
INFORMATION TO USERS

This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the m ost advanced technology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed.

The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction.

1. Manuscripts may not always be complete. When it is not possible to obtain 
missing pages, a note appears to indicate this.

2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this.

3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, beginning at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*

4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. For 
an additional charge, all photographs are available in black and white 
standard 35mm slide format.*

•For more information about black and white slides or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department.

Unraraily
Microfilms

International



8611392

Z h an g , Hongxin

HIGH RESOLUTION PHOTOFISSION MEASUREMENTS AND INTERMEDIATE 
STRUCTURE IN THORIUM-232

City University of New York Ph.D. 1986

University
Microfilms

International 300 N. Zeeb Road, Ann Arbor, Ml 48106



PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this docum ent have been identified here with a  check mark .

1. Glossy photographs or p a g e s_____

2. Colored illustrations, paper or p rin t_______

3. Photographs with dark background_____

4. Illustrations are  poor copy______

5. Pages with black marks, not original copy______

6. Print shows through as there is text on both sides of p a g e  ______

7. Indistinct, broken or small print on several pages________

8. Print exceeds margi n requ irem ents______

9. Tightly bound copy with print lost in sp ine_______

10. Computer printout pages with indistinct print_______

11. Page(s)____________ lacking when material received, an d  not available from school or
author.

12. Page(s)____________ seem to be  missing in numbering only as text follows.

13. Two pages num bered  . Text follows.

14. Curling and wrinkled p a g e s______

15. Dissertation contains pages with print at a  slant, filmed a s  received v^~

16. Other__________________________________________________________________________

University
Microfilms

International



HIGH RESOLUTION PHOTOFISSION MEASUREMENTS

and

INTERMEDIATE STRUCTURE IN 232Th

HONGXIN ZHANG

A dissertation  subm itted to the Graduate' Faculty 

in Phys_cs in partia l fulfillment of the req u i­

rem ents for the  degree of Doctor of Philosophy, 

the City U niversity of New York.

1986



11

This manuscript has been read and accepted fo r the 
Graduate Faculty in  Physics In sa tis fa c tio n  of the d is se r ta tio n  
requirement fo r the degree of Doctor of Philosophy.

? / / /  /  I Q & &  _______
Date* Chairman of Examining Committee

Date l£9C0dutive O fficer

Prdf.''fc.S. Celenza (Brqpklyn College)

Prof. P.M. Lesser tBrooklyn College)

Prof. Carl Shakin (Brooklyn College)

P ro li J .  Uliman (Lehman College) 

Supervisory Committee

The City U niversity of New York



Abstract

HIGH RESOLUTION PHOTOFISSION MEASUREMENTS

and

INTERMEDIATE STRUCTURE IN 232Th 

by

Hongxln Zhang 

A dv iser:P ro fesso r H enry Lancman

232T he photofission cross section of T h was m easured in the  e n e r­

gy range  5.8 - 12 MeV with an average photon energy  resolution of

600 eV. The gamma rays,variab le  in energy ,w ere  obtained from narrow  

(p,T) resonances in various nuclei. Interm ediate s tru c tu re  was 

observed  a t su b b a rrie r  excitation energ ies. The average spacing of 

photofission resonances provided the f irs t  rela tively  d irect determination 

of the  en erg y  of the  second minimum of the  fission b a rrie r,re la tiv e  to 

the  g round  s ta te . The measured fission probability  and various p ro p ­

e rtie s  of the  interm ediate s tru c tu re  were found to agree with calculated 

values based on a double humped fission b a rr ie r . The features of th is  

b a r r ie r ,a  ra th e r  h igh f irs t hump and a deep secondary w ell,are quite  

d iffe ren t from the  predictions of cu rren t theoretical b a rrie r calculations.
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INTRODUCTION AND SUMMARY

The p ropertlea  of the  flaalon b a rrie r of thorium laotopea and o ther

light actinides have been given much attention In recen t years because

agreement betw een the  theoretical and experim ental resu lts  la far from

satisfactory for these  nuclei.^  This is in con trast to the  situation In

heavier actin ides where agreement with the  predictions based on the
1 2  3double humped fission b a rr ie r  model is ve ry  good. ' ’ The most

pronounced difference between theory and experim ent has ex isted  In the
231 233 5cases of T h and T h . The observation of undamped vibrational

230 232resonances In th e  T h (n ,f )  and T h (n ,f)  cross sections a t excitaion

energies above 5 .8  MeV has Implied,within th e  confines of the double

hump model, an  Inner b a rr ie r  height &  6MeV and a secondary well

with a minimum a t  Ejj 4 .5  MeV. On the  o ther hand , theoretical

calculations have yielded* E ^& 4.5  MeV and Ej j £ 2.5 MeV.
4

A solution to  th is  difficulty was proposed by Moller and Nix, who 

obtained in th e ir  calculation for light actin ides a low Inner b a rrie r and 

a shallow th ird  well a t the  deformation of th e  ou ter b a rr ie r  by taking 

into account 1 deformation and mass asym metry. Evidence of the

existence of a th ird  well has been found In the  recen t h igh  energy
230 232resolution m easurem ents In T h (n ,f ) ,  and T h (n ,f ) .  Fine struc tu re

observed within th e  undamped vibrational resonances in these  reactions

has been In te rp re ted  as rotational sta tes bu ilt on vibrational states In
8 9the th ird  well. However , l t  has been shown by Lynn tha t the

observed s tru c tu re  could also resu lt from the  coupling of single particle

and vibrational motion. Data obtained In h igh  resolution measurements

of s tru c tu re  a t su b b a rrie r  excitation energ ies would shed ligh t on th is

question.U nfortunately  such data have no t been available in abundance.



T he p resen t thesis work is a h igh resolution photofission 
232m easurem ent on T h . Its  prim ary aim is a search for s tru c tu re  a t

su b b a r r ie r  energ ies . Photofission has long been recognised as a

prom ising method to  investigate the fission  b a rr ie r . The en trance

channe l, predom inantly  electric dipole photon absorption, is well

u n d e rs to o d . As a resu lt of the selective absorp tion ,on ly  sta tes with a

limited ran g e  of angular momenta are  inolved in the process. In  the

even even  nuclei these are predom inantly 1 s ta tes . This makes

iden tifica tion  of sp ins and parities of fission b a rrie rs  much easier th an

in  th e  case of partic le  induced fission.

T he experim ental setup is described  in detail in the main body of

th is  th e s is . B riefly , a collimated pro ton  beam of average c u rre n t 150

ItA s tr ik e s  a w ater cooled ta rg e t m ounted in a v ibrating ta rg e t

assem bly (F ig . 1 of Chapter I I) . The em erging gamma rays are  allowed
2

to  fall on sandw iches of 30 mg/cm th ick  thorium  or uranium foils in

close co n tac t with 8 pro Kimfol films serv ing  as fission track rec o rd e rs .

T he sandw iches a re  placed on a cy linder coaxial with the  pro ton

b e am (F ig .l of C hapter IV). The energy  of the  gamma rays varies w ith

th e  ang le  re la tive  to  the proton beam as a  re su lt of the Doppler sh ift.

T he av e rag e  photon energy dispersion is  200 eV /degree. A typical

photon  e n e rg y  range  from a resonance is 20 keV.

T he  m easured photofission cross section a t subbarrie r excitation 
232e n e rg ie s  in  Th shows prominent resonances,w hich  are in te rp re ted  as

re p re se n tin g  interm ediate s tru c tu re . T he average resonance spacing

y ie lds Ej j= 2 .8  MeV.This is the f i r s t  re la tive ly  d irect determination of

th is  q u a n tity . Details of o ther re su lts  ob tained  a t  subbarrier excitation
12e n e rg ie s  and  th e ir  in terpretation a re  given in Chapter III. T hese
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re su lts  also suggest the  Is about 6 MeV,a value which Is consistent
6 7with th e  broad resonance * a t an excitation en erg y  of about 6 MeV,

b u t Is quite  d iffe ren t from the predictions of th e  c u rre n t theoretical
4 13 14calculations. * ' Since it  Is Impossible to determ ine accurately the

remaining fission b a rr ie r  param eters from the interm ediate s tru c tu re

only, the  m easurem ents were extended to photon energies up  to 12

MeV. The re su lts  given in Chapter IV allow u s to determine the

complete se t of fission b a rr ie r  parameters by fittin g  b o th ,th e  measured

fission probability , and  th e  observed s tru c tu re . I t  tu rn s  out th a t the

data can be adequately  in terp reted  on the assum ption of a double

humped b a rr ie r  shape b u t a  shallow th ird  well can not be excluded.
232T he complete se t of param eters of the fission b a rr ie r  of T h ,fo r 

-
J  =1 ,K=0,1 obtained from the present measurements Is listed  In Table I 

of C hapter IV. The remaining question concerns the  existence of the  

shallow th ird  well a t the  deformation of the o u te r b a rr ie r .T o  answer it 

one needs to search  fo r resonances *** 30 keV wide a t an excitation 

energy  ** 6 MeV, w ith photons having an en erg y  resolution •~'2 keV. 

Such narrow  resonances could represen t the undam ped vibrational sta tes 

In th e  shallow well. In  princip le ,th is can be done by  using photons 

from p (heavy  ion, T ) resonances.

High energy  resolution photoflssion m easurem ents on have

been also sim ultaneously carried  out in the photon energy  range 5.8 - 

12 MeV. The data  is still being processed and will be published soon. 

The c ross sections a re  listed  versus energy in A ppendix I.
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AUTOMATIC SCAMMING Of SOLID 8TAH NUCLEAR TRACK DETECTORS

AT LOW TRACK DENSITY

H.X. Zhang, T.X. Teh, and H. Lancman 
Phyalca Department, Brooklyn Collogo o f CONY, 

Brooklyn, M.Y. 11210, U.S.A.

