently expanded in terms of the Legendre polynomials

12

13

4=1
< D



The drop is presumed to have axial symmetry with a radius R0 . The even 

numbered terms in the sum preserve reflection symmetry at a plane perpendi­

cular to the symmetry axis, whcrea?? the odd numbered terms destroy this 

symmetry.

Calculations of the potential energy of the drop in terms of even

terms have been done up to J!, - IS. For an actinide nucleus, a simplified

contour map of the potential energy as a function of ^2 an<* ^ 4  is

sketched in Fig. 1. The minimum potential is represented by the dot on

the ^ 2  a3£is* At small value of £■ the nucleus has essentially a quad-

rupole deformation. The dashed line, drawn from the minimum potential

through a saddle point x, shows the prefered route to fission and is used

to defined a generalized deformation coordinate ^
14,15

Strutinsky pointed out that nuclear shells should modulate the

liquid drop potential energy as a function of deformation, since the shells

produce a non-uniformity in the distribution of single particle states.

At a given deformation, this non-uniformity provides a negative correction

to the total ground state energy when the single particle state density

is low at the Fermi energy (the nucleus is more bound than in the LDM).

On the other hand, when the single particle state density is high at the

Fermi energy, the correction will be zero or positive (the nucleon is less

bound than in the LDM or equally bound).

Detailed calculations show that in the region of actinide nuclei,

shell corrections oscillate as a function of deformation and can affect the

LDM potential by as much as t  8 MeV, These calculations predict that as

a result, the potential energy curve should exhibit a double-humped barrier
16

as a function of the deformation. Calculations of Nilsson et al indicate 

that the barrier heights of the two humps are about the same for the
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Fig, 1: Simplified representation of the contour map of the 

potential energy as a function of two deformation 

coordinates ant* ^ 4 *
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atomic number Z - 94. As Z increases the outer barrier becomes lower than 

the inner one, and vice versa. A typical double-humped fission barrier is 

schematically 3hown in Fig. 2. The inner and outer barriers are designated 

A and B respectively. The barrier heights E^, Eg and the energy of the 

second well are measured above the ground state, which is at bottom of 

the first well. The parameters a *  indicate the barrier/well curvature.

The smaller , the broader the barrier/well.

For actinide nuclei the observed values of EA and are well re­

produced by the Strutinsky-type calculations in which only quadrupole,P2 , 

and hexadecapole,,deformations are included. The calculated outer barrier

Eg, however, is usually higher by several MeV than the measured one. Same
17,18

early calculations carried out without employing the Strutinsky method,

indicated that the inclusion of P^ lowers the potential energy surface.

This fact and the observed asymmetric fission of the actinide nuclei seem

to show that the odd-numbered deformation parameters which lead to asymmetric
19

shape distortion are important. Moller did calculations with the in­

clusion of the P3 , P5 and P. terms. His results for ^38^ and ^-^Th are
20

listed in Table 1. Experimental results taken from Back et al are included 

for comparsion.
45

The inclusion of axially asymmetric , V^-angle deformation, can

lower the inner barrier and keep,the outer barrier unchanged for most act-
46

lnide nuclei. The effect of non-istropic quadrupole pairing can bring up

the inner barrier, particlarly in the case of the light Th nuclei.
238 ^Fission of U has been interpreted as passage over an axially

deformed inner barrier and a mass-asymmetric (pear-shape), axially symmetric
21

outer barrier. But recent investigations suggest the possibility of two 

distinct outer barriers, one mass asymmetric and axially symmetric,the other
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t a b l e i

A comparison of the theoretical and experimental fission 

barrier parameters for a double“humped barrier

Ea (MeV)
19 20 Calculated Experimental

Eg (MeV)
1 Q 7Ci Calculated 7 Experimental

En  (MeV) 

Calc.^

23 Bu 

232Th

6.1 5.9 

*•8 < 5.5

6.5 6.1 

7.3 6.1

2 . 7

2.8
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Fig. 2: Schematic representation of a double-humped potential barrier 

(solid line) and a LDM single-humped barrier (dashed line). 

Intrinsic excitations in the first and second wells at defor­

mation (3 and P a r e  designated class I and class II 

states respectively.



potential energy

NJ
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mass symmetric and axially asymmetric. In the case of Th, Moller and 

22
Nix have found that the outer barrier is split into two individual peaks

separated by a "third minimum". This three-hump fission barrier explains, in

principle, the sharp states at higher excitation energy, which has been
23,24

called the "thorium anomaly"

The existence of a double-humped barrier in many nuclei has been
3,5,20

confirmed by numerous experiments . The theoretical developements
25,26

have been discussed in several reviews . Among the most dramatic

manifestations of the effects of the double-humped barriers are fission 

isomerism, a phenomenon whereby a heavy nucleus can exist in a relatively 

long-lived excited state before it decays by fission, and the appearance 

of several types of structure in the fission cross section as a function 

of the excitation energy. The latter topic is directly related to the 

photofission studies described in this work and will be discussed in 

some detail.

At lower excitation energies (below the barrier height), the

existence of a double-humped potential barrier results in two categories

of states. The states in the first well are denoted class I and the

states in the second well class II. These states represent rotational,

vibrational, and particle excitations. Because the vibrational motion

is along the ^ deformation, the total Hamiltonian of the system H can 
27

be decomposed to give an explicit term f t p  as shown below,

H =  H. + Hi + n z  h A  +1- H *  l»>
* « t  1 A r

All other degrees of freedom, corresponding either to vibrational motion

other than ^  , to the rotation of the nucleus, or to particle excitation,

are included in H, + H for a given deformation. The inter-
1 13 1
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ITaction between the degree of freedom i and £3 is described by .

The eigenfunctions X x  (with eigenvalues ) of the Hamiltonian
If

H - H are given by 

x »  =

where i j, and are the eigenfunctions of H ^  and + S ~ H,^

respectively. The class 1 and II compound states are defined accordingly:

I    .  ^ X

&■>

Class I x ^ =  Z Z  ^

Class II X f  =  H I  C * *  l v

The compound nucleus states corresponding to the full Hamiltonian H are
fl

determined by adding H , the coupling between class I and class II states.

There are two types of resonances in the formation of compound

nucleus states leading to fission. The first corresponds to highly

excited many-particles states of the compound nucleus, as shown in Fig. 2.

These states, whether they are class I or II, have relatively small widths,
25and their level density ^  is computed from

f  CU) =  c sxp (J a. u. )

where U is the effective excitation energy, and a is a parameter proport­

ional to the density of the single particle states at the Fermi energy.

Because at the first well is higher than at the second well, and â. and

a ^  are comparable, it is clear that the level density is much higher
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than Fission resonances will occur when the energy, spin and parity

of class I states match those of the class II states leading to structure

in the fission cross section which is shown schematically in Fig. 3.

The possible spin states are drawn as vertical lines for class I

states in Fig. 3a. In Fig. 3b the dashed envelopes show the fission

clusters with level width and average level spacing D... Such
II

intermediate structure has been observed in neutron Induced fission.

The other type of resonance is related to the vibrational motion 

in the fission degree of freedom. The vibrational states are broad 

because of the dissipation of vibrational energy due to damping. A 

typical width of a vibrational state at low excitation energy is of the 

order of a few tens of keV. The higher the excitation energy the larger 

the width because of increased damping and at sufficiently high energy 

the spectrum becomes continuous. A schematic diagram showing the vib­

rational 9tates in a double-humped barrier is given in Fig. 4a. Both class 

I and class II vibrational states are drawn as horizontal Lines. The 

damping of these states is indicated by hatched lines. Because of the 

larger effective excitation energy in the first well, the class I 

vibrational states form a continuous spectrum when the class II states 

are still separated. A resonance will occur as long as a discrete 

vibrational state at the second well is reached. Otherwise the fission 

yield will Increase smoothly with the excitation energy. This is shown 

in Fig. 4b where the yield vs excitation energy exhibits vibrational 

resonances with level width r*vib* Such structure has been observed in 

particle induced fission.

The structure appearing In the fission yield curve depends on the 

damping of the vibrational states in the second well. For even-even



Fig. 3: Coupling between class I and class II states leading to 

intermediate structure.
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Fig, ia: Schematics! diagram of the vibrational states in a double­

humped barrier, 

b: Fission yield vs excitation energy exhibits vibrational 

resonances with level widths
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actinide nuclei, pure vibrational states without damping are expected at 

low excitation energies. As the energy increases, the vibrational state 

is moderately damped to the surrounding states, and a resonance appears 

with a possible fine structure caused by the class II states. At an even 

higher excitation energy the vibrational state is fully damped, and 

structure in the yield represents a superposition of class I and class 

II states only. This is schematically shown in Fig. 5.

When the excitation energy is comparable to or higher than the 

fission barrier, it is known that the density of the compound states 

(vibrational, rotational,or particle excitations) is high. The wave 

functions of the compound states become very difficult to calculate, so
1

that the fission properties of these states can not be predicted. A. Bohr , 

proposed the concept of fission exit channels, or so called transition 

states. It is assumed that near the fission threshold the excited 

nucleus is "cold" since a major portion of the excitation energy has gone 

into surface deformation. Hence this cold nucleus is expected to have 

quite simple collective excitations similar to the low lying states at 

ground state deformation. A schematic representation of the transition 

states is shown in Fig. 6 . The level schemes at ground state and saddle 

point deformation are for an even-even nucleus.

Bohr has also pointed out that near the threshold, photofission of 

even-even nuclei has some especially simple features. The target nuclei 

have spin and parity ■ 0+ . Photons are absorbed mainly through 

electric dipole (El) and with a smaller probability quadrupole (E2) 

transitions yielding states with * 1~ and 2+ respectively. The 

transition states of an even-even nucleus therefore resemble the lowest 

1“ and 2+ states present at the ground state deformation. The states,
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Fig. 5: Types of structure in the fission yield as a function of 

excitation energy.
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Fig. 6 : Fission transition states in an even-even nucleus. States

of importance in photofissicn are designated with an asterisk.
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which are important in photofiasion, are marked with an asterisk in Fig. 6 .

To predict the angular distribution of the fission fragments, it

is essential to make two assumptions. The first is that the fission

fragments separate along the symmetry axis. The second is that the

projection, K, of the total angular momentum J does not change once the

transition state is reached, making K a good quantum number after this

stage of the process. The latter assumption does not rule out the

possibility of K mixing in going from the original compound nucleus to

the transition state. The K value may change because the nucleus suffers

many vibrations and changes in shape, and re-distributes its energy and

angular momentum in many ways.

In the case of the double-humped fission barrier, the concept of

transition states is rather complex, and it becomes of interest to know
21which barrier establishes the value of K. Some evidence in 238U, for 

example, indicates that at the inner barrier the deformation is axially 

asymmetric. This would cause K mixing at the first barrier. However, 

the second barrier is stiff against an axially asymmetric (gamma) deforma­

tion, and the K value is well established. Thus the angular distribution 

of the fission fragment is determined by the second barrier.

The angular distribution of fission fragments from a state with 

total angular momentum J, and its projection K on a space fixed axis, is 

derived from the rotational wave-function For electric dipole

and quadrupole photo-excitations of even-even nuclei the angular dis­

tributions are given by the following equations

o j 7 ' 1 ( ® )  =  ~  (W



Fig. 7: Angular distribution of photofission fragments for dipole 

and quadrupole absorption in an even-even target nucleus.
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t 7 >

CO T* x ce) = I S  ss**aS
k=o ' b

<3?

w  k = * i = ~ ( A “ s;»iJe - s ; K * 4 S )  w >  

oo <e) =  f  tsivfe + ̂ s i n 26) 0<>)

The angle © is measured from the direction of the incident photons to 

the nuclear symmetry axis. All the distribution functions are normal­

ized so that J ^ C 0 (»)Si>v6  < L &  =  I , and are drawn by solid and 

dashed curves for dipole and quadrupole excitations respectively in Fig, 7. 