ABSTRACT

A device for  scanning large areas o f  Klmfol f is s io n  track

d etectors I s  described. I t  i s  being used In p h oto fission  experiments 
A 2vhere /w 10 cm of f ilm  per run have to  be handled. The tracks are 

f i r s t  enlarged by etching and sparking. The film  I s  then scanned 

by a high reso lu tion  Vidlcon camera and the x and y coordinates 

o f each track are stored In a computer. A ty p ic a l scanning speed 

I s  10 cm /s e c .  The counting e ff ic ie n c y  Is  c lo se  to 100X.
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1 . Introduction 

Solid  a ta t t  track detectors hava found ex ten sive  use In f ie ld s  

ranging from nuclear physics to archeology . 2  In many applications 

a very valuable ch a ra cter istic  of these d etectors i s  their position  

se n s it iv ity *  A seriou s disadvantage i s  the o ften  encountered 

n ecess ity  to  carry out the scanning and p o s itio n  measurements of the 

tracks manually. Techniques for accurate automatic scanning which 

employ an o p t ic a l microscope coupled to a t e le v is io n  camera have been 

developed2 -  ̂ mainly for handling detectors o f sm all area and high 

track density  (10^-10^ tracks/cm2) . Methods based on spark counting® *2 

have been used for  the determination of the to ta l  number of tracks over 

large areas o f th in  film . They are not su ita b le  however for accurate 

measurements o f the p osition s of the tracks.

P hotofission  measurements, which we have been carrying out® using  

th in  polycarbonate Klmfol film s as f is s io n  fragment detectors, require 

scanning o f very large areas of film  (**1 0 * cm2  per run) with a high  

accuracy in  the determination of the p o sitio n  o f each track.

The gamma rays in  our measureaents are obtained from various (p , y )  

resonances in  l ig h t  n u cle i. Owing to  th* soppier sh ifty  the energies o f  

these gaama rays vary continuously * • * function  o f  tha emission angle 0  

r e la t iv e  to  the proton beam. M ultilayer sandwiches o f f o i l s  containing



( l u l l t  f l u d i l  and K lifo l f  1 1m  pl*c*d on * c j lla d r lc a l surface

having th* proton b*an a* It*  axla* F laalon «v*nta Induced by photon* 

of cn«rgy batveen E(0) and E(0+A9) 11* on a str ip  of film  d*t*m ln*d  

by th* in t* rs« c tlo n  of the cylinder with cone* of vertex angles 0  and 

0 + 6 0  o r ig in a tin g  at the proton target. A ty p ica l energy diaper*ion  

la  o f th* order of 200 *V/degr*« , which in  th* preaently used g*on*try  

correspond* to  *  200 eV per 1 an vide a tr ip . For scanning, th* track*  

produced by the p h otoflsslon  fragments in  the f l l a  are nade v i s ib le  to  

the naked eye by f i r s t  etching the f l l n  and then passing i t  through a 

s e t  o f spark gap s .  9 Sparking enlarges the tracks turning then in to  t in y  

h oles in  the f l l n .  In the process, Information contained In the  

prop erties o f th* tracks Is  destroyed. However, since the f i s s io n  fragments 

enter the f l l n  a t  a v ide range -of angles and the f o i l  from which they  

emerge i s  th ick  In comparison to the fragm ent's range, th is  inform ation  

would not be p a rticu la r ly  illum inating.

2 . B>e mi»*nner*

The scanner, shown schem atically in  F ig . 1 , employs a HanaMtsu - 

C1000-00 v id lco n  camera equipped with a Hlkon 55 an f /3 .5  Mlcro-Hlkkor 

le n s  and Interfaced  to a PDP-11/20 computer. Designed for  p rec is io n  

iM ge a n a ly s is  th is  camera i s  characterised by very low d is to r t io n s  

high s t a b i l i t y .

Because of the d if f ic u lty  in  handling the 8  pn Klnfol f l l n ,  Xerox 

cop ies arc used for scanning. The paper copy o f the f l ln  on which the  

h o les  representing tracks appear as dark d ots Is  placed on a tra n sla tio n a l  

sta g e  facin g  the camera and advanced nanuallr i s  d iscreet s te p s . A monitor
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i s  used Co control ths lig h tin g  cond itions, ltn s  se ttin g  sad p o s itio n  

of th s f l l n .  Scsnnlng csn bs dons w ith. In ordsr of ln crssslag  

r eso lu tio n , 256, 512 or 1024 l in e s  In both ths x sad y d irec tio n s .

The sddress s lg n s ls  sre  processed to determine the coordinates o f the  

center of, each dot, which arc then stored in  the aenory of the computer.

To be processed^ th e  s i t e  o f  a dot has to  f a l l  w ith in  l im its  s e t  In  

th e  program to  ensure th a t  v a rio u s  forms o f background such a s  d u s t ,  

s c ra tc h e s , c reases  and o th er ex traneous marks on the film  or th e  paper 

a re  n o t counted as v a lid  d a ta . These l im i ts  a re  determined by th e  c o n d itio n s  

used in  developing the film . T he.background can a lso  be d isc rim in a ted  

a g a in s t  on the  b a s is  of th e  gray le v e l .

3 . E ffic ien cy
i

The scanning e ff ic ie n c y  Is  defined as the ra tio  of the to ta l  number o f  

dots counted by the camera to the to ta l number o f dots counted by eye on the 

same film . An e ff ic ie n c y  d o s e  to 1.00 can be obtained for severa l s e t s  o f  

cond itions as can be seen from F ig . 2, where the e ffic ien cy  i s  p lo tted  

aga in st the threshold se ttin g  that determines the gray le v e l  below which the  

video s ig n a l i s  accepted. The four curves correspond to d iffe re n t scanning 

reso lu tion s and d ifferen t minimum dot s iz e s  Ha n̂ , the sm allest number o f  

l in e s  across a dot, in  the x or y d irec tio n , below which the dot w i l l  not 

be counted by the program. The upper lim it  on the dot s iz e  has been kept 

a t Hagx-32 l in e s .

The d i f f e r e n t  slopes on th e  l e f t  s id e  of each e ff ic ie n c y  curve and th e i r  

d i f f e r e n t  o n se t th resho lds r e f l e c t  the  g ray  le v e l  d is t r ib u t io n  a c ro ss  s  s in g le  

do t and th e  d o ts ' s iz e  d is tr ib u tio n *  The onse t o f the  rap id  In c rease  a t  th e



r ig h t end of u e h  curve indlcataa acceptance o f  background* Tha plateau for  

raaolu tloa  512, la  longar than tha ona for  raaolutlon 1024 aa a

consequence o f tha sm all a Isa of tha avaraga background dot. In tha remaining 

two counting conditions background la  cauaad by accidental coincidence o f  

severa l background dots in tha r ig h t sp a t ia l configurations. Tha nuabar o f  

such dots necehsary for acceptance Is higher in  tha case of resolu tion  

512, h^ina3 than for  reso lu tion  256, \ ± ns 2 . The plateau in  tha la t te r  case  

Is  therefore sh orter.

• 4 . S ite  D istribution  and overlap  

F ig . 3 shorn the number of dots as a function o f N (the smaller o f N* and 

Ny) determined with a gray le v e l  threshold s e t  a t the midpoint of the plateau  

for reso lu tio n  256. The d istr ib u tion  of dots representing f is s io n  tracks i s  

centered a t  N-8.5 and Is  v e i l  separated from the background which Increases 

rapidly for  sm all values of N. The magnitude o f th is  separation*'can "be varied  by 

changing the sparking conditions. An Important consideration in choosing 

the la t t e r  i s  dot o v e r la p .*

The p rob ab ility  of overlap Increases with the s iz e  and density o f the d o ts . 

Because o f th e ir  irregular shapes (the r esu lt  of sparking) two or more overlaping  

dots can not be d istinguished  from a s in g le  one and are counted as such by the  

program. The ty p ic a l track density  encountered in  our experiments i s  

*  5 per cm^. Given the average s iz e  of a dot th is  leads*® to  a correction  36 3X 

in  the number o f counts. Making the dots sm aller by changing the sparking 

conditions would reduce the overlap correction , but i t  would a lso  make 

discrim ination  against background le s s  c er ta in . The average s iz e  of a dot la
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chosen to  minimis* th* combined correction for overlap and background*

3 . R eproducibility . accuracy* and scanning spaed

Tha counting rata rep roducib ility  o f tha caaara was obtalnad by 

scanning th* same copy of a f l ln  a nunbar o f tla a s  ovar a 1 2  day parlod 

with tha copy l a f t  In placa and the scannar turnad on and o ff  one* a day.

Th* count* war* found reproducible w ithin a standard deviation  o f 0.6X.

This d ev ia tion  fron p erfect reprod ucib ility  Is  caused by cases o f marginal 

overlap where sp a tia l reso lu tion  Is  very s e n s it iv e  to the s ta b il i ty  of 

threshold, Illum ination , e tc .

The counting reprod ucib ility  of the whole scanner, Including camera and 

p osition in g  d evice , was obtained by repeatedly p lacing, scanning, and removing 

the same copy of a f ilm . The counts were found reproducible w ithin a standard 

d ev ia tion  o f  IX.

For the dot s iz e s  used In our work the p osition  reprod ucib ility  o f the  

camera over a time Interval of 1 0  hours Is  w ithin  0 .5  of a scanning l in e .

The o v e r a ll p osition  rep rod ucib ility  la  a ffected  by the accuracy o f mounting 

the film  on the tran sla tion a l stage and the alignment of the stage In I t s  

various p o sitio n s r e la t iv e  to the camera. I t  was found that the coordinates 

o f a dot are reproducible w ithin a standard deviation  of one scanning l in e  

a t  reso lu tio n  512. Good p osition  rep rod ucib ility  Is Important for preserving  

tha energy reso lu tion  o f  the gasaaa rays In our experiments.

Another factor  a ffec tin g  the energy reso lu tion  Is due to  Image 

d is to r t io n s . These d is to r tio n s caused mainly by nonlinearity o f the camera's 

response do not exceed IX for tha Hamamatsu C1000 camera.

Because o f th* large areas of film  which have to be analyzed In our 

experiments, the speed o f scanning la  an Important ch aracter istic  o f  the
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Instrument. I t  depends on tha track density  and scanning r eso lu tio n . A 

ty p ica l valua In our naaaurananta la 10 ca^ /sec.

6 . A aanpla spectrum

Figure 4 shows a spectrum of p h o to fiss io n  fragments counted over 

s t r i p s  of film  £X corresponding to  gamma ray energy in te rv a ls  of 100 eV. 

The combined e rro rs  in  determ ining the  dot p o s itio n  t r a n s la te  in to  a 

gamma ray  energy u n c e rta in ty  o f 'V 50 eV. This i s  th ree  tim es sm a lle r 

than the  average gamna ray  energy re s o lu tio n  which v a r ie s  somewhat in  

magnitude across the spectrum . The counting r a te  e rro rs  o f the scanner 

a re  n e g lig ib le  in  comparison w ith  the  s t a t i s t i c a l  e r ro rs  shown by the  

v e r t i c a l  b a rs .

7 . Conclusions

At very  low d e n s itie s  o f f i s s io n  track s ,an d  when the  d esired  

in fo rm ation  i s  lim ited  to  the  number o f track s  and th e i r  p o s i t io n s , 

scanning i s  g re a tly  f a c i l i t a t e d  by en la rg in g  the track s  and allow ing 

th e  camera to  examine la rg e  a re a s  of the  d e te c to r  a t  one tim e. Back­

ground d isc rim in a tio n , a se r io u s  problem in  autom atic scanning^®, becomes 

s tra ig h tfo rw a rd  as a r e s u l t  of the  enlargem ent; however, overlap  c o rre c tio n s  

a lso  in c re a se .

The dev ice  described  here  p ro v id es , ap a rt from scanning speed , an 

accuracy in  counting and p o s it io n  de te rm ina tion  th a t  i s  d i f f i c u l t  to  

achieve by manual scanning.

The au thors would l ik e  to  thank M. R. S to lfo  and K. Davenport fo r 

t h e i r  he lp  w ith the computer program. Thanks are  a lso  due to  D r. M. Ism ail
m
fo r  h i s  a ss is ta n c e  a t  th e  i n i t i a l  s ta g e  o f these in v e s tig a t io n s . This work 

was supported by the Q. S . Departm ent Energy and by the  PSC-BHE F acu lty  

re s e a rc h  Award Program o f CUNY.
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F ig . 1 

F ig. 2

F ig . 3

Fig. 4

Figure Captions 13

Schematic diagram of tha scanner.

Scanning e ff ic ie n c y  as a function  o f th e  gray le v e l  th re sh o ld

setting for several values of the minimum acceptable dot size 

and scanning resolution.

The s iz e  d is tr ib u tio n  of the d o ts . N re p re se n ts  the number o f 

l in e s  across a dot a t re so lu tio n  1024. Scanning vaa done a t  

0.05mn per l in e .

A spectrum of p h o to fiss ion  fragments of ^®U In the photon energy 

range from 6069 to 6076 keV. The Ep ■ 2037 keV resonance In  

th e  ^^Ca(p»2f) reac tio n  was used to  produce the photons. The 

d isp e rs io n  due to the Doppler s h i f t  I s  In  th is  case 164 eV /degree 

a t  8 -  90°.
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A VIBRATING TARGET ASSEMBLY FOR 

INTENSE ION BEAMS

E. X. ZHANG AND H. LANCHAH

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

Abstract

A high power vibrating target assembly was designed for work w ith  

w ell-co llim ated  intense proton beans. The water-cooled target v ib r a te s  

in  two mutually perpendicular d irec tio n s  a t d ifferen t frequencies. I t

i s  shown th at for many target m ater ia ls power d issip ation  up to
2

0 . 5  RW/cn can be tolerated over long time in terva ls.
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A vibrating target assembly vaa designed aa part o f a fa c ll lty ^ fo r  

ganaratlng monochromatic gamma rays o f variable energy a t our 3 .7 5  MeV

Dynamitron Accelerator.

The game rays are obtained from se lected  (p, y  ) resonances in  

various l ig h t  n u cle i. Their energies vary due to the Doppler s h i f t  

w ith in  a typ ica l range o f 10-30 keV. Because the cross se c tio n s  o f  

the (p , 'JJ ) reaction are low i t  la  necessary to employ a high proton  

beam current* up to 2 nA i s  ava ilab le  from the Dynamitron, to  assure an 

adequate gamma ray y ie ld . At the same time i t  i s  desirab le to  have a 

very small cross sectio n a l area of the beam on target In oTder to  

preserve the excellen t energy reso lu tion  of the gamma rays, lim ited  

in  p r in c ip le ,a t  a fixed  angle to  the proton beam, by the natural width 

of the particu lar (p , ^ ) resonance, i f  thermal Doppler broadening i s  

neg lected . The life t im e  o f  the target under these conditions can be 

increased many fo ld  i f  i t  i s  moved continuously r e la tiv e  to  the beam 

so that the d issipated power i s  d istr ibu ted  over a large area.
2

An o ften  used design accomplishes th is  by rotating  the ta r g e t.

The power d issip a tion  c a p a b ilit ie s  o f commercially ava ilab le  r o ta t in g . 

target assem blies are rated in  the kW range. Such assem blies have 

ty p ic a lly  been used for the generation o f in tense neutron f lu x e s . Tor 

the present work, in  which many, o ften  qu ite expensive, target m aterials 

have to be used, a rotatin g  target i s  not the best so lu tion  o f the power 

d iss ip a tio n  problem because such a design does not allow  for an e f f ic ie n t  

use o f  the target area.

A compact design in  which the ta rg e t, driven by a system o f  coupled 

gears, describes L issajous figures in  the plane perpendicular to  the
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proton boon was described by Hof f u n  « t Although In thin ca ts

tho b o u  In d istr ibu ted  over ths whole target, the spreading i s  not 

unifora sin ce  the sinusoidal notion along the x and y d irection s nakes 

the bean spend more tin e  per un it area at the periphery of the target 

than in  i ta  middle.

Our design i s  shown s c h e u t lc a l ly  in  F ig . 1 . The target chamber 

i s  mounted a t the end of a bellows and supported by a tran slational 

stage . The stage i s  driven in  the horizon ta l d irection  by an e le c tr o -  

magnetic v ib ra to r , while i t s  support i s  moved up and down by another 

vibrator. Sawtooth waves superimposed on adjustable d .c . 

p oten tia ls  are applied to each vibrator so that the le t t e r 's  frequencies, 

amplitudes,and equilibrium p osition s can be varied Independently. At 

low frequencies, the vibrators4 displacements depend lin ea r ly  on time 

with good accuracy so that the target chamber fo llow s a triangular wave 

pattern in  both i t s  horizontal and v e r t ic a l  d irec tio n s. This i s  shown 

in  F ig . 2 , where the frequencies of the x and y vibrations are 0.45 Hz 

and 0 .1  H z,resp ectively . As can be seen; the beam covers the se lec ted  

area o f the target with greet uniform ity. The maximum amplitude in  

the preaent system i s  12 m . The electroform ed n ickel bellows5  ere
g

designed to withstand 1 0  v ibrations a t  th is  amplitude.

Four b e n  sensors axe placed 90* apart around the cy lin d rica l 

target chamber in  a plane p ara lle l to  the target and 1 0  n from i t .

A negative b ias o f  10 V i s  applied to  the sensors to protect them from 

electrons e jected  by the target. The currents from the sensors provide 

information on the p o sitio n  of the bean r e la t iv e  to  the target. They 

are used to control the amplitude (and equilibrium  p osition  of the 

chamber during long runs.
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Th« target material Is dipoiitad on a 0.25 ■  tantalus foil.
Thn back of tha foil la continuously coolad by chiliad vatar flowing
under pressure of 40 pal a t a rata of 10 l i t e r s  per minute.

Figure 3 shows the y ie ld  of the 9.365 MeV photons froa the
272.488 MeV resonance In A (p » y )  as a function o f t la e  fo r  several

2values of power dissipation per ca. The targets were 50 pa thick
and were obtained by evaporation in  vacuum. At a power density  of 

2
2 . 5  kW/cm the y ie ld  decreases rapidly, ind icating fa s t  target

2
d eterioration  (leading to  puncture). At d e n s itie s  £ 0 .7  kW/cm the

y ie ld  remains p ra ctica lly  constant over a long time in te r v a l. Although
2

d ifferen t target m aterials behave d ifferen tly , a l im it  o f 0 .5  kW/cn 

for  long range y ie ld  s ta b il i ty  i s  applicable to  moat targets used in  

(p . y ) work.
2The e ffe c t iv e  target area in  the present design i s  3 cm which 

provides a power d iss ip a tio n  cap ab ility  under conditions o f stab le  

y ie ld  of 1 .5 -2  kV. This i s  su ff ic ie n t  for generating photon beams of  

adequate in te n s ity  for many photonudear experiments.

The authors would l ik e  to thank Dr. T. I .  Teh for h is  help a t the 

early stages of th is  work. This work was supported by the USDOE 

and the PSC-BHE Research Award Program of CUNT.
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Captions to Fliurti

Fig. 1. Schematic diagram of the target assembly.