The photofission cross section is given by:

r —  J .
C  =  m  — — y  <«>

rT  ITT r  ri<EXlO '

where
c e t t t ) = r ^ < E x ir ) < i * >

where is the photonuclear absorption cross section in the comp­

ound nucleus at excitation energy E, total angular momentum J, and 

parity T -  r v  r„. r >  represent the widths for decay through the 

fission, neutron, and gamma-ray modes respectively. The emission of light 

charged particles is omitted because it is inhibited by Coulomb barriers.

The fission probability which is defined as the ratio of the

photofission cross section to the photoabsorption cross section may be

expressed as;

P ( E -) = E l  oC(ETir) { . j j  (ETT> ). 03)
4  j-it H t  < * 3’’r> '
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where O i (E,J, *IT ) is the normalized probability for populating states 

with excitation energy E, spin J and parity Tp through photon absorption. 

For simplicity we assume that o£ is independent of energy

dL(*Tir) Cz ( t t t )  = -  A / „  J i r )  P * )

where N Is a normalization constant determined bv o

C l <Afcrir) = 1  ««
TT

Theoretical calculations of the fission probability which employ a

statistical model with inclusion of several barrier parameters have been
9

published by Back et al . These calculations were originally for the 

purpose of interpreting the charged particle induced fission. Recently, 

Gavron et al have also adopted these calculations to fit ( Jf’jf) and 

(t,pf) data in the sub-threshold region as well as ( 2T*if) data in the 7-11 

MeV excitation region. The analysis of our photofission results will be 

carried out along similar lines and, therefore, the frame-work of these 

model calculations will be discussed briefly.

Due to the statistical distribution of individual values about 

their mean, the fission probability can be rewritten approximately as:

Rf =  ST o((Tir) -15 ceT1T)̂  S Ofc)
<Tt (* * *> >

2where S is the width fluctuation correction factor. Assuming a ^
28

distribution of the fission widths , these values have been calculated 

by Back et al in terms of the branching ratio of fission to total decay 

widths and the effective number of open fission channels.

The average fission width is composed of contributions from different
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fission channels V  and is related to the barrier transmission coefficient

as follows:

<  r, c e t t ) >  = — ■ - ! = -  T j  c e « )  c,7;

where is the average spacing of levels in the compound nucleus. The 

fission transmission coefficient is related directly to the barrier 

parameters. For a one dimensional, single, inverted parabolic barrier of
12

height and curvature , the transmission can be written exactly

a S ' «|
T ^ - 0  +  » p C ^ C P #. - E )  ) ) (ii,

This is a smooth function of energy which exhibits no resonances.

The transmission of a double-humped barrier comprised of smoothly

joined parabolic sections has also been calculated by a number of 
3,20,21 20

groups . Back et al , used the idea of splitting the fission

transmission into two parts

T f  =  T *  + T (  <*'>

where T. is the direct transmission from the incoming unit flux in thed
first well and is the internal flux leading to fission in the second 

well. The latter part can be estimated as the absorbed flux multi­

plied by a branching ratio

P.
4 ' at*

  *-r- * (-2 0 )
1 —  I

Pa+ Pb

where P. and P are the penetrability given in our case by eq. (18)A B
through inner barrier A and outer barrier B respectively. T and T,abs a



are obtained by solving the Schrodinger equation, with the total Hamilt­

onian containing a negative imaginary potential WQ to simulate the absorbed 

flux in the second well. In contrast to the single barrier, the trans­

mission function will exhibit an enhanced penetration which is the result 

of the existence of the quasi-bound state in the second well of the 

potential. Thus the average fission width can be rewritten as:

/n; (sw) =  -2a (a/,(err) — A V gT,r)—.)
\  f  j t t  *  /^(Enrt +Hb(z*<Y

*>«• A/a = 2=  T h e * * '  , * ' ! * = ! = ■

o x >

/VA =  3=1 PA (r3"T) , N % =  2 =  Pj(«ni)

The average Jf'-decay width lb calculated assuming that only El 

transitions are important and integrating over all possible final states j

Tt t 3
<r-(m)> =  C A  Pci  (e-e)d.e- (*)

i-ix-i) U

where C is the normalization constant and is the level density in

the first well.

For energies above the neutron threshold, neutron decay starts 

to compete with fission so that the fission probability, after reaching 

a peak, will drop. The average width for neutron emission is calculated 

by summing transmission coefficients to known states in the A-l residual 

nuclei.
p. T + ' X

Cett— > E-erir)) = ~  I I ZI 17; ( O  ^
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where ) Is the neutron transmission coefficient for a transition

from a compound state at energy E, spin J, and parity 7J" to a final state 

at energy E- , spin I, and parity .

It can be seen clearly that the calculated fission probabilities 

depend on a number of barrier parameters, for example, barrier heights and 

barrier curvatures. These parameters can therefore be obtained by fitting 

the theoretically predicted fission probability to the experimental data. 

Although different parameters have a different influence on the fission 

probabilities, the four parameters Eg, , and are mainly

determined by the calculation.
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(B) Fission experiments
29

In 1962 Polikanov et al observed a fission isomer with a half

life of 14 msec upon bombarding ^38^ with *"®Ne ions. The fissioning
'142nucleus was identified as Am, Futher study revealed that this isomer

has a rather low spin, and an excitation energy of 3 KeV. Within the

framework of the existing theory it was hard to explain how this state

could resist de-excitation by ^-emission for such a long life time.

With the introduction of double-humped potential barrier, this and other

later discovered fission isomers are identified as low lying states in

the second well. The Jf^-decay from isomeric states to states in the first

well is strongly inhibited by the presence of barrier A. The experimental 
30

verification of this explanation of the existence of fission isomers 

came five years later when it was determined that the 4 nsec ^^Pu fission 

isomer has a quadrupole moment larger than the quadrupole moment of the 

ground state.

Evidence of intermediate structure was first observed in experimental
31

studies of neutron-induced fission. For example, the measurements of
hf\*-*uPu(n,f) clearly show large fission resonances clustered about neutron 

energies of 0.78, 1.4, 1.9, and 2.7 keV. The spacing of the clusters is 

<Du> * 650 eV, roughly 50 times that of class I states which i s ^ D ^  sa 
12.5 eV. This structure can be explained by the coupling of compound 

class II states in the second well into nearby compound nucleus states 

in the first well. Similar structure was subsequently found in the (n,f) 

cross sections of other nuclei.

Broad resonances in the cross section of neutron-induced fission
24 -nohave been found in the ‘■JUTh(n,f) reaction. The resonance at 715 keV, 

about 30 keV wide, is attributed to a vibrational level in the second
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well of the double-humped potential barrier.
32

The direct-reaction ~'39Pu(dIpf) “ Pu provided further evidence

of a vibrational resonance state in the second well. The high resolution

measurements resolve a 5 MeV peak into a number of sharp peaks. The

whole structure was interpreted as being caused by a class II vibrational

state damped into the intrinsic states in the second well.
20,33-34

Direct-reactions which excite a nucleus to energies near the

fission threshold have been used extensively to study the fission process.

The method has two distinct advantages over neutron-induced fission.

First, the region of excitation energy below the neutron binding energy

can be studied. This is very useful, particularly for even-even nuclei,

because the neutron binding energy is usually above the fission barrier

for these nuclei. Second, a wider range of fissioning nuclei can be

reached using the available targets and reactions such as (t,pf), (d,pf),
3 3(t,f), ( He,df), ( He,f) etc. Analysis of the fission data is complex 

because many angular momentum states are excited. A statistical model 

is used to extract barrier parameters averaged over many possible states. 

Barrier information associated with specific fission channels Is there­

fore very difficult to obtain.

In contrast to the direct-reactions, photofission measurements are 

simpler to interpret because photons are absorbed predominantly with El 

and, with a considerably smaller probability, E2 multipolarities resulting 

in excited states of a very limited range of angular momenta. However, 

photofission reactions, in fact all photo-nuclear reactions, have been 

hampered by the very limited number of sources of monochromatic gamma- 

rays of sufficient intensity and good energy resolution. The early photo­

fission data were obtained using bremsstrahlung spectra. Since the 

bremsstrahlung spectrum is continuous and broad, such measurements are
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difficult. Photofission cross sections are obtained by changing slightly

the end-point energy of the spectrum and measuring the difference in the

fission yield. Detailed structure within energy intervals of less than

200 keV is very difficult to study.

Despite the poor energy resolution bremsstrahlung has been

successfully used to measure the angular distribution of fission fragments 
2,35

Futhermore, measurements of photofission cross sections at very low
36-38

energies have been done with brerasstrahlung beams by several groups

Their results indicate a "shelf" which is due to the increasing influence

of isomeric fission, populated through gamma-decay of the states excited

by the incident photons.

Many attempts have been made to produce photon beams of high

intensity and good energy resolution. Compton-scattered gamma-rays from
3,4

neutron-capture reactions have been used. Their energy resolution is

typically r s s  5Z and the energy can be varied continuously. Although the

scattered gamma-rays peak at the maximum energy, an unfolding procedure

is still necessary, A 1% photon energy resolution has been obtained by

means of the tagging technique, in which a coincidence is required of

a prompt event produced by the bremsstrahlung photon, and the electron

which generated it. The photon energy interval is determined by selecting

electrons in the appropriate energy range. Photons of similar resolution
9,39

can be obtained by the technique of positron annihilation in flight 

Monoenergetic gamma-rays are produced in slow neutron-capture 

reactions. Their excellent resolution C^-few eV) is determined by the 

Doppler broadening of the gamma-ray line and their intensity can be very 

high. However, since these gamma-rays have fixed energies and the number 

of suitable lines is small, their application to photofission measurements 

is very limited.
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Some early results of photofission cross section measurements in 

238c and exhibited a hump near 6 MeV, Khan and knowles used

variable-in-energy Compton-scattered gamma-rays from the Ni(n, J''*) react­

ion to study the detailed structure of this hump. They found peaks at 

5.2, 5.7, 6.2, 7.1, and 7.8 MeV in 238U, and 5.5 and 6.4 MeV in 232Th.

The most pronounced were the 6.2 MeV peak in which was 200 keV wide,
232and the 6.4 MeV peak in Th, 650 keV wide. Knowles' interpretation of

these latter peaks as photofission resonances was shown not to have been

warranted. It was demonstrated by Huizenga and 3ritt that they are due

to neutron competition which causes a depression in the fission yield

at the neutron binding energy. Similar results have been reported by
4,40

Yester et al who used the same method of generating the incident

photons. Their absolute photofission cross sections differ however from
238 032those of Knowles by factors of 2 and 5 at 8 MeV for U and " Th

respectively.

Dickey and Axel measured the photofission cross sections for both

238u and 23iTh from 5 to 8 MeV by using the tagged photons. Their results
- 238reveal the lowest 1 fission barrier at 6.5 MeV for  ̂ U and 6.3 MeV for

'>32 PTh. The peak at 6,2 MeV in ~ U is also present in their Q  curve.

However this peak disappears in the photon interaction cross section,

seeming to indicate that the decrease in photofission just above 6.2 MeV

should be attributed to the neutron competition. More extensive studies

which raised the excitation energy to 18 MeV have been done by Caldwell 
9

et al using photons from positron annihilation. In addition to the 

structure appearing near the threshold region, his results show splitting

peaks at the giant-resonance region. This characteristic splitting, also
39 ^  observed by Veyssiere , is understood as the opening of ( 3 ,2n) competition

at 11. L MeV for both 23\ ’ and 22,2T h .
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Measurements of photofission cross sections using photons from slow
y 3 232neutron-capture reactions have been done for ^JOU and Th by several

6-7
groups . Although their excellent resolution (^10 eV) which is smaller 

or comparable to the spacing of 1 levels near the threshold region, is too 

good to reveal a fission resonance in view of the limited number of avail­

able lines, the results are useful for higher excitation energies. For 

example, the values of 37+ ll mb and 8 .4^3.5 mb for and ^^Th respect­

ively at an excitation energy of 9 MeV are comparable within the margin of

error to those of Veyssiere et al. On the other hand, one should be careful
** ? is '*’12when identifing the peak at 6.73 MeV for both ~ U and " Th nuclei as a

fission resonance because an individual class I state may have been excited.