F ig. 2. Trace o f  the proton beam on the target a t “ 0 .45 Hr

end ■ 0 .1  Hr. Departures from lin e a r ity  a t the end

o f each displacement have been neg lected .

Fig. 3 . Time dependence of the y ie ld  of the 9.365 MeV gamma rays
27from the 2.49 MeV resonance In A l(p ,£  ) for  two values 

o f  power d iss ip a tio n  density .
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Io tc n e d la ta  Structure In the Photofleslon  
Cross Section  o f

H.X. Zheng, T.R. Yeh end B. Lancnan 
Physics Department, Brooklyn College of CUNY 

Brooklyn, N.Y. 11210

Abstract

Intermediate structure has been observed In the ph otoflsslon  cross 

section  o f measured with a photon energy resolution  < 5 0 0  eV. The

ganzma rays, variable In energy, were obtained from the (p, ^  ) reaction  

on several n u cle i. The average spacing of the observed p h oto flsslon  re­

sonances a t an ex c ita tio n  energy of 6.16 MeV Is 1.6 + 0 .4  keV. The 

average areas of the resonances are compared with th eo retica l expectations  

for a double-humped and a triple-humped b arrier .

PACS numbers: 25.85.Jg
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The p r o p e r t i e s  o f  th e  f i s s i o n  b a r r i e r s  o f  a c t i n i d e  n u c l e i  have been,

In  l a r g e  m easure , d e r iv e d  from s tu d ie s  o f  s t r u c t u r e  In  th e  f i s s i o n  c ro s s

s e c t i o n  a t  s u b b a r r i e r  e x c i t a t i o n  e n e r g ie s .*  Much a t t e n t i o n  h a s  been

g iv e n  t o  th e  q u e s t io n  o f  the  shape o f  th e  b a r r i e r  in  tho rium  is o to p e s ,

v h e re  b a r r i e r  c a l c u l a t i o n s  have been in  d is a g re e m e n t  w i th  e x p e r im en ta l

d a t a .*  The e x i s t e n c e  o f  undamped v i b r a t i o n a l  re so n an c es  in  th e  ^ ^ T h ( n , f )

and 232T h ( n , f )  c ro s s  s e c t io n s  a t  e x c i t a t i o n  e n e r g i e s  above 5 .8  KeV has

im p l ie d ,  w i th in  th e  c o n f in e s  of th e  double-hump m odel, an in n e r  b a r r i e r

h e ig h t  EA 5? 6 MeV and a secondary v e i l  w i th  a minimum a t  E j j  4 .5  KeV.

On th e  o th e r  hand, t h e o r e t i c a l  c a l c u l a t i o n s ,  g e n e r a l l y  s u c c e s s f u l  in  p re -
2

d i e t i n g  b a r r i e r  h e ig h t s  f o r  h e a v ie r  a c t i n i d e s ,  have  y ie ld e d  EA =; 4 KeV 

f o r  tho rium  i s o to p e s .  This d isc rep an cy  h a s  been  hncvn as th e  thorium 

anomaly.
2A s o l u t i o n  was sugges ted  by M olle r  and Nix who o b ta in e d  in  t h e i r

c a l c u l a t i o n s  f o r  l i g h t  a c t i n id e s  a low in n e r  b a r r i e r  end a shallow  th i r d

w e l l  a t  th e  d e fo rm a tio n  o f the  o u te r  b a r r i e r .  E xperim en ta l  ev idence fo r
3

such  a  t r ip le -h u m p ed  b a r r i e r  has been p ro v id ed  by in v e s t i g a t i o n s  of the  s t r u c -

231 233t u r e  w i t h i n  t h e  v i b r a t i o n a l  resonances  in  Th and Th.

S u b b a r r i e r  s t r u c t u r e  has been observed  i n  many n u c le i ,m a in ly  in  high 

r e s o l u t i o n  measurements o f  neu tron  induced f i s s i o n .  However, such measure­

m ents can n o t be done when the  n eu tro n  s e p a r a t i o n  energy  exceeds th e  he igh t

232o f  th e  b a r r i e r .  T h is  i s  th e  case  in  Th, a  n u c le u s  whose b a r r i e r  s t r u c -  
2

t u r e  i s  ex p ec ted  to  be s im i la r  to  t h a t  o f  i t s  n e ig h b o rs .  A way to  reach 

s u b t a r r i e r  e n e r g ie s  in  232Th i s  p rov ided  by p h o to f i s s io n .

P h o ton - induced  f i s s i o n  ta h es  p la c e  on ly  from s t a t e s  which can be 

r e a c h e d  by e l e c t r i c  c ip o le  and, w ith  a  much s m a l le r  p r o b a b i l i t y ,  e l e c t r i c
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q u ad ru p o le  e x c i t a t i o n s .  T h is  makes i d e n t i f i c a t i o n  o f  s p in s  and p a r i t i e s

much e a s i e r  than  in  th e  c a se  o f  p a r t i c l e  induced  f i s s i o n  where a much

w id e r  range  o f a n g u la r  momenta i s  p o s s i b l e .

The main d i f f i c u l t y  in  p h o t o f i s s i o n  e x p e r im e n ts  i s  in  o b ta in in g  mono-

c h ro m a tic  photons o f  v a r i a b l e  energy  and a d e q u a te  i n t e n s i t y .  Compton

s c a t t e r e d  as w e l l  a s  d i r e c t  gamma ra y s  from slow n e u t r o n  c a p tu r e ,  b rem sstrah -

4 5lu n g ,  and tagged  b rem sst  rah  lung  have  been  u sed .  ’ The l a s t  techn ique  in  

i t s  improved v e r s io n  p ro v id e s  an energy  r e s o l u t i o n  o f  12-14 keV f o r  6 >IeV 

p h o to n s .

In  t h i s  paper ve p r e s e n t  r e s u l t s  o f  m easurem ents  o f  th e  p h o to f i s s io n  

232c r o s s  s e c t io n  o f  Th c a r r i e d  o u t  w ith  a  pho ton  energy  r e s o lu t io n  <500 eV.

These measurements f o r  th e  f i r s t  tim e c l e a r l y  r e v e a l  narrow  in te rm e d ia te

s t r u c t u r e  r e s u l t i n g  from th e  e x c i t a t i o n  o f  compound s t a t e s  in  the  second

232w e l l  o f  th e  f i s s i o n  b a r r i e r  o f  Th. S im i la r  s t r u c t u r e  has been found in  

n e u t ro n  and charged  p a r t i c l e  induced f i s s i o n  o f  v a r i o u s  n u c le i .*  I n t e r ­

m ed ia te  s t r u c t u r e  h a s  n o t  been observed  b e f o r e  i n  p h o t o f i s s i o n .

A no v e l  te ch n iq u e  in  which th e  pho tons  a r e  o b ta in e d  from resonances in
6

t h e  (p ,  y  ) r e a c t i o n  h a s  been  employed. The e x p e r im e n ta l  s e tu p  i s  shown 

s c h e m a t ic a l ly  in  th e  i n s e t  o f  F ig .  1. A c o l l im a te d  p ro to n  beam of average 

c u r r e n t  150 yu A from our Dynamitron s t r i k e s  a w a te r -c o o le d  t a r g e t  

mounted in  a v i b r a t i n g  t a r g e t  assem bly . The em erging gamma rays  a re  allowed 

t o  f a l l  on sandwiches of 30 mg/cm thorium  f o i l s  and 8 m Kimfol f ilm s 

w hich s e rv e  a s  t r a c k  r e c o rd e r s  o f  the  p h o t o f i s s i o n  frag m en ts .  The sand­

w ich es  a r e  p la ce d  on a c y l i n d r i c a l  s u r f a c e  c o a x ia l  w i th  the  proton beam.

The energy  o f th e  gamma ra y s  v a r i e s  w ith  th e  a n g le  0 r e l a t i v e  to  the  beam
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as  a r e s u l t  o f  th e  Uoppler s h i f t .  The averag e  e n e rg y  d i s p e r s i o n  i s  

200 eV /d eg ree .  An e f f i c i e n c y  c a l i b r a t e d  G e(L i)  d e t e c t o r  (no t shown) 

lo c a te d  a t  8 3 90° s e r v e s  to  determ ine th e  a b s o l u t e  I n t e n s i t y  o f  th e  gamma 

ra y s .

The d e v e lo p e d 2 Kirafol f i l i s s  a re  scanned f o r  f i s s i o n  t r a c k s  by a v id icon
g

camera which d e te rm in e s  the  p o s i t io n s  o f  th e  t r a c k s .

The p h o t o f i s s i o n  c ro s s  s e c t io n  i s  shown in  F ig .  1 v e r s u s  th e  garans-ray

energy . To compute t h e  c ro s s  s e c t i o n ( the  e f f i c i e n c y  o f  th e  K ic fo l  f i lm 2 f o r  •

co u n t in g  f i s s i o n  frag m en ts  as a fu n c t io n  o f  t h e  d e p th  i n  th e  f o i l  from which

th e  f rag m en ts  emerge and the  angle  a t  which th e y  e n t e r  th e  f i lm  was determ ined.
9

The e f f i c i e n c y  was fo ld e d  w ith  the  an g u la r  d i s t r i b u t i o n  o f  the  fragm ents.

R esonances , i n  29S i ,  ^2Ca, and 2^Mg, y i e l d i n g  gamma ray s  o f  6180,

6172, 6140, 6073 and 5871 keV a t  90° to  th e  p r o to n  beam were used . The pro ton  

e n e r g ie s  were w e l l  below the  (p»n) th re s h o ld s  o f  a l l  t a r g e t s .  The in t e n s i t y  

o f  p h o tons  f r c n  u n d e s i re d  branching d id  n o t  exceed  102 in  any o f  the  cases . .

To match th e  s p e c t r a  taken  a t  the  average pho ton  e n e r g i e s  o f  6180 and 6172 keV 

i t  was im p o r ta n t  to  o easu re  a cc u ra te ly  th e  energy  d i f f e r e n c e  between these  two 

l i n e s .  T h is  was found to  be 7.7 + 0 .5  keV. The u n c e r t a i n t i e s  in  the  magnitude 

o f  th e  c r o s s  s e c t i o n  a t  th e  matching p o in t  do n o t  exceed 157. U nfo rtuna te ly , 

w i th  th e  p r e s e n t  s e tu p  i t  was im possib le  to  o b t a i n  an o v e r la p  o f  the  two s p e c t ra .  

The i n s t r u m e n ta l  gamma ray energy u n c e r t a in ty  was -^2 0 0  eV in  the  runs with 

*2Ca and t a r g e t s  and < 500 eV in  th e  rem a in in g  two ru n s .  The n a tu r a l  w idth

o f  th e  29S1 re so n an c e  is*® 179 + 5 eV. The w id th s  o f  th e  o th e r  resonances a re

unknown b u t  an upper l im i t  o f  1 keV can be o b ta in e d  from t h e i r  e x c i t a t io n  

c u rv e s .  From th e  observed s t r u c tu r e  in  F ig .  1 th e  o v e r a l l  photon energy

r e s o l u t i o n  i s  seen  to  be b e t t e r  than 500 eV.



31

The average  v a lu e s  o f  the  c ro s s  s e c t i o n s  over the  photon energy ran g e  f o r  

each p ro to n  re so n an c e  a re  In  good agreem ent w i th  th e  r e s u l t s  o f  Dickey and 

Axel * and C a ldw ell  e t  a l . 1^ They a r e  somewhat h ig h e r  than those  o f  Knowles 

e t  a l .  ^

H e ll  e s t a b l i s h e d  peaks appear in  a l l  s p e c t r a .  The p r o b a b i l i ty  t h a t  th e s e  

peaks r e p r e s e n t  re so n an ces  In  th e  photon  a b s o r p t io n  c ro s s  s e c t io n  I s  n e g l i g i b l e  

given th e  f a c t  t h a t  t h i s  would r e q u i r e  f o r  each resonance  a g ro u n d - s ta te  

r a d i a t i v e  t r a n s i t i o n  w idth  *''50 t im es  l a r g e r  th an  the  average . I t  shou ld  a l s o  

be no ted  t h a t  no s t r u c t u r e  has  been found a t  h ig h e r  e x c i t a t io n  e n e r g ie s .^

He th e r e f o r e  assume th a t  th e  u n d e r ly in g  s t a t e s  a re  compound l e v e l s  o f  s p in  

and p a r i t y  1~ in  th e  second w e l l  o f  th e  b a r r i e r .

The averag e  sp ac in g  of th e  n in e  peaks a t  6 .16  MeV i s  1 .6  — 0 .4  keV. From

the  c o n s ta n t  te m p e ra tu re  l e v e l - d e n s i t y  fo rm ula  w ith  param eters  g iven  by
1 +Bjornholm and Lynn we f in d  th e  energy o f  th e  second minimum Ej j =*2 .8  — 0 .1  MeV,

in  good agreem ent w ith  p rev io u s  d e te r m in a t io n s

The averag e  w id th s  H o f  the  observed  resonances  a t  each e x c i t a t i o n  energy
13can be computed from th e  energy dependence o f  th e  f i s s i o n  p r o b a b i l i t y .  The 

r e s u l t s  l i s t e d  i n  T ab le  I  a r e  c o n s i s te n t  w i th  th e  experim ental w id ths  w i th in  

the  l i m i t s  d e te rm ined  by th e  photon energy  r e s o l u t i o n .

The a v e ra g e  a r e a  o f  a  c l a s s  I I  compound re so n an c e  a t  an e x c i t a t i o n  

energy below th e  n eu tro n  s e p a ra t io n  energy  can be w r i t t e n  in  the  form*

a -  6 ^ Dlr 1 I t r I l c (TI i j j i , , 2 + a»x*1IC*I I f r ^ ) ' ^ .

where the average gamma ray absorption cross section, Dj is the average

level spacing of class J. compound states, fjjc, and are the coupling width

and fission width of class II compound states respectively; ru “ ri i c  + rnr 
is the average total gamma decay width of class I compound states, and S 

Is the width fluctuation factor.



I f  there e r e  severa l f i s s io n  channels o f  a given spin and p a r ity  J f

d if fe r in g  In th e  sp in  projection  on th e  f i s s i o n  a x is  K and having ln c o a p le te ly
(K)

damped v ib r a tio n a l resonances in  the second v e i l  a t e x c ita tio n  e n e r g ie s  ,

the vldthf rIJc and T1 I f areU

ri ic ,f  -  > p M ' » “ E- En ’ >2 + w g / i A - 1.
where Djj i s  th e  c la s s  II compound l e v e l  sp acin g , ^  ’fecO ^)/27T»

i s  th e  l e v e l  spacing o f th e  v i b r a t io n a l  s t a te s ,  fw and a r * th e i r

damping and t o t a l  w id ths r e s p e c t iv e ly , and a re  th e  p e n e t r a b i l i t i e s  fo r

channel K o f b a r r i e r s  A and B r e s p e c t iv e ly .

I f  th e  b a r r i e r  fo r  channel K has a  t h i r d  v e i l  w ith a v i b r a t i o n a l  resonance
00 /v \

a t  E , then  T ' in  the expressions above has to  be replaced by 
l l l v  B

T«  ,  ,  <*>, « ) . ,  (K ),2  ,  0 0  . , .2 , - 1
BC IIIB l l IC El l I v ,  '  I I Iv ' '  '

where I  ,51? _ *  T W fccO  ^ /2 T T »  and r_f*P  and l i t O ^  are th e  w id th  o f  the re-  1II1I,C B,C III  x i i v  i n
sonance, and th e  le v e l  spacing of th e  v ib r a t io n a l s ta te s  in  the th ir d  w e ll  r e s -

•  *

p e c tiv e ly . ,
0 0  0 0  a. <K) - 1  <K>For parab olic  barriers ■ (1 + exp(2 7f(B^ -E)/nc®  ̂ ) )  where Ej and

■ f c o ) ^  are th e  h e ig h ts  and curvatures o f  th e  f i r s t  ( i  “ A) second ( i  *B) and 

th ir d  ( i  “ C) b a r r ie r s  for channel K.

The average  a reas of the observed resonances a t  the four e x c i ta t io n  

en e rg ie s  a re  compared In Table I  w ith  th e  v a lu es calcu lated  fo r a double­

humped and a triple-hum ped b a r r ie r .  The c a lc u la tio n s  were done w ith th e  

b a r r i e r  param eters l is te d  In Table I I  and* 25 mb and Ty « 31 meV a t

6  MeV.

The In fo rm ation  on the gross s t r u c tu r e  in  th e  f is s io n  cross s e c t io n , 

which I s  n ecessa ry  fo r the area c a lc u la t io n s , i s  somewhat u n certa in . A
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4 5broad resonance  a t  6 MeV has  been w e ll  e s t a b l i s h e d .  * In  a d d i t i o n ,  Knowles 
5

e t  a l .  r e p o r te d  resonances  a t  5 .92 and 6.11 MeV, each 50 keV w ide . These
4

resonances  cannot be c l e a r l y  d is c e rn e d  In  th e  s p e c t r a  o f  Dickey and Axel 

and th o se  o f  Janszen  e t  a l ^ ;  th e  l a t t e r ' s  o b ta ined  w ith  an energy  r e s o ­

lu t i o n  o f  17 keV. T h e re fo re ,  In  th e  c a lc u la t io n s  w ith  th e  double-humped 

b a r r i e r  we assumed a s in g l e  resonance  w ith  a  damping w id th  o f  0 .2  MeV.

The r e s u l t s  a r e  in  agreement w ith  th e  experim enta l v a lu e s  when th e  a re a s  

a t  6 .14 and 6 .17  MeV a re  averaged to g e th e r  and re p re sen ted  by a s i n g l e  v a lu e  

a t  6 .16  MeV, r e f l e c t i n g  th e  p o s s i b i l i t y  t h a t  th e  d i f f e r e n c e  between th e  

observed a re a s  a t  th e  two e n e r g ie s  could be due to  w idth  f l u c t u a t i o n s .

The b a r r i e r  pa ram ete rs  l i s t e d  i n  Table I I  a re  c lo se  to  th e  v a lu e s  

o b ta in ed  by f i t t i n g  th e  m e a s u r e d ^ p h o t o f l s s l o n  c ro ss  s e c t io n s  between 5 .5  

and 11.5  MeV. I t  should be  no ted  however t h a t  f i t s  to  average c ro s s  s e c t io n s  

do n o t ,  i n  g e n e r a l ,  a llow  a unique d e te rm in a t io n  o f  b a r r i e r  p a ra m e te rs .  The 

p re s e n t  r e s u l t s  p rov ide  d i r e c t  ev idence  f o r  an in n e r  b a r r i e r  s u b s t a n t i a l l y  

h ig h e r  than  th e  one p r e d ic te d  by M olle r  and Nix. (The u n c e r t a i n t i e s  in  the  

0~ b a r r i e r  h e ig h ts  a re  + 0 . 2  MeV). They a ls o  p rov ide  a  unique d e te rm in a t io n  

o f  th e  dep th  o f  th e  second w e l l .