Photofission cross sections have also been measured by using mono-
19 16 ^  ̂energetic gamma-rays from the F(p, ) 0 reaction . Results at 6.13

238 232MeV as well as 7 MeV match Dickey' for U and Th. However, the results

are higher than those of Knowles and Yester at the 7 MeV excitation energy.
20

Back et al studied the fission probability via the (t,pf) direct- 
238reaction leading to U and iJ‘-Th nuclei. Their results show a broad peak

238at 5.1 MeV plus a shoulder at 5.8 MeV for U , and a weak resonance at
23^ t 3 85,5 MeV for Th. Both structures in U were identified as belonging to

the K ■ 0+ fission channel. Dickey et al, on the other hand, found a broad

resonance at 5.6 MeV and identified it as an excited vibrational state

in the second well.

Measurements of the fission fragment angular distributions have been
42-43

done with bremsstrahlung beams , and monoenergetic gamma-rays from (n, )
44

reactions . The experimental data are well represented, for combined 

dipole and quadrupole absorption, by the following equation:



£ 0 ( 6 ) =  C L + b s V K 2-© +* C  S i ' n ^ e

38

For values of excitation energy E > 5.5 MeV, b/a decrease sharply with
TiQ 232increasing energy for both **J ° u  and Th. On the other hand, the values

of c/b for and stay practically at 0.04 and 0.025 respectively.

In addition, the b/a values derived from the bremsstrahlung measurements 
238in U are reasonably consistent with those obtained from monoenergetic

gamma-rays at low excitation energies. However, at higher energies, where

K - 0 and K » I fission channels are equally open, the neutron-capture

gamma-ray data show smaller values of b/a than those of bremsstrahlung.
44

This has been explained as due to accidental excitation of K ■ 1 states 

by the monochromatic gamma-rays from neutron capture.
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(III) THE EXPERIMENT

(A) Introduction

Measurements of photofission cross sectiona have been carried out on 

a number of actinide nuclei. The main difficulty in such measurements is 

in obtaining gamma-rays with high intensity, variable energy, and good 

resolution. A number of methods have been employed to achieve this. These 

were discussed in chapter II. They provide energy variability combined 

with moderate intensity, but the resolution is generally not better than 

100 keV. Photons of very good resolution a few eV) have also been produced 

from neutron capture reactions. However, these photons have fixed energies 

and the number of suitable lines is not very large ( ^ 1 0  have been used).

Thus the use of these photons to study the detailed structure in the photo­

fission cross section is of limited value.

A way of producing gamma-rays with good energy resolution, variable 

energy and adequate Intensity for photofission measurements is provided 

by the (p, Y * ) reaction. This method takes advantage of the Doppler shift 

of the energy of the gamma-rays emitted from the recoiling nuclei at a 

given proton resonance. In order to produce sufficiently intense photons, 

high proton beam currents are necessary. Such beams were provided by the 

Dynamitron accelerator at Brooklyn College.

Fission fragments were detected by polycarbonate KImfol film, which 

has the advantage of large solid angle and high efficiency of detection of 

the fission fragments. Gamma-rays were monitored by a 60 c.c. Ge(Li) 

detector. The experimental apparatus and procedure will be described in 

detail in this chapter.
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(B) The gamma-ray source

(1) Gamma-rays from the (p, reaction

The energy of the photons emitted from a given resonance in the (p, ^  ) 

reaction at an angle Q to the proton beams is given by

=  E 0 t r +  < e  ) -  € * < » V a M c l

where Eq is the transition energy, M is the mass and V is the velocity 

of the recoiling nucleus. The first term, which is angle dependent, gives 

the Doppler shift of the gamma-rays. The second term is a correction due 

to the recoiling nucleus emitting the gamma-ray. Usually this correction 

is very small. The energy range covered by the gamma-ray from resonances 

in 15 ^ A ^ 5 0  nuclei with 0  changes from Q ■ 0° to Q ■ 180° is 

typically 20 —  40 keV.

The energy dispersion of the gamma-rays is determined by:

d B g =  ~ E„( V / c ) s U  9 d.8 07)

A typical value of the dispersion is several hundred eV per degree. By 

changing the angle and distance from the proton target one can vary both 

the energy and the resolution within limits determined by the properties 

of the (p, resonance.
47,48

There are, of course, many other ways to produce the gamma-rays

necessary to study the photofission cross section. A comparison of the 

intensity, resolution, and variability of the various methods is presented 

in Table 2. It is clear that the bremsstrahlung beams are continuous 

and broad, whereas the neutron capture gamma-ray are narrow and have a fixed 

energy. Photons from the (p, ^  ) reaction can provide an "intermediate" 

resolution of several hundred eV combined with energy variability.



TABLE 2

Methods used for (jeneratino ' f - r a y s  in the energy 
region 5 —  10 MeV.

Method
Effective photon 
intensity at target

-1 -2 -1 eV cm sec

energy
resolution

Enerav 
variablity

Bremsstrahlung 1 —  10 10 variable

Monochronator 
(Bremsstrahlung) (0.05 —  1) 10~ 3 1 variable

(n, f )
Compton scatterred 1 2 variable jt
(n, *  ) 1 0 6 1C"4 \

I1
Fixed ]

Positron
annihilation 1 0 - 2

i
r

1 —  4 i

I][‘.’ariable

(P- ) 1 —  10 a
i variable



In order to be suitable as a gamma-ray source for photofission

studies, a Cp> 'Jf* ) resonance must decay emitting exclusively or almost

exclusively one gamma line with an energy greater than 5 MeV. All other

gamma-rays coming from it must be of lower energy. The strength of this

resonance must be large and its natural width less than several hundred

eV. A list of easily produced gamma-rays from (p» ̂  ) resonances in
49

light nuclei (A 44) has been compiled . In surveying this list,

eleven cases were chosen covering the range of 5.8 MeV to 12 MeV. These

are given in Table 3. Most of the notation used in this table is self-

explanatory; however, the following shall be noted: (1) the gamma-ray

energy E y  is calculated from the proton energv E and the reaction Q 
* ' P

value at 8  m 90°; (2) the range is determined by the Doppler shift from

0 - 0° to 90°; (3) FOM (figure of merit) is the number of photons per 

AC of proton beams on target; (4) the resonance strength S is defined

as s - C2J+D r rv/ r .P
Perhaps the most crucial factor in using the (p, ^  ) reaction as a

source of gamma-rays is their intensity. The use of the Dynamitron

accelerator, therefore, is crucial for the success of the experiment.

This accelerator will be described in the next section.

(2) The accelerator

The Dynamitron accelerator is an RF driven, gas insulated, high 

voltage DC source, with excellent voltage stability and high beam current 

capabilities. The maximum proton current available is 2 ma. At the high 

voltage end of this accelerator, a duo-plasmatron ion source generates 

the charged particles. A terminal magnet sitting between the ion source 

and the main accelerator mass-analyzes the beam before acceleration. This 

technique reduces loading and allows the maximum beam current. The beam 

transport system includes turbo-molecular pumps, an energy analysing magnet



TABLE 3

Gamma—rays used in the photofission measurements

E—gamma 
(keV)

Range
(keV)

FOM Target
(kef) (ke$}

Branching
C!>

Strength
(eV)

| Width 
(eV)

5871 13 1930 25Mg 1701 7941 75 10

6130 10 656 29S1 1302 6858 63 1.4 170

6879 14 2578 30Si 1873 9114 49 4.0
,

22

7378 13 3306 3QSi 1398 8649 73 3.1 100

7954 18 3356 25Mg 1716 7*55 77 17

8245 12 1372 30S1 982 8247 66 1.3 100

8727 15 3914 30S1 1480 8729 80 3.4 100

8923 20 6714 23Ha 1417 13047 95 38
1

90 i
t

9981 15 2146 35C1 1519 9983 100 14 410

10761 17 6559 27A1 992 12542 75 31 100

11540L_. 25 3330 27A1 1800 13321 94 15 200
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system with NMR-readout and slit feed-back, a switching magnet, and several

quadrupole focussing devices.

The accelerator has been calibrated using three reactions: (1) 7Li

(p,n)7Be at the proton threshold energy of Ep ■ 1.882 MeV; (2) ^7Al(p,^)

^®Si at the proton resonance of E - 1.984 MeV; (3) 77Al(p, )2®Si at E *P P
0.9918 MeV. A table is then generated, the results showing that the NMR

frequency is changed by 1.7 kHz per keV at E 1 MeV. The proton beam
P

resolution of this accelerator is important in obtaining the necessary 

gamma-ray yield. The observed value from a narrow (p, 'C ) resonance is 

about 2 keV. This can be seen in Fig, 10 where the excitation curve of 

7^Na(p, ^ ) at E ■ 1.41 MeV is plotted. The sharp rise in the yield at 

4145 kHz gives a measure of the beam resolution, whereas the plateau and 

the slow drop Indicate the target thickness.

(3) Proton targets

All target materials used in the (p, ) reactions were evaporated

under vacuum and deposited on a 0.2 mm tantuluo backing. The Ta foil was 

used because of its high melting point, low gamma-ray yield from Coulomb 

excitation, absence of any (p,n) reaction at the proton energy employed,
<jn "1 'Jand relatively high neutron binding energy. Except for -JNa and Al, 

separated Isotopes were used to optimize the gamma-ray yields. The target 

must be thick enough to last at least 5 hours under an average beam current 

of 100 ^a, but it cannot be too thick since this would cause overlap of
  *yadjacent resonances. Thicknesses on the order of 100 yUg/cn*- {^10 keV) 

were used in most of the cases. The gamma-ray background caused by the 

19f (p, * *  )160 reaction was the most serious problem at the early Stages 

of this experiment. It was found that the fluorine contaminations were 

present in the Ta backing. They were also contained by the deposits on



Fig. 10: The excitation curve of -%a(p, ^  at Ep * 1.417 MeV.
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target when it was bombarded by the high proton beams. The latter was

due to insufficient high vacuum. The Ta contamination was kept low by

electrically heating the backings to incandescence under vacuum for several 
50

minutes and the vacuum was improved by mounting a diffusion pump with an

LN2 baffle attached to it and an LN2 cold finger placed very close to the
1Qtarget chamber. These measures virtually eliminated the F(p, o t S' ) back­

ground from the gamma-ray spectra accumulated by the monitor during the 

photofission measurements.

In order to use the large beam current available from the Dynaraitron, 

a target chamber which makes possible direct water cooling of the Ta backing 

was built, as shown in Fig. 11. Chilled water flowing under pressure of 

40 PSI was used and therefore it was important to have a sturdy target 

backing capable of withstanding the pressure difference. A 0.2 mm thick 

molybdenum foil was also used as a target backing. However this material 

is too brittle after being heated and it was breaking repeatedly.

The size of the beam spot on the target could be varied with the help 

of two beam wobblers, drawn in Fig. 12. One of them was powered by an 

ordinary AC line, moving the beam horizontally at 60 cycles per second. 

The other was fed by a triangular wave, moving the beam vertically with 

about 700 cycles per second. As a result the beam spot had a rectangular 

shape of 6 mm x 9 mm. The target assembly could sustain a beam current of 

1 7 0 at Ep - 1.7 MeV without losing the gamma-ray yield for at least 

10 hours.