In  th e  c a l c u l a t i o n s  w ith  th e  tr ip le-hum ped  b a r r i e r  th e  narrow resonances  

r e p o r te d  by Knowles e t  a l .  were tak en  In to  account and assumed to  correspond  

to  v i b r a t i o n a l  s t a t e s  In  th e  t h i r d  w e l l .  To o b ta in  a b e t t e r  f i t  t o  our 

d a ta  we in c re a s e d  th e  energy o f th e  h ig h e r  resonance  to  6.12 MeV. The broad  

6 MeV resonance  was assumed to  be lo c a te d  as  b e fo re  in  th e  second w e l l .

Agreement w ith  th e  measured a re a s  I s  somewhat b e t t e r  than  In  th e  case  

o f  th e  double-humped b a r r i e r .  The in c re a s e  In  th e  resonance a re a s  a t  6 .14 MeV 

can be  unders tood  a s  r e s u l t i n g  from enhancement o f  th e  f i s s i o n  w id th s  o f  th e  

c l a s s  I I  compound s t a t e s  owing to  t h e i r  coupling  to  the  6.12 MeV reso n an ce .
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However, because  o f  th e  l im i t e d  e x te n t  o f  th e  p re s e n t  d a ta  and l a r g e  

e r r o r s  o f  th e  measured a r e a s , I t  i s  im p o ss ib le  to  conclude w i th  c e r t a i n t y  

w hether th e  observed In c re a s e  confirm s th e  6.12 MeV resonance  and , consequently, 

w hether a  t h i r d  w e l l  e x i s t s  in  th e  f i s s i o n  b a r r i e r  o f  ^& T h. More e x te n s iv e  

measurements a t  s u b b a r r i e r  e n e r g i e s ,  u s in g  p ro p e r ly  chosen (p»"y) r e s o n a n c e s ,  

a r e  n e c e s sa ry  to  reach  such a  c o n c lu s io n .

The a u th o rs  wish to  thank  P. Punyasena fo r  h e lp  In  th e  p ro c e s s in g  o f  

th e  k lm fo l  f i lm s .  Thanks a r e  due to  D. King and V. S tuber f o r  t h e i r  

a s s i s t a n c e  In  o b ta in in g  th e  h ig h  p ro to n  beam c u r r e n t s .  T h is  work was su p p o rted  

i n  p a r t  by th e  USDOE and by th e  PSC-BHE F ac u l ty  Research Award Program o f  

CUNY.
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TABLE I

AVERAGE AREAS AND WIDTHS OF RESONANCES

A(b.eV) W (eV)
E

(MeV) Expt Calc* Calcb Calc* Calcb

6.17 5.1 + 1.7 5.0 4.7 257 240

6.14 13.0 + 4 .0 5 .7 1 1 . 0 304 493

6.07 3.1 + 1.5 7.2 7.9 421 434

5.87 0.9 + 0.4 1 .3 1 . 2 95 97t i

^Double-humped b a r r ie r .  
Triple-humped b a r r ie r .
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TABLE IX 

FISSION BARRIER PARAMETERS

Barrier Heights (MeV).

K
Double-Hump* Triple-Humpb

EA eb ea eb Ec

0” 6.15 6.55 6.15 6.55 6.9

1" 6.55 6.85 6.55 6.95 7.5

= 0*9 MeV;tiu)B ■ 0.65 MeV for both K b a r r i e r s .

These values supersede the  s l ig h t ly  d iffe re n t ones re(to rted  e a r l i e r .1*

b1*U)A =tiU )i i  * ° ' 9 MeV;1 f iO B "  l . «  MeV; i l O m  -  l . O . J M e V ; ^  “ 1 .2  MeV 

f o r  b o th  K b a r r i e r s .



Figure Caption

P ho to fiss ion  c ro ss  sec tio n  of ^ ^ T h . The v e r t i c a l  b a rs  rep re sen t 

counting s t a t i s t i c a l  e rro rs  on ly . The so lid  l in e s  were ob tained  by 

Gaussian f i t t i n g .  The In se t In  the r ig h t  upper co rner shows the  

geom etrical se tup  o f th e  experiment.
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The Photoflsslon Cross Section of Th
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Abstract

232The photofission cross section of Th was measured In the energy 

range 5 .8  -  12 MeV with an average photon energy resolution ~  600 eV. 

Intermediate structure was observed at 5.97 and 6.31 MeV. The experimental 

f is s io n  probability and various properties of the Intermediate structure 

were found to agree with calculated values based on a double-humped flBslon  

barrier. The features of th is  barrier, a rather high f i r s t  hump and a deep 

secondary w ell, e ‘e quite d ifferent from those predicted by current theoretical 

barrier calculations.

Nuclear Reactions 232Th ( V.f ) ,  E -  5.8 -  12 MeV, measured S ' ( y . f  ) ,  

deduced f iss io n  probability, c lass II compound le v e ls , f is s io n  barrier parameters.

PACS number 25.85. Jg



1. Introduction

Since tho discovery o f tho double-humped flanlon barrlar in  

actin id e nuclei extensive experimental and theoretica l work haa been 

done on various aspects of f is s io n .*  Of great value have been experi­

mental investigations at excita tion  energies in  the v ic in ity  of the 

barrier because of the information they supply on the d e ta ils  of i t s

character and shape. Very fr u it fu l In th is  respect have been experiments
2 3on p artic le  transfer reactions leading to f is s io n  * as w ell as experi­

mental studies of neutron induced fiss io n .*  The la tter  in  particu lar, 

because of their ch aracteristica lly  high neutron energy reso lu tion , proved 

to  be an excellent tool for investigating the complex le v e l structure at 

subbarrier excitation  energies. As a resu lt o f these e ffo r ts  the main 

features of the f is s io n  barrier are now w ell understood.

P ersisting in terest in  the f is s io n  of thorium isotopes has been caused

in  part by the d iff ic u lty  in  resolving the question of the existence of a
1 4theoretica lly  predicted third minimum in their f is s io n  barriers. * The

most direct evidence in favor of such a complex barrier has been provided

by the observation^ of rather narrow resonances in  neutron induced f is s io n  
231 233of Th and Th. Fine structure observed within these resonances in  

high resolution measurements has been interpreted as corresponding to  

rotational bands b u ilt on undamped vibrational s ta te s . Various features 

of th is  structure, combined with data on cross sections at excitation  

energies above the f is s io n  barrier,* appear to be in  support of a tr ip le  

humped barrier with an inner barrier A considerably lower than barriers B 

and C. However, I t  has been shown by Lynn** that the observed structure  

could also  resu lt from coupling of single p artic le  and vibrational motion 

in  these nuclei.
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232 4 7 8In Th, whose barrier la alao expected * * to be trlpla-humped,
aubbarrler excitation energlea are not acceaaible In neutron Induced

f is s io n  because the neutron separation energy is  higher than the b arr ier ,

but such energies can be reached in photoflsslon. Accurate photoflasion

measurements are best done with monochromatic gamma rays of variable energy.
232 9Such measurements have been done on Th at Ê 8  MeV by Dickey and Axel,

and by Knowles et a l. *** with tagged breasstrahlung having an energy

resolu tion  of 70 keV and 13 keV, resp ectively . In both cases the photo-

f is s io n  cross section exhibits structure, the most prominent m anifestation

of which Is  a broad resonance at 6  MeV. We have recently** reported
232resu lts  of measurements of the photoflsslon cross section of Th at

ex c ita tio n  energies close to the top of the barrier. The necessary photons

were derived from (p, ^ ) resonances in  several ligh t nuclei. They had an

energy resolution better than 500 eV. These measurements revealed

resonances resulting from compound sta tes  in the second w ell o f the barrier

(intermediate structure). Various properties of th is  structure could be

understood within the framework of the double-humped barrier although the

p o s s ib ility  of a shallow third minimum could not be excluded.

Although the deta ils of the shape of the fiss io n  barrier are re flec ted

most d irectly  by the behavior of the f is s io n  cross section at e x c ita tio n

energies in  the v ic in ity  of the barrier, measurements at higher photon

energies a lso  provide useful information. Such measurements are a lso

important for the understanding of the fiss io n  decay of the giant quadrupole 
12 13resonance. Existing data has been obtained using quasi monochromatic

photons from annihilation of positrons in  f lig h t . The energy reso lu tion



43

of such photons Is ~  230 ksV. Cross ssctlon s obtslnsd by V sysslsrs 
14at s i .  for seversl sctln lde n u clei sre In substsntlel disagreement

15 232 with the more recent results of Caldwell e t  e l .  In the case of Th

the resu lts  of the two experiments d iffe r  by about 30Z on the average.
16 235 238Recently reported measurements by H. Ries e t  a l on U and U,

Involving counting of fiss io n  frsgnents Instead of neutrons as In the

two other experiments, appear to confirm the values reported by Veysslere
13for these two nuclei. However* resu lts  of Arruda-Neto et a l are In 

better agreement with the data of Caldwell.

The aim of the present measurements was to continue the in vestigation s  

of intermediate structure over a wider energy range than the one reported 

e a r l i e r a n d  to extend the cross section  measurements to higher energies 

In order to resolve the ex istin g  discrepancy between the published values 

of the cross sections. Preliminary resu lts  of th is work have been described 

before . ^

2. Experimental Setup and Procedures 

The (p, V) resonances chosen for these experiments are characterized  

by small natural width* large gamma ray y ie ld , and decay by emission of 

only* or predominantly, one gamma ray with an energy higher than 5 MeV.

Since the lifetim e of a typical resonance i s  considerably shorter than the 

average stopping time of the reco ilin g  compound nucleus In the m aterial 

o f the target* the energy of the emitted gamma ray i s  fu lly  Doppler sh ifted . 

I t  varies with the angle of emission 0  re la tive  to the proton beam 

(see F ig. 1) according to the expression Ey » Eo (1 +(v/c) cosg ) f where
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v  I s  the ve loc ity  of the recoiling nucleua. A typ ica l value of 

dEy/d6 la  c? 300 eV/degrees a t 1 ■ 90*« and a typ ical photon 

Skiergy range la a/ 20 keV.