(4) The gamma-ray energy resolution

Perhaps the most interesting property of gamma-rays from a (p, 'Z  ) 

reaction is their resolution. As described earlier the gamma-ray energy 

is determined by



Fig. 11: Target assembly with direct water cooling of the Ta backing.
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Fig. 12: Beam wobbler assembly
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where

AEo= E .(v /c )  CoS© 
E„ =  -E./^n C1

f2 *>

(a?)

For a narrow (p, ^  ) resonance and a point bean spot the angle 0  is 

well defined for a given point on the fission foil. Under the presently 

used scanning method (see page 84), the gamma-ray energy resolution 

is determined by the energy dispersion Ceq. (27)). Typical values of 

200 —  300 eV per degree can be easily obtained. However, the proton 

beam from the Dynamitron give a beam spot a few mm in diameter. Futher- 

more, this beam spot is enlarged by the two beam wobblers (fig. 12).

The extended size of the beam spot produced an uncertainty in the 

angle 0  . In the present set-up the gamma-ray energy resolution is

determined by the energy dispersion dE p  /d 0  and the Doppler shift 

A  which is also 0  dependent.

In order to see the effect of each term, consider as an example the
251701 keV proton resonance in Mg. The properties of the resonance are 

listed in Table 2. and dEy /dQ  can be rewritten as

For a beam spot with dimension d along the y axis the differences in 

( A between positions 1 at d/2 and 2 at -d/2 on the y axis(Fig. 13)

« V

(3o>



Fig. 13: Part of the experimental set-up showing the proton target 

and the fission fragment detecting assembly.



>

54

I
FISSION FOILS

V / / / / / / / / / / / / / / / /  " m  

' / / / / / / y / / / / / / / /  / 7 7

KIMFOL

— X

TARGETPROTON BEAM



are tabulated for a number of points along the fission foils in Table 4.

The distance from the foils to the middle of the target along the y axis 

is 5 cm. It is clear that the uncertainty in the Doppler shift (^ED) ^  

increases with x. For a point on the proton target out of plane in Fig.

13 there is an additional small contribution which has been calculated for 

z - td/2. The overal resolution R is calculated as a root mean square of 

(&Ed)i2 and the energy dispersion used in scanning the spectra. It varies 

from 300 eV in the middle of the fission foils (x*0) to 900 eV at their 

edge (x*2.5 cm). The contribution of the natural widths of the proton 

resonances which we have used is negligible.



TABLE 4

Calculation of the energy resolution of the 5.871 
MeV gamma rays from che 2 M̂g(n, y") reaction

X
t

d CAED3 12 (4 E D>Z R

cn cm eV eV eV

0.5 0.6 162.4 2.4 287.7

0.9 244.6 5.4 340.9

1.0 0.6 310.7 4.6 339.0
0.9 467.9 10.4 533.2

1.5 0.6 434.1 6.5 490.6

0.9 653.3 14.5 692.2
2.0 0.6 529.9 7.9 574.4

0.9 792.4 17.6 322.9
2.5 0.6 588.4 8.73 625.9

0.9 384.2 19.7 909.8
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(C) Detection of fission fragments

(1) Introduction

The use of polycarbonate films as fission track detectors has become

quite common in recent years. The idea is based on the fact that the

passage of fission fragments through the film creates damage tracks. A

recently published book of Fleischer, Price, and Walker entitled Nuclear 
51

Tracks in Solid has reviewed the principles of operation and methods of

handling these detectors; their various applications in nuclear science

and earth and space science have also been described. Their high effici- 
52,53

ency and their insensitivity to light particles and gamma-rays makes

them ideal for detecting fission fragments in situations where large solid

angles are important.

When fission fragments impinge on a polycarbonate film, they produce

damage tracks (typical si2e ^-50 A). These tracks are too small to be

observed, but etching the film with a solution of NaOH or KOH will enlarge

their size a thousandfold. The etching proceeds at a faster rate in places

where the material is damaged. There exists a critical angle for the

inclined tracks beyond which the tracks become obliterated by the bulk
54-56

etching of the film. Etching conditions have been described in the

literature for ^52cf fragments of undegraded energy. In cur experiments 

thick fission foils have been used. The fragments emerging from deep layers 

of such foils have their energy heavily degraded. It was therefore 

necessary to determine the etching condition suitable for our siD'tcion.

(2) Film processing

Polycarbonate (Kimfol) films 8 thick were used as fission track 

detectors. Although thinner films have a higher efficiency for fragments 

coming from a thick target, this thickness was chosen because of ease of 

handling the films.
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An aqueous solution of sodium hydroxide (NaOH) was used for developing

the films. Hydrochloric acid of concentration 10% has been used

successfully to rinse the film and stop the etching process.
238

Fifty mg/cm^ thick U foils have been employed as sources of fission

fragments to find the optimal conditions for developing the polycarbonate

films. The foils have been sandwiched between polycarbonate films. The
238effective thickness of the U layers from which spontaneous fission 

53
fragments escape is A.3 m g / c m 2 .

The fission counting rate per unit area of film obtained from the 

spontaneous fission of 238^ plotted as a function of the etching time 

in Fig. 14 a. The temperature of the 6N NaOH solution was maintained at 

60°C. The counting rate saturates at 60 minutes. The error bars indicate 

only the statistical errors. Films which were not exposed to the foils

were also etched under the same conditions to evaluate the possible back­

ground. This background starts to increase sharply at ^  70 minutes, as 

shown by the dashed curve in Fig. 14 a. Therefore 60 minutes was taken 

as the etching time in order to keep the background low.

Fig. 14 b, shows the fission counting rate vs etching time for fission 

fragments coming from a *Cf source. In contrast to Fig. 14 a, a plateau

appears for etching time longer than 30 minutes. This is because the 
2 5 2fragments of Cf have a relatively narrow kinetic energy distribution.

Thus all the tracks are revealed when the etching conditions reach a certain 

point.

Etching is also very sensitive to the temperature, as shown in Fig.

14 c. The results are obtained by treating the film with the 6N NaOH 

solution for 60 minutes. A 1.5% change in counting rate per degree Celsius 

is found. Therefore the temperature had to be maintained at a constant value



Fig. 14: Determination of the optimized etching condition.

(a) Fission counting rate as a function of etching time
* 238,T ,for U fragments.

(b) Fission counting rate as a function of etching time
2 5 2for Cf source.

(c) Fission counting rate as a function of the etching
238temperature for U fragments.
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with an accuracy of *1°C. Although a higher temperature than 60°C would 

produce a faster etching effect, its use is limited by two factors: (1) 

temperatures V / 75°C generate bubbles; (2) it becomes harder to keep the 

temperature constant when it is high. Therefore an etching temperature of 

60°C was chosen for all the measurements.

The concentration of the etching solution is another factor. Experi­

mental results show that a change from 6N to 5N, changes the counting rate 

by about 10%. A 6N NaOH solution was used because it is still easily

handled and has been commonly used. The bulk etching-rate of the poly-
57

carbonate film in a NaOH solution was found bv Peterson and Paratzke et 
58

al to depend significantly on the concentration of the products of the 

etching process. Because of this, the etching solution was changed every 

50 films.

The tracks produced by etching are typically a few microns in diameter.

Although this is large enough to be seen by an ordinary microscope, it is

still too small to be visible with the naked eye. A number of techniques
59,60

have been proposed to scan these nuclear tracks. Of these, at the

present time, the spark scanning technique is by far the simplest and most 
54 54

widely used . The original idea of this method advanced by Lark , was to

pass the film through a dc high voltage spark gap. A discharge is obtained

when the track is within the gap which enlarges the sice of the track.
60

Recently, a multi-head scanning probe was developed by Patrick and Bowey 

This modification makes the scanning process faster.

The head of a multi-electrode sparking device used in the present 

experiment is shown in Fig. 15. Fifteen copper electrodes, 0.38 cm apart, 

were fitted in a lucite frame. Each electrode had a 2.8 mm in diameter flat 

disc at the tip. The saps were formed between the electrodes and a 5.2 cm x 

7 cm flat copper plate. Each electrode was connected independently to the
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Fig. 15: The arrangement of multi-electrode sparking device.
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high voltage power supply through a 2.7 M Jl resistor, and each had its own 

discharge capacitor of 100 pf, thus allowing simultaneous sparking. The 

focussing mechanism of a microscope was used to adjust the sparking gap 

between the base plate and the electrodes. The gap was kept at about 100 

yt*m and the potential difference was maintained at 1600 volts. The choice 

of the potential is not very crucial. This can be seen from Fig. 16 a , 

where the fission counting rate vs the potential difference is plotted.

The counting rate has a constant value within the range of 1600 —  2000 

volts.

The tracks produced after etching in 6N NaOH at 60°C for 60 min. and 

sparking can be seen with the naked eye. They are about 0.1 mm in diameter 

and black rings around each hole make them easier to see. A developed film 

is shown in Fig. 16 b. Note that the reliability of this technique is 

restricted to a low crack density, since each track occupies an area of about 

0.4 mm^. Thus it becomes very hard to count the tracks accurately when the 

tracks density is beyond 100 counts/cm^.

(3) Absolute fission rate measurements

The absolute efficiency of the polycarbonate film for detecting 

the fission fragments is simply the ratio of the number of observed tracks 

per unit area to the number of fission events that occur in the source per 

unit area. In the case of a thin source is related directly to the 

critical angle, which is the minimum entering angle relative to the film 

at which fragments will produce tracks in the film. The smaller the critical 

angle the greater the efficiency of registration. For a thick source the 

fission fragments have a continuous energy distribution; the efficiency is 

then a complex function depending on the entering angle and the energy of 

the fission fragments. Since thick fission foils were used in the present 

experiment it was important to measure the absolute efficiency of the Kimfol
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Fig. 16 a: Fission counting rate vs the potential difference applied 

to the spark gaps, 

b: A developed film after etching and sparking. This film 

has been exposed to the 8.9 MeV gamma-rays from the 1.41 

MeV proton resonance in the Na(p, y ) reaction.
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film for fission fragments of degraded energy. These measurements were

necessary to calculate the absolute photofission cross sections.
252A Cf source was used as an emitter of fission fragments. This

0 "■>source was covered with gold foils ranging from 0.5 mg/cm** to 10.91 mg/cm*".

A schematic diagram of the arrangement of the source and films is shown in 

Fig. 17. The 252Cf source was 3 mm in diameter and was centered on a Pt 

backing 12.5 mm in diameter. The 8 m Kimfol films were placed on a lucite 

frame above the Cf source and the gold foils and exposed under vacuum to 

the fission fragments. The source could be lifted by a cylindrical spacer 

to change its distance from the films.

The films were processed in the same way as described in the previous 

section to reveal the fragment tracks. The number of tracks per unit solid 

angle was found as a function of the thickness of the gold foil and the 

angle which the fragments make relative to the normal to the film.

A surface barrier detector, 6 cm2 in area and 6 micron thick, was used 

for absolute calibration of the Cf source. The detector placed 7.6 cm 

away from the source was operated at the effective bias of 'V- 85 volts. An 

aluminum collimator defined a detection area of 2 cm*'. With this geometry, 

the average counting rate for both heavy and light fragments was about 1.2 

counts/sec. The accumulated spectra which were stored in a multi-channel 

analyzer showed clearly the separation of the oL particles from the fission 

fragments.

The fission counts were measured by the detector for a number of 

angles with respect to the normal to the Cf source to determine the angular 

distribution of the emitted fragments. The results indicated, as expected, 

that the source is isotropic. The activity of the source was found to be 

0.213^0.002 yuCi. From this activity and the



Fig. 17: Schematic diagram of the arrangement of the source and films 

for the determination of the absolute efficiency of the Kimfol 

film.
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measured counting rate of the fission tracks one obtains ar. absolute 

efficiency of 100±3£ for the Kimfol film as a detector of fission frag­

ments of undegraded energy falling on the film at small angles with 

respect to the normal.