Since high proton bean currents* ** 150yL(A on the average, have

to be used in order to assure an adequate photon f lu x , a target 
18chamber designed to withstand the large bean power d issipation  was

employed. The target materials were deposited on a water cooled thin  

Ta f o i l .  The f o i l ,  mounted at the end of a bellow s, vibrated in two 

mutually perpendicular directions In the plane perpendicular to the 

proton beam, spreading the beam over a large target area. High vacuum 

was maintained in the chamber to prevent deposit of contaminations on 

the target. In choosing the target m aterials, care was taken to avoid 

iso top es with (p»n) thresholds below the proton energy for the particular  

(p ,V )  resonance. Each Ta f o i l  was thoroughly cleaned and repeatedly 

heated in  vacuum before the target was deposited.

The experimental setup was the same as the one described before.

P o lls  of thorium, 30 mg/cm2 thick, containing 99.9Z of 2 2̂Th were sandwiched 

between 8A(m thick str ips of polycarbonate film  (Klmfol). The sandwiches 

were located on a cylindrical surface coaxial with the proton beam (F ig. 1) 

which was provided by the Brooklyn College Dynamitron accelerator. The 

Klmfol film  served as the f is s io n  fragment track detector. In order to 

determine the gamma ray in tensity  and spectrum, a large, e ffic ien cy  

calibrated , Ge(Li) detector (not shown) was placed at 90* to the proton 

beam.

To make the handling of the sandwiches mansgeable, the thorium f o i l  

was cut Into 5 cm x 5 cm squares. Each square was covered by •100 f l f i tc f
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layer of gold on both sides to protect I ts  surfaces from oxidation.

It  was necessary to use 90 such squares to assure an adequate counting

rate of the fiss io n  fragments.

The effic iency  calibration of the Klmfol film  for counting the

thorium fiss io n  fragments, and the procedures used in developing the
19film  were described elsewhere. The scanning of the developed film  

for f is s io n  fragment tracks was done with a hlgh-resolution vldicon  

camera. A detailed description of the setup used for scanning was 

a lso  given elsew here.^

3, Data Reduction 

In the cylindrical geometry used here, f is s io n  fragments produced 

by photons of energies between E y and Ey + AE y are created in str ip s  

of f o i l  defined by the Intersections of the cy lindrically  shaped f o i l  with 

cones of vertex angles 9 and 9 + A d  originating at the proton target 

(see  Fig. 1 ).

The photofission cross section  6 y f  at photon energy E y  i s

related  to the f is s io n  fragment counts N(Ey ) in a str ip  of width

m(9 ) corresponding to an energy interval £» Ey by the expression
21(9)

KCV  -  . a )

Here 1(9) -  1 W(9) R(9) i s  the in tensity  of the gaoma rays at angle 9 . I 

i s  the in tensity  of the photons coming from the proton target. W(9) 

i s  the photon angular d istribution  function, and R(9) accounts for absorption 

of the photons on their way to the str ip , n i s  the number of target nuclei
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per unit volume, L Is the length of the s tr ip , r (0 ) Is I t s  distance 

from the photon source, and

/j<«) -  5W F(/J)flC1.00«ln34Bdydl f (2)

21where F (£ )  accounts for the angular d istribution  o f the f is s io n  fragments

re la tiv e  to the d irection  o f the gamma rays, and X2 ( 1 ,0 0  Is the
19e ffic ien cy  of the Klmfol film  for detecting fragments emitted from 

depth 1 In the f o i l  at an angle OC to the normal. The angles 0, o^»

J5t and the azimuthal angle <p are related by

cosflt" cos^slnO -  cosOs ln^sln^ . (3)

The photoflsslon cross section Is found for each energy Ey by 

adding the numbers of tracks counted in str ip s found at angle; 0 In a l l  

Klmfol film s. In p lotting  the cross section versus the photon energy, 

the choice of the energy interval per channel A,Ey was dictated by the 

to ta l number of accumulated counts at a given (p ,V )  resonance and by 

the photon energy resolution.

4 . Results and Discussion

A. The Photoflsslon Cross Section

The photoflsslon cross sections obtained with gamma rays from several 

(p, y ) resonances are shown in  Fig. 2. The target isotope and proton 

resonance energy are indicated in each case. Twenty one such spectra were 

taken in  the photon energy range from 5.8 to 12 MeV. The average duration 

of each run was 20 hours. The s ta t is t ic a l  accuracy of the counts, shown
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by the error here, varies from spectrum to spectrum, reflectin g  the 

fluctuation  of the strength of the (p ,V )  resonances.

The photon energy resolution depends on several factors. Among

them are the angular photon energy dispersion, the accuracy of the

alignment of the film s re la tiv e  to the proton beam, the accuracy of
20the determination of the track p osition , and the natural vldth of 

the (p ,y >  resonances. In cases where the la st contribution i s  

n e g lig ib le , the energy resolution ranges from ~"200 eV for the lover  

photon and resonance proton energies and heavier (p,V ) target isotopes 

to  v 7 0 0  eV for the high photon and proton energies and lig h t target 

iso top es.

The cross sections averaged over the photon energy range at each 

(p ,V )  resonance are plotted versus the average photon energy in Fig. 3. 

Two adjacent spectra at 6.17 MeV are represented by one point. The error 

bars include counting errors (n e g lig ib le ) , errors in the e ffic ien cy  

calibration  of the gaaua ray and f is s io n  fragment detectors, uncertainties  

in  the angular distribution of the f is s io n  fragments and the ganana rays, 

and uncertainties in  the alignment of the thorium f o i l s  and Klmfol film s  

r e la tiv e  to the proton target. The p lotted  cross sections were corrected 

for contributions caused by the unwanted gamma rays emitted from some 

(P .V ) resonances. Except for one case, these corrections did not exceed 

10Z of the presented values. The sum of the contributions from fis s io n  

caused by neutrons from < y ,n ) ,  ( V ,2n)» and f iss io n , as w ell as the 

contribution from ( V »nf)( were estimated to be smaller than 2Z.
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A
Our resu lt*  ere in  good agreement with those o f Dickey end Axel, 

end at energies above 9 MeV those of Caldwell e t  a l .  They are 

sy a tea a tlce lly  higher than the resu lts of Knowles e t  al*® (not ahown).
 ̂ 1 A

They are alao higher than the cross sections reported by Veysaiere e t  a l .  

The general features of the croaa section as a function of energy have been 

known for some time. The rapid decrease In the cross section starting e t
no

6.45 MeV has been shown to be caused by competition from the ( V ,n)

channel which opens at 6.43 MeV. The broad resonance at 6 MeV, c learly

seen In Knowles' and Dickey's data, has been confirmed by (p, p 'f)
22measurements. I t  should be kept In mind while comparing the various 

data that our resu lts  are obtained by averaging over an energy Interval 

at le a s t  an order of magnitude smaller than In the other experiments.

B. The F ission  Probability

The f is s io n  probability is  obtained by dividing the photoflsslon

cross section  by the to ta l gamma-ray absorption cross section .

I t  is shown in  F ig. 4 versus the gaama ray energy. The valueB of (Jy

were taken d irec tly  from Kef* 15 for photon energies higher than 9 MeV.

Below th is  energy they were obtained by extrapolation.*^ The calculated

fis s io n  probability that provides the best f i t  to  the data up to the

( y  ,2n) threshold i s  shown by the so lid  l in e . I t  was computed using

the program FISSAL developed for a double-humped f is s io n  barrier by 
24Back and B r itt . The s ta t is t ic a l  model on which the program i s  based

2
i s  discussed in  d e ta il by Back e t a l .  He therefore describe It here only 

b r ie f ly .
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The fission probability is given In its usual foxv

«  _  rf (Bj^S
K (*) -Z jX ttJ T  ■ ■- ~=r 8 , (A)

f  j «  rt ( ej*)

where oC(EJ ) i s  tho probability o f populating a s ta ts  with spin J and 

parity  fl by photoabsorption, I t » I# + r^ i s  tbs

to ta l  width of the sta te , and rf , f ft and ry are i t s  partial 

widths for decay by f is s io n , neutron emission and gamna-ray en lssion , 

resp ectively . S i s  a correction factor for width fluctuation .* A ll 

widths are averaged over many s ta te s  at excita tion  energy E . The 

averaging i s  expected to ob litera te  structure resu lting  from coapound 

s ta te s  in  both w ells while preserving the such wider spaced vibrational 

resonances in  the second w ell.
' f

The gamna-ray decay width i s  calculated  by sumnlng over a l l  

tran sition s to sta tes at lower energy in  the f i r s t  w ell sssunlng that 

only El transitions take place. S im ilarly , the neutron emission width 

i s  computed by summing the transmission co e ff ic ien ts  for  transitions to  

a l l  p ossib le  fin a l sta tes in  the A -l nucleus.

The average f iss io n  width i s  obtained from

TfCBJ^ -  BJ*)
1 2 ^ 1  K * • (5 )

where Dj Is the average lev e l spacing at ground sta te  deformation, and 

T  ̂ are the barrier p en etrab ilities for  the transition  s ta te s  with 

d ifferen t spin projections K on the nuclear aynmetry a x is . These 

p en etra b ilities  are found a n a ly tica lly  by solving the Schrodlnger
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aquation for a double humped flaalon  barrlar. Tha barrlar Is  formed 

by joining smoothly throe parabolic aectlons which rapraaant i t s  two 

humps and tha wall between thea (second w e ll) . The paraaatars that 

characterise the barrier are the heights of the f lr a t  and second huaps 

and Eg

w ell Ej j » and I t s  curvature The penetrab ility  found In th is

way exh ib its resonances at energies of vibrational s ta te s  In the second 

w ell. To account for the damping of these sta tes Into the coapound 

sta te s  in the second w e ll, an Imaginary term Is added to the p oten tia l.