The efficiency ot ) of the kimfol films for coun ting the 252Cf

fission fragments as a function of the thickness j of the Au foils 

through which the fragments have to pass on the way to the film and the 

angle o i at which they are emitted is plotted iscmetrically in Fig. 18.

It is clear that for thin layers of Au the efficiency is about 100% for 

fragments emitted in a cone of 120°. This angle decreases with in­

creasing thickness of the Au foils and the overall efficiency drops. This 

can be seen in Fig. 19 where the fragment counts integrated over a L are 

plotted vs the thickness of the Au foils. By extrapolating the data points, 

the range of the 2^2Cf fission fragments in Au foils is found to be 10.6^

0.5 mg/cm^. This value agrees closely with the value of 10.47^0,34 mg/cm-
61

reported by Kahn et al

In order to apply the efficiency curves to the photofission

measurements in which thick fission foils of uranium and thorium are

employed, we have to examine corrections resulting from the differences

in energies of the fission fragments of 2^2Cf, and 2^2Th and the

differences in the stopping powers of gold, uranium, and thorium for these
252fragments. The passage of Cf fragments through various materials

including gold has been studied, however,no similar experimental information

exists for 238l’ an(j 232^^ Qn ĉ e other hand the passage of fragments
61from 235̂ r(n(f) has been studied . These fragments have average energies

62
(85 MeV) which are very close to the calculated average energies of the

fission fragments of 238j_r (84 MeV) and ^ 2Th (82 MeV). For this reason we
235have considered the fission fragments from the U(n*f) reaction as simulating
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Fig. : The efficiency -ft. (j, ot ) of the Kimfol film for counting 
2 S 2the Cf fission fragment as a function of the thickness j 

of the gold foils and the angle ot
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Fig. 19: The attenuation of the ^^Cf fission fragments by gold 

foils of various thicknesses.
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 ̂oa 232the behavior of the fission fragments of and *Th.

To find the corrections to the efficiency curves, we have used the 
61

data of Kahn et al to extrapolate the thickness corresponding to a given
235transmitted energy of ‘ U fragments in Al, Mi, Ag, and Au to uranium. The

average transmitted energy of the light and heavy fragments is plotted

against the thickness of uranium in Fig. 20 (solid line). The dashed line
252is taken from Kahn et al for Cf fragments in gold. Both curves have

the same basic pattern i.e. the kinetic energy of the fission fragments

is attenuated as they penetrate into the absorber.

Let us consider for example a thickness of 1 mg/cm^ of uranium.

The transmitted energy of ^35^ fragments is 71 MeV. In order to yield

a 252Cf fission fragment with the same transmitted energy, the correspond*

ing Au thickness is 1.4 mg/cm . If we assume that the Kimfol films have
2 c n 23 5the same efficiency to reveal the fragment tracks of Ji-Cf and U at

2 52a given kinetic energy, we can take the efficiency for Cf fragments

that travelled at a given angle a thickness 1.4 mg/cm- in gold on their
235way to the film as equal to the efficiency for U fragments that passed

a thickness cf 1 mg/cm^ in uranium at the same angle. In this way the

efficiency curves determined for ^-^Cf fission fragments emerging from
235gold can be re-mapped to obtain the efficiency for U fragments emerging 

from uranium.

To check whether the efficiency curve has been determined correctly
238we have calculated the spontaneous fission decay constant of U from 

the spontaneous fission data. The spontaneous fission counting rate MSp 

per unit area of foil having an effective number of fissioning nuclei 

n & y  can be written in the form
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1

Fig. 20: The average transmitted energy of the light and heavy

fragments vs the absorber thickness. The solid line is 
235obtained for U(n,f) fragments transmitted through uranium,

252the dashed line is for Cf fragments in gold.
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-  —  x s p t  ( > )  <*»
4.71 4 L

where gp ant* c> are the spontaneous fission decay constant and the 

exposure time respectively. Since the angular distribution-of the fission 

fragments is isotropic, the efficiency (j) is given by

i ('}) =  H  S i > , o ( ;  A d i  A + J ,
i.t

From the measured value of N__ ■ 8.52^0.15 counts/cm“/144 hrs we obtainSF

( 6 . 4 —  e>.■*) * lo 17 y *  '

This decay constant, which is used in geophysical dating, has also been

measured by other groups using various methods. Our result is close to 
51

the results obtained by employing solid-state track detectors. In Table 

5 we have listed the results of other measurements.

It is also of interest to find the effective thickness of the U 

foil from which fission fragments are detected by the Kimfol film. The 

effective thickness T  is defined as:

r  =  -3-dlL n  \  ij> <5*’
4-TT }  K

_ ̂  9
We have found T  - 3.19 mg/cm . This value is smaller than T  - 4.3 mg/cm~

53
reported by Gold et al in which fission fragments were recorded by a 

pre-etched mica and counted with the help of a microscope. This technique 

is more sensitive than the one used by us and therefore a larger value of 

"C is expected.
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TABLE 5

Measurements of the spontaneous fission 
decay constant of 2-̂ U.

Method -17 -1
( X 10 vrs )

Perfiler et al (1947)
Zh. Eks. i. Taor. Fit. 17,746
Segre (1952)
Phys. Rev. 96,21

Fleischer and Price (1964) 
Phys. Rev. 133, B63

Rao and Kuroda (1966)
Phys. Rev. 147,384

Roberts et al (1968)
Phys. P.ev. 174, 1482
Kleeman et al (1971)
ACTA, 35, 637
Khan and Durrani (1973)
Rad. Eff. 17,133

Emma et al (1975)
!Tucl. Inst. Meth. 128, 355
Hurford et al (1977)
!Jucl. Track Detect, 41, 41
Kase et al (1978)
Mucl. Inst. Meth. 154, 334

Fission chamber

Fission chamber

Track detector

Radiochemical

Track detector

Track detector

1 I! Track detector I

Track detector

Track detector

Fission chamber

5.3 2 0.9

8.7 + 0.3 

6.35 1 0.2

7.8 * 0.9

7.03 * 0.11

6.8 t 0.6

6.32 i 9.55 

7.2 t 0.2 

7.0 t 0.73 

9.22 t 0.2
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(D) Fission foils

Self-supported thin fission foils used in the pnotofission measurements 
63

were prepared by the rolling technique. After rolling, the foils were
2shipped inside a vacuum chamber and then covered by a lOO^wg/cm layer 

of gold evaporated under vacuum to protect them from oxidation.
nAll foils were 50 mg/cm*" thick and 5 *5 cm in area. The uranium 

foils contained 99,282 of ^®U, the thorium foils 99.9% of ^^Th. Mea­

surements of spontaneous fission have been carried out for all uranium 

foils by sandwiching them between polycarbonate films. No spontaneous 

fission was detected from the thorium foils.
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(E) Experimental set-up and procedures used in data acquisition

The schematic diagram of the experimental arrangement for

measuring the photofission cross sections is shown in Fig. 13. Sandwiches

of Kimfol films and fission foils were located on a cylindrical lucite

surface the axis of which coincided with the proton beam. The radius

of the cylindrical surface was 5 cm, The gamma-ray attenuation resulting

from the pile-up of foils in the sandwiches was ' 2* for the foil

furthest from the proton beam. The photons were monitored by a 60 c.c

Ge(Li) detector placed 14.7 cm away from the target at an angle of 
o90 to the proton beam.

In order to preserve the correspondence between the position of 

the photofission fragment tracks on the film and the energies of the 

photons* the fission foils and the Kimfol films must be in close 

contact. Futhermore, because data were collected with many sandwiches, 

good alignment of all sandwiches was essential. Under present experimental 

conditions, the overall accuracy of the alignment is estimated to be 

within 1 mm.

Pulser signals accumulated together with the gamma-ray spectrum 

were stored simultaneously in a scaler to determine the dead time correct­

ions. A separate analyzer taking the same spectrum was used to check 

the gamma-ray yield from time to time without disturbing the storage of 

the data. The procedure is very useful in monitoring not only the
19deterioration of the target but also the possible build-up of F

contamination. The typical life time of a target was about 10 hours at 

100 yc*a. Target with high melting points (i.e. Mg, Si) can withstand 

high beam currents for a longer time.
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(F) Data analysis

(1) Efficiency of the Ge(Li) detector

For determination of the photofission cross sections, it was necessary

to measure the absolute efficiency of the Ge(Li) monitor.

For gamma-ray energies up to 3 MeV, the relative efficiency was

determined by using a 10.8y*Ci ^ Co source. The activity of this source

is deposited in the center of a plastic disc 1.89 cm in diameter and 0.3
64

cm thick. Ten gamma-ray lines were chosen to cover the range from 0.8 

to 3.2 MeV, This source was placed in the position of the proton target 

for the efficiency measurements.
65

For higher energies, the two lines method was employed, with several 

(p, Tf ) resonances with well known simple decay schemes furnishing the 

lines. The efficiency ratio f r  for two gamma-rays, 3^ and \  *-s related 

to the ratio of their peak areas Y and their relative intensity I in the 

source, as follows:

—  'fir.i I<r») (ir)

et*,) Y<»v) *

Some properties of the (p, If' ) reactions used are listed 

in Table 6 . The gamma-rays emitted following capture generally have a 

non-isotropic angular distribution that can be represented by

coca) = A^ccos o  4 A,,?* Uoc d} ( W

where P^(cos $  ) are the Legendre polynomials and $  is the angle between 

the emitted photons and the proton beam. The coefficients A are normalized
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(p» y> reactions used in FEP efficiency measurement.

F EFrt Eri.
MeV MeV

Reaction Proton snernv 
keV

)1

11.583 1.369 3ria(p, t } 1319 0.943 t 0.013

8.926 2.753 23va(p, ^ ) 1417 1.042 t 0.013

8.434 4.237 23Na(p, Y > 1020 0.737 t 0.021

7.700 2.337 27aMp, t > 767 0.999 t 0.010

6.577 4.496 27Al(p, y ) 1317 0.920 t 0.045
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to A -1. Because of the small A, values the branching ratios were deter- 
0 66 

mined by Singh et al at &  * 55° where P^Ccos 55°) ■ 0. In order to

fit into our experimental geometry, the Intensity ratios I(tT1)/I( if,,) 

were calculated for 90°. The (p, S' ) targets in the form of NaCl and pure 

aluminum were evaporated under vacuum on a 0.2 mm thick Ta backing. Pulser 

signals accumulated together with the Ge(Li) spectrum were used to deter­

mine the dead-time corrections. The relative efficiency for counting 

under the full energy peak (PEP) is plotted as a function of the gamma- 

ray energy in Fig. 21.

The absolute efficiency was determined by using a ^ Co source. Its 

activity was measured by the National Bureau of Standards as 2,79x10  ̂

dps (August 1966). The measured efficiency € a^s at the 1.33 MeV peak 

was fc ajjS(1.33) ■ 1.43*10“ .̂ The absolute efficiency € abs^*' ) can '3e 

calculated from the FEP relative efficiency, which is obtained

from the graph, from the following expression:

CiitC *

The total gamma-ray Intensity I(E^) emitted from the target at a given

(p, tf' ) resonance is related to the FEP counts Y^fEy) recorded by the Ge(Li)

detector by

l i e , )  =  ~ r ~ - -  Yo(6y) <*8)

(2) Fission counts

As described previously, the fragments emitted from the fission foils 

were detected by the Kimfol films. These films were etched and sparked 

to reveal the tracks. The gamma-rays emitted from a (p, y ) reaction are 

Doppler-shifted. Therefore(by finding the counting rate of the tracks as
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Fig. 21: The relative FEP efficiency of the Ge(Li) detector as 

a function of the gamma ray energy.
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a function of their position along the axis of the proton beam the photo­

fission cross sections as a function of the excitation energy can be 

determined.

For counting purposes the films were placed on a lucite plate whose 

surface was precisely divided into sections corresponding to equal energy 

intervals. This scale was different for each (p, y') resonance. An example 

of a developed film superimposed on an energy scale is shown in Fig. 22.

The fission fragments recorded in this film were produced by the 8.92 MeV 

photons from the 1417 keV resonance in the Na(p, y  ) reaction. The 

sections formed by the parallel lines correspond to energy intervals of 

400 eV. For the 11 resonances used in these measurements three different 

sets of energy intervals were employed according to the photon energy E - f  : 

(1) 300 eV for E r < 7 MeV, (2) 400 eV for 7 MeV < E r  < 11 MeV, (3)

500 eV for E y > 11 MeV.

The obtained fission counts are subject to corrections arising from
238various factors. The major correction in U comes from spontaneous 

fission, which could amount to about 25 —  40% of the photofission counts, 

depending on the intensity of the gamma-rays. The spontaneous fission 

was also scanned in sections as described before. No spontaneous fission 

was observed in the case of thorium as expected.

(3) Determination of the cross sections

Because the fission foils used in all the measurements are thick, 

the fragments emerging from different depths in the foils have different 

kinetic energies as they enter the Kimfol films. Thus their detection 

efficiency is different. For this reason we have to consider separately 

the fission counts caused by fragments coming from different layers of the 

fission foil (Fig. 23). With this picture in mind the photofission cross 

section *-s related to the fission counts as follows:



Fig. 22: A developed film superimposed on an energy scale for the 

8.92 MeV photons from the 1417 keV resonance in the 

2%a(p, Y  ) reaction
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Fig. 23: Detection of photofission fragments produced by photons of 

energy in layer j of the fission foil.
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/\/f(ep = ic xCe,,©K) n  <**>

where ^(Ej, ) is the number of fissions occurring in the foils at a photon 

energy E y  , C is a solid angle correction, I(Ey > 0^) is the number of 

photons of energy E y  incident on the foil at angle <9^, n i y  is the 

effective number of fissioning nuclei, and ^ *s t'ie tota^ detection

efficiency of a fragment produced at layer j by a photon emitted at angle 

0 .̂ The factor 2 appearing in front of eq. (39) accounts for the two 

fission fragments per fission event.

As described earler, the fission tracks are counted in sections 

having equal energy intervals. For a section of width A  JL (<9^) and 

length S the solid angle C is given by

  5 a&Cfrn) CoS ( ~ & h  ) (4c)

c  “  i4.v

where Y   ̂ &  v ) distance from the proton target to the fission foil.

For a given we have assumed a constant value and ignored the

small differences for various j layers. The intensity of photons I(Ey , 0  

incident on the foil can be written as

^ c e k ) « -  MW>.

where is the gamma-ray angular distribution as defined in eq. (25).

The intensity of photons emitted from tha target I(Ey) was obtained 

with the help of the absolute efficiency curve for the Ce(Li) detector.

The last term accounts for the gamma-ray attenuation on its way from the 

target chamber to layer j .
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The efficiency ^  (J, 6 is given by

10.90= ZZ Fĉ )jaci.<*iA)«h^ ̂  ̂  <**’

where ^(^9^) is the angular distribution of the fission fragments relative

to the direction of the gamma-rays and (j, ) is the efficiency

of the Kimfol film for detecting a fragment emitted from layer j at an

angle oi. . For the angular distribution of the fission fragments

F ( ^ ) ,  we have used eq. (25) in chapter II with the coefficients taken
42

from Rabotnov et al . The ef f iciencv J"V. (j , o i ̂  ) is obtained experimentally 

as described in section C of this chapter. The four angles S , ( I , tX. , 

and are related by

=  Co* s;* S K - c*s C h 4>ji

This can be 3een from Fig.23. With the help of eqs. (40) through (43), we 

can obtain the photofission cross section from eq. (39), A

FORTRAN program has been written to do the calculation. The results and 

the discussion are presented in the next chapter.
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IV RESULTS AND CONCLUSIONS

(A) Introduction
238The photoflsslon measurements have been carried out on U and

232Th over an energy range from 5.8 to 11.5 MeV. In the near threshold

region an attempt was made to measure Intermediate structure associated

with the class II levels at various excitation energies. The typical

resolution of the photon beams from a sharp (p, Y  ) resonance in our

experimental set-up is a few hundred eV. The calculated class I level
8

spacing at 6 MeV excitation is 11 eV , Therefore, it was expected that 

the observed cross section will be averaged over the strongly fluctu­

ating class I levels but show structure resulting from class II states,
67 38the average spacing of which is expected to be 1.2 keV for * U and 

2325 keV for Th at 8 MeV.

Absolute photofission cross sections have been measured by many 

groups using various methods. However, the results are only in 

qualitative agreement near threshold and differ markedly at higher 

energies. Additional measurements are therefore necessary.

In this chapter, we will first present the results of the photo­

fission cross sections measurements. A detailed discussion and inter­

pretation of the cross sections follows and suggestions for the

extension of this work are presented.

The high intensity photon beams which we have been using to 

investigate photofission can also be employed for studying other photon 

induced processes. At the early stage of the photofission studies, 

we have used ^F(p, okt '  ) ̂ 0  to generate intense photon beams for the
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purpose of testing the feasibility of the photofission measurements.

At the same time, these photon beams were used to measure resonance
208scattering of gamma-rays from 7b. The results of these measurements 

constitute the last part of this chapter.
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'>'12(B) • Photoflsslon in U and ~ Th 

(1) Cross sections

The fission spectra (E y  ) at each proton resonance have been 

formed as described In the previous chapter. The spectra were corrected 

for background and contributions caused by the presence in the gamma- 

ray spectrum of weak lines with energies different from E y  .

The background corrections were determined in off resonance runs

and were found to be caused practically entirely by spontaneous fission
oiq 2 3 2in the case of “JOU. In the case of Th these corrections were found

to be negligible.

The photofission counts produced by the unwanted gamma-rays are

small for all the resonances used In these studies. Their contribution

to the photofission cross section can be estimated as follows: For a

given (p, y  ) resonance the total photofission counting race N(tot) is

caused by the chosen gamma-rays as well as the unwanted gamma-rays of

energy .

/ N / U . O  —  C««t. H - C  X Y ,j;+ CEr.) ) («•)

where I and are the photon intensity and the photofission cross

section respectively. The observed photofission cross section is 

calculated from N(tot)

/ V  < x . * ) / c c n t £  i r
at *

=  (S7 f(B0

Thus the actual photofission cross section obtained from



97

In Table 7 we have listed the ratio of I ^  ^  X" ^or ea^tl reson­

ance. The total correction to does not exceed 10% for any of
. 9

the cases. The values of ) are taken from Caldwell et al .
238The photofission cross sections of U are plotted in Fig. 24 (a), 

Cb), and (c) as a function of the gamma-ray energy for each resonance.

The energy resolution is different for every spectrum, however its typical

value varies from about 300 eV in the middle to 900 eV at the

edge. The pronounced dip in the middle of each spectrum is the result 

of attenuation of the gamma-rays in the Ta backing of the proton target. 

The spectrum obtained at the 1701 keV proton resonance in ^ M g  exhibits 

indications of structure which may be due to the class II states in 

23%; however the statistical accuracy of the data is insufficient to 

claim this with confidence.

In contrast to the subbarrier region, the photofission spectra 

at higher energies are practicely flat and shew no structure. The 

possible dips occurring at several energies e.g. in U at 8925 and 8927 

keV could be somewhat surprising. If they are not due to statistics 

then a possible explanation would be that they correspond to sharp 

peaks in the ( Y'.n) cross section and are therefore due to neutron 

competition. They could also be caused by a concentration of 1 , K * 0 

and/or 2 , K ■ 2 strength which is characterized by an angular distri­

bution which favors emission of fragments in the direction perpendicular 

to the gamma-rays.
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TABLE 7

Intensities of unwanted ganma rays

Er
MeV

E n  < /xr >
MeV (%)

5.S71 7.50 (5*,), 6.13 (3.5%)

6 . i a o 6.35 (3.4%)

6.379 7.336 (0.25%), 9.016 (0.25%)

7 .373 6.402 (7%), 6.232 (0.1%)

7.954 5.094 (1.4%), 5.594 (6.2%)

3.245 6.975 (0.9%), 6.015 (4%)

9.7 27 16.497 (5.3%), 5.597 (3.5%) :

3.9231
t

11.673 (0.5%), 9.09 (1%), 7.31 (1.6%) j
1

9.981 8.Oil (1%), 6.13 (0.0%)

10.761 12.541 (0.02%), 7.931 (5.7%), 6.02 (4%)

11.540 13.32 (0.3%)



Fig. 24: Photofissicn cross sections measured for U

function of excitation energy Ey.

(a) 5.8 MeV $  Ey 6.9 MeV.

(b) 7.3 MeV £  < 8.8 MeV.

(c) 8.9 MeV i  Ej $ 11.6 MeV.

a s  a
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The photofission cross sections averaged over the spectra obtained 

for each (p, Y'”*) resonance with the part containing the dip excluded are 

listed in Table 8 , The results of other experiments are given for

comparison. Good agreement can be seen with the results of Caldwell
9 39

et al and Veyssiere et al at E ̂  >  7 MeV. At lower energies our values

are higher chan those of other groups. The closest to our results at
35

5.87 and 6.18 MeV are the values reported bv Lindgren et al and Dickey 
5

and Axel respectively. It should be noted that in this energy region

the energy resolution of the gamma-rays may significantly affect the values

of the average photofission cross sections. The high value at 5.87 MeV

may indicate a resonance at this energy in the second well of the barrier.

The peak at 6.18 MeV is interpreted as due to the onset of neutron
41

competition. Huizenga et al determined the photofission cross section 

at 6.13 MeV using the ^F(p, ) ̂ 0  reaction as a source of gamma-rays.

The value obtained was 13^4 mb which is close to our result. The energy

spread of the 6.13 MeV line is ^ 1 5  eV.

The result at 6,87 MeV is surprisingly high and may indicate a 

concentration of strength characterized by an angular distribution of 

photofission fragments which favor a forward angle relative to the garama- 

rays.

The ^-^Th cross sections are plotted in Fig. 25 (a)— (c) for each of

the (p, y ) resonances. Again the dip occurring in the middle is the result

of attenuation of the gamma-rays in the Ta backing. In the 5.87 MeV

spectrum two statistically significant peaks appear at 5866 and 5868 keV.

Both peaks are 600 eV wide and are separated by about 2 keV. the calculated 
67

level spacing of class II states at this energy is about 15 keV. A

significant increase in the cross section is also observed at about



TABLE 8

238
rt (mb) for U( y  ,f)

E

MeV

Lindqren 
et al

ref. 35

Dickey
axel

ref. 5

Veyssiere 
et al

ref. 39

------
Ma fra 
et al

ref. 6

'
Yester 
et al

ref. 40

r
Khan
Knowles

ref. 3

Manfredini 
et al

ref. 7

Caldwell 
et al

ref. 9

This
work

5.860 6,4 3.2*0 .5 3.0+0 .5 1.7^0.4 4.5^0.5 8 .2^0.2

6.177 9.2 1 1.4+0.7 5,3+0.6 6.05^0.4 8 .2+0 .5 16.2+1.0

6.875 10.4t0.6 1.9+0.2 4.0+0.6 6 .5+0.5 2.73*0.32 10.4+0.5 31.1+0.7

7.374 10.1+0.7 1 0.2*1.1 8 .0+0.6 fl.llo.5 1 2.0+1.6 1 1.0+1.0 11.7+0.7

7.949 17 + 2 14.3+1.5 0 .2+0 .5 16.5+0.5 18.9+6.7 16.9+1.0 14.ll0.2

0,241 22^2 10.5*1.0 18.5+0.8

0.724 24+2 25 20.7+0.7

0.918 30^2 37^1.1 29^1.8 27 26.6+0.3

9.976 54,5+5 69 58.413.0

10.755 06+7 95 ' 76.510.5

11.533 0li7 100 88.310.9



Fig. 25: Photofission cross sections measured for Th as a

function of excitation energy E^ .

(a) 5.8 MeV < E y  $ 6.9 MeV.

<b) 7.3 MeV £ <. 8.8 MeV.

(c) 8.9 MeV £ E r ^ U .6 MeV.
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6177 keV covering a region of at least 3 keV. The other spectra exhibit

no structure apart from statistical fluctuations. The average cross

sections obtained from all (p, y )  resonances are listed in Table 9.

Between 6 and 9 MeV, our results are in close agreement with" those of
3

Caldwell et al and Dickey and Axel. The results of Knowles et al and
4

Tester et al are either too low or too high except at 7.3 MeV. The fact

that at 5.87 MeV our cross section is higher than the others may,as in 
238the case of U, indicated the presence of a resonance at this excitation

energy. At higher energies, the only available results are from Saclay

and they are all smaller than ours except at 10,76 MeV. Again the cross

sections of Huizenga et al of (S""y-f(6.13 MeV) - 9*3 mb and f MeV) -

9^3 mb are comparable to (5^(6. 18 MeV) » 8 . 7^0. 7 mb and (5“^(7.37 MeV)

“ 5.6^0.4 mb respectively.

In conclusion, the photofission cross section near threshold is a

non-monotonic function of energy. Our averaged photofission cross sections

are In good agreement with those of Caldwell et al and Dickey et al as
238 232shown in Fig. 26 and 27 for U and Th respectively.

(2) Fission probability

In this section our measured photofission cross sections will be used 

to determine the fission probability. The results are fitted to the 

theoretical values given by the expression for F^ discussed in chapter II. 

Our aim is to obtain the fission barrier parameters. Of course, it is 

Impossible to determine all the barrier parameters from our limited 

experimental data. The theoretical values of are strongly affected by

the variation of some of the parameters and quite insensitive to the
20

change of others



TABLE 9

232
5" (mb) for Th( /  (f)

i: Dickey
Axel

Veyssiere 
et al

Mafra 
et al

Yester 
et al

Khan
Knnwlcr

Manfredini 
et al

Caldwell 
et al

This
work

MeV ref. 5 ref. 39 ref. 6 ref. 4 ref. 3 ref. 7 ref. 9
5.860 1.5+1.2 2.slo.5 1.710.5 2.5+0.25 3.9lo.l

6.177 10.0+1.6 7.2lo.5 7.510.5 a.sio.s 8.7l0.7
6.875 6,3̂ 1.1 2.oto.2 3.810.5 3.olo.5 2.4^0.25 7.7+0.5 9.5+0.4

7.374 7.9+1.2 2.9± 0.4 4.510.5 7.2ll.0 3.25+0.56 6.7i0.5 5.6l0.4
7.949 9.5^2.7 5.ill.4 2.7i0.6 13.0^1.0 6.9^2.5 6.9i0.5 6.6l0.1
8.241 15.Oil.0 7.010.5 6.810.5

8.724 10.3l0.7 e.oio.s

8.918 7.0+2.0 8.413.5 5.8i0.9 10.7i0.7 12.0l0.3
9.976 14.0+2.5 ■ 26.Oil.9
10.755 18.0̂ 3 24.410.4
11.533 23.0+3.0 33.4io.a

110
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Fig. 26: Comparison of the measured photofission cross sections of 
238U with those of Caldwell et al (solid line) and Dickey 

et al (dashed line).
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Fig. 27: Comparison of the measured fission cross sections of
n 12“ Th with those of Caldwell et al (solid line), Dickey 

et al (dashed line), and Veyssiere et al (dotted line).
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Fission probability can be determined by dividing the fission cross 

section (5“y-f by total photoabsorption cross section 6 "̂ . . The photo­

absorption cross section can be obtained by extrapolation from its

value at the giant resonance. We have adopted the results of Vevssiere 
39

et al in which is fitted to the sum of

two Lorentz lines

(”48)

Th

^  ^  ce - e) )%■ ( n  e  +  ^  <■* -  &  > V t r, s >v

39
e Lorentz line parameters i!E 2 ^ ”2 are ^isted in re -̂

The theoretical expression for is given by equation (16), For 

even-even nuclei, electric dipole (El) excitation is dominant, although

electric quadrupole (E2) excitation can also contribute. According to
8 ^  - Huizenga et al the quadrupole to dipole ratio *3y(2 ) / Q  ^ (1 ) • 0.02

for gamma-rays of 7 MeV. Thus the population parameters are o4- - 0.98

and 0.02 respectively for dipole I and quadrupole 2+ excitation.

The average fission width is obtained from the sum of the

fission transmission factors over all open fission channels and is given

by equation (21), The N, and N . are the direct transmitted and absorbeda aos 68
fluxes which are calculated exactly under the assumption of the double­

humped potential barrier. The increasing number of fission transition 

states above the pairing gap A allows us to replace the expression

for N And N_ with integrals, for example,A o

  r f*(en0 <k €
/V (bt* } = L I  P i r n r ) * )  n

where f  (EJ T f  ) is the density of transition states at the excitation 
1 A

energy £ above barrier A with spin J and parity "Jf . In addition, the more
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21,69-72
recent papers from Los Alamos have shown that there exist two

different paths to fission, corresponding to different nuclear shapes, at 

the second barrier in the Ra —  U region. These two paths include one with 

a mass asymmetric shape and another, which has a higher potential energy, 

with a mass symmetric, axially asymmetric shape. The effect of this second 

outer barrier which we will designate barrier C is to provide more transition 

states so that

< r ; c E j ^ > =  -— *( +

A / a d r n O t

Cb ^ T \ )  +  V c  C * '3 * >
)

where N is the additional contribution from the second barrier, c
The average widths for gamma and neutron emission are given by eqs.

(23) and (24) respectively. To perform the calculation one has to determine

the level density at the ground state deformation as well as the level

densities at the barrier maxima (see eq. (49)). It has been pointed out
73

by BJornholm, Bohr, and Mottleson that deviations of a nucleus from

spherical symmetry cause an increase in the level density due to the presence
74

of rotational bands built on each intrinsic state. Huizenga et al have 

shown that with the inclusion of this collective enhancement , the axially 

symmetric nuclei have level density

/ ^  r K*“ -r

F *  F,'"p fes, - “ ^ u t Jlc*-T H

74
where w(E) is the intrinsic state density calculated by Huizenga et al ,

(5̂ , is the width of the K-distribution, is the width of the spin J
66

distribution taken to be 5.45 , and f is an enhancement factor which
70

is 2 for nuclei with no reflection symmetry and 1 otherwise
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When there is no axial symmetry, the level density becomes even
70

higher and Is given by

£. r—  0 — k

where N ■ 1 for shape with no symmetry. If the nucleus has 180° rotational 

symmetry around a single axis, K Is 2 and N is 4 for a nucleus which has 

symmetry of rotation by 180° around 3 perpendicular axes. The higher the 

point group rotational symmetry in a nucleus, the smaller the level 

density. By comparing eqs. (51) and (52) it is evident that an enhancement 

CJJ/ JTn” —  25 in the level densities is obtained in going from an

axially symmetric shape to a shape with no symmetry.

Generally speaking, ten barrier parameters enter Into the calculation 

of the fission probabilities, they are the barrier heights and barrier 

curvatures at the inner barrier A (E -tv**). ), the outer barrier B (E ,A , * D
), the additional barrier C (E^ ), the second well II

■fc ) f and the imaginary potential (Wq, <0 ). It is obvious that from 

the limited amount of data an unambiguous determination of all these 

parameters will be impossible. In order to simplify the complexity of 

the calculation other experimental information, for example data obtained 

in particle induced fission and data on fission isomers, will be used to deter­

mine several parameters. The analysis code which we are using has been
20

discussed by Back et al . The dependence of the fit on the parameters 

is reviewed briefly here.

The parameters EII and determine the second potential well and

they affect the position of the vibrational resonances in this well.
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However the resonance positions will also be affected by other parameters,

for example, the barrier heights and barrier curvatures. Therefore, a

determination of E ^  and by fitting to the resonance data Is not

unique. In our fitting, we have adopted * 0.9 MeV following Back
20 75

et al . The values of E ^  are evaluated from fission isomer data

The imaginary potential la used, as described in chapter II, to

simulate the damping of the vibrational states. The two parameters

determining this potential which affect the fission probability mainly
20

near these states have been taken from Back et al . Thev are W “ 0o
and -0.05 MeV for U and Th respectively and m 0.05 for both cases.

The four parameters E , , ER , affect strongly the theore-A ^ D  Q

tical fission probability in the region near threshold, particularly in

cases where resonances are observed. The additional barrier given by the

parameters E^, is higher than barrier B and therefore its main

contribution is to the fission probability at higher energies. In addition,

the fission probability will be affected considerably as we add, remove,

or even change the energy of the transition states. In the case of photo-
'ir  +fission of even-even nuclei, only J * 1 and 2 states are excited.

Therefore Che fitting process provides information on their transition

states. We have taken the energies of the transition states reported by 
5

Dickey et al as the first approximation and varied them slightly to obtain 

the best fits.

The introduction of barrier C which reflects the departure from axial

symmetry of the nucleus leads to a collective enhancement of the level

density at higher excitation energies, which in turn Increases the fission
21

probability. It was shown by Gavron et al that only when the existence
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of this barrier is taken into account can one reproduce theoretically the

magnitude of the experimentally observed fission probability at higher 
238energies in U. The existence of the axially asymmetric second barrier

is also supported by potential energy calculations for a number of heavy
238 232nuclei. In our analysis of fission probabilities of U and Th, we

21
follow the approach of Gavron et al

In Fig. 29 we show fits to the fission probability obtained from the

U ( if >f) data. In the region near threshold, we have initially taken

the barrier parameters obtained from Back et al from their fits to the 
2 3 6  ? 3 gU(t,pf)“ U data and then changed them slightly in order to fit the

data taken from Dickey et al. These parameters of barrier A and

B which are listed in Fig. 29 reproduce very well the peaks at 5.6 and 6.2

MeV. At higher energies they yield the fission probability shown by the

dashed curve. This fission probability is not affected by a change of the

fission barrier height within *0.5 MeV. In order to raise the calculated

fission probability so that it agrees with the experimental data it is

necessary to Introduce the additional axially asymmetric barrier C. The

result of the calculation is shown In Fig. 29 by the solid curve. The

value of Ê, was taken as assumed by Gavron et al. The fission probability

increases by a factor of 3 at an excitation energy of 10 MeV. The data

(the Q  are from the present work) agree reasonably well with the solid

curve when E £* 9 MeV. In the region a- 7 MeV the experimental results are
Tf +higher than the calculated values. Including the K » 2 transition state In

the calculation produced a negligible effect. It should be noted that the

photcabsorption cross section used in determining the experimental fission

probability was extrapolated from the giant resonance. This extrapolation

ignores possible structure at lower energies. There
5,41

is experimental evidence that the



238
Fig. 29: Comparison of the U fission probability with the 

results of the statistical model calculations.
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photoabsorption cross section at 7 MeV is higher than the value

obtained by extrapolation. This would explain the differtixa between the

experimental fission probability and the calculated one around 7 MeV.
232The fit to the " Th( ,f) data is shown in Fig. 30.* At energies 

above 7 MeV our results agree well with those of Caldwell et al. The 

results of Veysslere et al are considerably lower. Since our data for 

thorium was obtained simultaneously with the data for uranium which is In

good agreement with the data obtained by other groups, we think that the
2data of Veyssiere for “"Th is incorrect, and therefore have not included

238it in Fig. 10. As in the case of U the parameters characterizing

barriers A and B are based on particle induced fission results and the
3

low energy ( y.f) results of Dickey and Axel . In the region near thres­

hold, this set of barrier parameters produces a peak at 5.5 MeV and a 

small bump at ^ 6 . 2  MeV. The latter is consistent with our observed 

increase in cross section at 6177 keV as shown in Fig. 25 (a). On the 

basis of its width and excitation energy the observed peak could therefore 

correspond to a class II vibrational state in the second well. The solid 

curve and the dotted curve are obtained with additional outer barriers C,

whereas the dashed curve is the result of a calculation without this
238additional barrier. In contrast to the U case, the experimental results,

at higher energies are higher than those given by the dashed curve only

by a factor of 1.5. With an additional barrier C of the same symmetry as 
238for U the best fit to the data is obtained when one assumes - 7.45 MeV. 

However the calculated probability shown by the dotted line is higher 

than the experimental one in the energy region around 8 MeV. A better fit 

is obtained when barrier C is assumed to have D2 symmetry and ■ 6.95 MeV 

as can be seen from the solid line. In order to determine with confidence



232
Fig. 30: Comparison of che Th fission probability with the 

results of the statistical model calculations.
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the symmetry and the height of barrier C considerably more extensive

measurements of the photoflsslon cross sections have to be done at higher

energies. Reliable experimental data on the total photoabsorption cross

sections below 9 MeV are also necessary. Finally it would be very useful
232to carry out potential energy calculations for Th with the various

types of deformations taken into account.

The close values of EA (0 ) and Eg(0 ) are in contradiction to the
19

theoretical calculation which predicts that the inner barrier should be

lower chan the outer one by at least 3 MeV. However, as described in
22

chapter II, Moller and Nix have suggested the existence of a three-
232humped fission barrier in Th, with the inner barrier being low and the

outer two considerably higher. Only the outer two barriers contribute

to the photofission cross section at energies near threshold. This
76

argument is further supported by Bhandare who calculated the fission

penetrability under the assumption of a three-humped fission barrier, By

comparing his results with the "deep" subbarrier photoflsslon data of 
37

Bowman et al , Bhandare obtained the heights of the two outer barriers

as - 5.A MeV and Eg » 6.4 MeV, in very good agreement with our value.

In conclusion, the experimental data presented here indicate that
232an axially asymmetric barrier C exists in Th.

(3) Suggestions for further work

(1). Of the 11 spectra of fission fragments we have measured at 

energies between 5.8 to 11.5 MeV the longest exposure time ''v 40 hrs 

was used in the run at 5.87 MeV. With 58 uranium and 28 thorium foils 

and an average proton beam current of 1 5 0 the total number of fission
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fragments recorded in an energy interval of 12 keV was 'UlSOO for Th and 

5000 for U after background subtraction. If we divide the 12 keV 

interval into 40 channels, the average number of counts per channel is 

therefore **- 120 for U and 40 for Th. The estimated accuracy for both

cases is 17% and the measured photoflsslon cross sections are 8.2 and
238 2323.9 mb for U and Th respectively. In order to determine the cross 

sections down to 1 mb in both cases with the same accuracy (expected 

at excitation energies of about 5.2 MeV for and 5.5 MeV for 2^ T h ) ,

we have to double the number of foils and run a proton beam current 

of A * 500y»a for two days. This is feasible so long as we can improve 

our beam handling capability and, futhermore, computerize the scanning 

process of the track detectors.

As described in chapter III, our present method to handle high beam 

currents is to spread the beam on target by using two mutually perpend­

icular wobblers. This introduces an uncertainty in the angle between the 

emitted gamma-ray and the proton beam, which lowers the gamma-ray energy 

resolution. To avoid this we have designed a target vibrator in which the 

target chamber Is mounted at the end of a bellows and driven simultaneously 

by two vibrators in the vertical and horizontal directions at two diff­

erent frequencies. As a result a well focussed beam scans the target 

area with no change in the position of the beam relative to the detectors. 

The use of the target vibrator will improve the gamma-ray energy resolution 

and, most important, will allow an increase in the intensity of the proton 

beam.

The scanning of the film is a very slow and tedious process. A 

typical scanning time for a 5 cm x  5 cm film having 200 holes is about 

20 minutes. To speed up the scanning we are exploring the possibility of



using a Vidicon camera to scan the film and determine the X and 7 coord­

inates of each hole. The information would be stored and processed by 

a computer. The expected scanning time of a single film is about 1 mln. 

This is a considerable improvement which becomes crucial when the number 

of the fission foils is Increased.

(ii). Obviously when structure reflecting excitation of individual 

states is observed knowledge of the angular distribution of the fission 

fragments is important for the determination of the cross section. This 

knowledge can be obtained by measuring the fission spectrum at two diff­

erent angles P of the fission foil relative to the gamma-ray. The 

dependence of the fission fragment counting rate on $ calculated for 

our detection system is plotted in Fig. 31 for the five transition states 

accessible through the gamma excitation. It can be seen that when a 

discrete state is observed, the ratio of the intensities measured at 

9  - 0° and $  ■ 50° is sufficient to determine its quantum numbers Such 

measurements can be done simultaneously at both angles



Fig. 31: The angular dependence of the fission fragments counting 

rate calculated for the presently used detection system 

and for states of different values of J and K.
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208(C) Photo-excitation of the 7.06 and 7.08 MeV dipole states in Pb

208the magnetic dipole strength distribution in Pb has been the

subject of extensive experimental and theoretical Investigations. Recent

measurements of angular distributions of gamma-rays following Inelastic
77

scattering of protons and deuterons, carried out by Freedman et al 

indicated that the J ■ 1, 7.06 MeV state has positive parity and there­

fore constitutes a major component of this strength. However, investi- 
78gatlons of angular distributions of protons from the zu'Pb(d,p) reaction

appear to yield a negative parity for this state. The nature of the

7.06 MeV state remains thus uncertain.

The width of the 7.06 MeV state has been measured a number of times

by resonance fluorescence methods. The results of these measurements

are summarized In Table 10. It can be seen that they are not in good

agreement with each other.

The magnitude of the width of the 7.06 MeV state, if it is a

magnetic dipole state, is important for determining the value of the spin
79

dependent proton-neutron Interaction . In view of the large discrepancies 

between the existing results we decided to re-measure this width.
80

Preliminary results of these measurements were reported elsewhere

The 7.06 MeV state was e:.cited in a resonance fluorescence experi­

ment using the ^F(p, pty) 1^0 reaction as a source of 7 MeV gamma-rays.

The proton beam from the Dynamitron at Brooklyn College had an energy of 

Ep» 2.5 MeV. The average beam current was 30 ,/Ua. A 13 mg/cm^ thick 

CaF2 target evaporated on a water cooled Ta backing was used. A 10 cm v 

10 cm x  1.025 cm lead scatterer was placed at an angle of 85° with 

respect to the proton beam as shown in Fig. 32. For the self-absorptio ; 

measurement a 0.62 cm thick lead plate was located in the path of the
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TABLE 10

Level widths obtained in this work and in previous experiments

E (MeV)
X

' J
This work ref.83

n
ref.84

(eV) 
ref.85 ref.86 ref.87 ref.88

7,064 1 29±3 18+3 31+3 29±10 15 a
32+2

7.084 I 16+3 17+2 14+5 15

®The two states were not resolved.



Fig. 32: Experimental set-up for the photo-excitation measurement
, 208du in Pb.
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iincident photons. The scattered gamma-rays were detected by a 60 cm 

Ge(Li) detector. A 7.6 cm x 7.6 cm Nal(Tl) detector, placed 1.6m away 

from the target at an angle of 90° to the proton beam served as a monitor. 

This detector was shielded in such a way that It could receive gamma-rays 

only from the Ca?2 target.

Pulser signals accumulated together with the Ge(Li) and Nal(Tl) 

spectra were used to determine the dead time corrections.
81

The resonance scattering method has been described before . The 

intensity of resonantly scattered gamma-rays from a volume element at 

location ijk in the scatterer recorded by the detector can be written 

in the form

CE)] elg <5J3

where the constant C includes the geometrical factors and the corrections

for electronic absorption; is the angular distribution of the

scattered photons; N ( E y  ) is the number of photons per eV emitted from

the target at the resonance energy E ̂  Is the efficiency of the

detector; the path length in the scatterer of the photon on the
->08way to volume element ijk; nr is the number of * Pb nuclei per unit

volume; and T”Q are the total width and the partial width for the

ground state transition respectively; Is the absorption cross section

obtained by averaging the single level Breit-Wigner formula over thermal

motion of nuclei in the scatterer. In its general form, used in the
81

present work, given in terms of the Doppler Integral

The integration in the expression for ^as t0 carried out

numerically. The intensity of scattered photons is obtained by summing



over all volume elements. A 1 cm * 1 cm *0.1 cm volume element ofijk
the scatterer was used for the numerical calculations.

The spectrum of resonantly scattered photons is shown in Fig. 33 (a) 

Both the 7.06 and 7.08 MeV lines are strongly excited. The background 

(not shown) was measured with the scatterer removed. It showed no struct­

ure in the region of the two lines. The Doppler-broadened spectrum of 

photons incident on the target is shown in Fig. 33 (b). This spectrum 

was taken with the proton beam current lowered and the detector located 

at the same average angle with respect to the proton beam as the scatterer 

The direct spectrum and the spectra of resonantly scattered gamma rays 

were normalized to the monitor counts so that a determination of the
82

absolute photon intensity and the detector efficiency were not necessary 

The calculated normalized intensity of the gamma-rays scattered 

from the 7.06 MeV state is plotted in Fig. 34 versus the ground state 

transition width for a number of values of P Q/ f— . The experimental 

value of the normalized intensity is also shown. The value of 

can be determined in a self absorption experiment. The ratio of the 

intensity of scattered photons measured with the absorber In the path of 

the Incident photons to that measured without the absorber depends on 

r'g/r' when the natural width of the state is larger than the Doppler 

width. This ratio corrected for electronic absorption, was found to be

0.68*0.1, which leads to r  / j- ■ . The value of can

also be determined by searching the spectrum of scattered photons fpr 

gamma-rays leading to lower lying states. This gives P  / r ^  0*?*

In view of the large errors in r „ / f  obtained from the self-absorption 

measurement a value of  ̂ was assumed in deducing the value of

listed in Table 10.
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Fig. 33: (a) Spectrum of scattered photons obtained at Ep * 2.5 MeV

showing the full energy and the single and double escape 

peaks corresponding to the 7.06 and 7.08 MeV states.

(b) Spectrum of incident photon. The Doppler broadened 6.92 

and 7.12 MeV lines are shown by the short horizontal lines.
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Fig. 34: The intensity of scattered 7.06 MeV gamma-rays normalized to 

monitor counts. The horizontal lines shown the experimental 

value with errors; the other lines represent normalized

intensities calculated as a function of T** for a number ofo
values of *
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For the 7.08 MeV state the self absorption experiment gives V

■ an<* a searc^ f°r lower energy lines in the spectrum gives

*£■ 0.7. Assuming a value of we °^tai-n ttie va^ue f 0 given

in Table 10.

The results of other measurements are listed in Table 10 for

comparison. Our result for the 7.06 MeV state is in very good agreement
84 85

with the values of Swann and of Coope et al , It differs markedly

from the remaining results. The reason for this discrepancy is not clear.

The difference between our result and that of the high resolution resonance
83

absorption experiment may indicate that the 7.06 MeV line observed in 

resonance 'scattering corresponds to the excitation of two or more closely 

spaced states. To check whether this is the case a resonance absorption 

experiment would have to be carried out over a wider energy range than 

the one covered in the experiment reported in ref. 83.

Because of the uncertainties concerning the 7.06 MeV state it is 

too early to make a comparison of the experimental results with the 

theoretical calculations. An attempt was made, in collaboration with 

C.P. Swann, to measure the polarization of the resonantly scattered gamma-

rays in order to determine the parities of the excited states. However,

because of the low counting efficiency of the polarimeter it proved 

unsuccessful.
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