This term i s  a parabolic function of deformation centered at the 

deformation of the second w ell. I t s  minimum value Is

-W(E) -  -w (E  En  -A ®  - A p> " ,  <6>

i
M

where A  and A  a re  the neutron and proton p a ir in g  gaps. As a re s u lt  n p
of the addition of the Imaginary term to the p o ten tia l, the penetrability  

Tf becomes a sum of two parts

+  V  <7)

where represents d irect and Tj indirect f is s io n  i . e .  f is s io n  preceeded

by the excita tion  of compound sta te s  In the second w e ll.

When several transition  sta tes  contribute to the process, the sun

in  Eq. 5 has to be replaced by (Hg + Hj), where Hg -  T*, and, under the

assumption of K mixing in  the second w ell, Nj ■ NabsNB ^^A ^V  * Here

H . ■ Tj A*, and H. ,  T  ̂ where A* i s  the flu x  absorbed In theabs g A,B g A,B
second w ell from tran sition  sta te  K, and T*^B -  (  1 + expl2fl(E^(B -  

are the Hill-Wheeler p en etrab ilities of barriers A and B for transition  

sta te s  K.

their  curvatures and a61, tha minimum of the aecond
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In the absence of d op in g , e l l  A* ■ 0, whereas for couplets

damping, a l l  ■ 0. The la tter  case Is assumed In the nonresonance

version of the program which I s  used to calculate the f is s io n

probability at energies w ell above the barrier. In th is  case the

probability i s  decided by the density of s ta tes  a t barriers A and B.

This density . In turn, strongly depends on the symmetry of the

fiss io n in g  nucleus at the deformation of each barrier. In the present
2

ca lcu lation , following Back e t  a l , ve used the resonance version of 

the program at energies below 7.5 MeV; above that energy, the non­

resonance version was used. However, we found that between 6 .5  and 

7.5  MeV the resu lts obtained with the two versions d iffe r  in s ig n ifica n tly . 

Barrier A was taken to have axial asymmetry, reflec tion  symmetry; 

barrier B axial symmetry, reflec tion  asynmetry. The population

p rob ab ilities for the sta tes reached by e le c tr ic  dipole and quadrapole
23excita tion s were taken to be 0.98 and 0.02, resp ectively , Independent 

of excitation  energy.

A ll barrier parameters cannot be uniquely determined by f i t t in g  the 

experimental f is s io n  probability.Fortunately, some can be found Independ­

en tly  from other data. The value of Is  determined by the density of 

c la ss  II s ta te s1* at 6.16 MeV. The spacing of the resonances at 

6.313 MeV, ■ 1.3± 0.3 keV,lB In excellent agreement with th is  value. 

The average areas of the observed Intermediate structure se t the values
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The other parameters were varied to provide the beet f i t  (so lid  lin e  

in  P ig. 4 ). The resu lts ere coopered with other dcterolnetions in  

Table 1.

Although the overall agreement between the valuea of the paraoetera

determined in different experiments i s  good, there are several axceptlona.
0” 25The values found by Van der P llcht et a l i s  too high to account for

the measured average areas of the c lass 11 resonances. Our data confirm

th eir  value of , which i s  higher than the values obtained in  the other

experiments. Our value for i s  somewhat higher than the two other

values, however,of these two,the value from Ref. 1 1  was obtained by

f it t in g  the average areas of the c lass II resonances, which la  not very

sen s itiv e  to . In the present case, i s  determined mainly by the
vr •f is s io n  probability at a/ 7 MeV, where the contributions of I ,"  1“ and
M

f is s io n  become comparable. The j  ■ 2+ barrier parameters cannot be

determined from the present data because of the small value of o( (2^ ).
4 7 8Given the theoretical prediction * * of a rather low barrier A and 

a barrier B sp lit  by a third w e ll, i t  i s  tempting to compare the calculated  

f is s io n  probability for such a barrier with the experimental data. I f  the 

f i r s t  barrier i s  low, then, in order to account for the intermediate 

structure and the broad vibrational resonance,it i s  necessary to assume 

that the third w ell has a minimum at ~ 3  MeV. Since the low f ir s t  

barrier does not a ffec t the f is s io n  probability at energies ^  6  MeV, 

the part o f the barrier which has to be considered i s  the double humped 

part comprised of barriers B and C at higher deformations. To compute the 

f is s io n  probability we assume that both barriers B and C are ax ia lly
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symmetric and reflection  asymmetric, and that they ara characterised

by parameters lis te d  In Table I .  The resu lt la  shown by tha dashed 

l in e  In Fig. 4. Agreement with experiment at higher energies can be

C learly, on tha basis of the present data I t  la  impossible to choose 

between th is barrier and the ordinary double-humped one.

C. Intermediate Structure

a . Background

The spectra In Fig. 2 at 5974 and 6313 keV exhibit structure which 

we Interpret as representing c lass II compound sta tes  in the second w ell 

of the barrier. As in  the caBes reported previously,** the observed 

peaks are superimposed on a rather high background. I ts  magnitude Is  

determined by f it t in g  each spectrum with a function

I t  Is  useful to express the cross section  In terms of the f is s io n  

probability . Thus (E) -  Pf (E) dy(E), where I t  Is assumed that the

excita tion  energy E ■ Ey .

Employing the picket-fence model for the c la ss  II states we can

improved by lowering Eg by 200 keV, which resu lts  in  the dotted l in e .

-̂ b(Ey) +2A±exp(-B1(FY- Ê2) , (8)

where ( f  ( Ey) “ a I ^ +  b Ey + c^and E  ̂ are the energies o f the 

peaks. To compare the magnitudes of with theoretical expectations

w rite for the fiss io n  probability a t energy E -  Ê  + x below the (V .n )  

threshold.

We w il l  assume that Q(, (1 )HL.O.

(9)
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When overlap of claaa 11 resonance t a i l s  la  not neglected*

rf C*) represents the sub of contributions fron a l l  c la ss  II
2

sta te s  to the f is s io n  width at x. This has the fora

ri I c ri I f Di  slnhftltjj/D jj)
M x )  -  1 1  - - - -------------------------------- ^ ---------------  . ( 1 0 )

ri l® ll  cosh(flTTn/Du) -  cos(2Cc/Dxx)

where TII c * f 1If •»* rIX *r*» respectively* the coupling, fission *  

and to ta l widths of the c la ss  I I  s ta te s . In the presence of several 

tran sition  sta tes K with incompletely damped vibrational resonances
f

in  the second w ell at energies EIXv

rn c . f  IW /(<E -  E ” ’ ) 2  + (I?IV/2>2) > «*>

where _

.  * ^ 1 1  T *  . ( 1 2 )
A,B 2tT A.B )

K Kand Tw and I j lv  are* resp ectively , the damping,and to ta l widths of 

the vibrational resonances. When damping in the second w ell i s  complete

. -U liV T *
211 ,  A .I

The d irect f is s io n  width can be written in the form 

D_ «  > > (fco^j/210
r  —£ T i > / 2 »  +   T T ' s ----------------------- i >  '  < 1 3 >

The f ir s t  term in  Eq. (13) a r ises  from the coupling of the

vibrational and compound sta tes  in  the f i r s t  w ell of the barrier.
3 26The often-omitted * factor l /2 f i  in th is  term was found by 

BJdrahola and Lynn* to be necessary in  order to account better for  

the ra tio  o f the c lass I to c la s s  I I  squared vibrational wave functions, 

which enters Into the calcu lation  of f  The second term represents
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enhancement of tho d irect flo slon  width duo to elooo II  vibrational

roaononcoa. I t  can bo obtained from tho expression for tho "resonant
26,direct" flaaion  width of Goldatono and Paul by replacing their  

squared coupling matrix element with This replacement

la  consistent with Eq. (12) and la  equivalent In our case to a value for

the matrix element V ■ 0 .3  keV, which is  considerably lower than the
27value V » 3 keV determined by Goldstone et a l for several actin ide

n u cle i. The smaller magnitude of V i s  consistent* w ithin the doorway- 
26

sta te  model* with the experimental wldth(200 keV) of the vibrational

resonance at 6.01 MeV,whereas the larger one y ie ld s a value of **2 MeV 

for this Width*
The f is s io n  probability P^(x) computed with the barrier parameters 

of Table I i s  p lotted  for two excitation  energies in  F ig . 5 , Only two 

peaks are shown at each energy. The f iss io n  probability between these
D TT

peaks -  Pf(“ 1 8  ta^ n to represent the background that would be 

observed experimentally in  these spectra. The values of computed at 

the energies where intermediate structure was resolved in  the present 

and previously reported** experiments are compared in  F ig . 6  with the 

values of pf*** * 9*. /(TV averaged over the measured spectrum at eachD D
energy. Agreement i s  very good.

b. Average Resonance Area

The average area of the c la ss II resonances that one may expect to 

observe d irectly  in  a spectrum i s

* - 6^)PlIfff<x) - )dx . (M)
0
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This can be written la  tha fora

a -  SjBnCPj -  r„> ,  < » )

where sr£(x"Djj/2 )
pi " rf (x-DII /2)+rD+ry  )

and

P2 ^ ((O + co a h W rjj/D n ))2- ! ) ^

with

G -  l l c  X- - - ----- .ln h flft /D ) .
h l ^ i *  rD>»II

I t  can e a s ily  be verified  that when 7jg<C Djj and I q «  l y  the

second tern In Eq* (14) disappears and Eq. (15) assumes the form given

for A in  Ref. 11t where d irect f is s io n  and overlap of c la ss I I  s ta te s

were neglected. I t  Is  also in terestin g  to compare P£ (x) averaged over

the intermediate structure with P£(E) given by FISSAL. When.' th is  i s

done, the d ifference i s  found to be about 52 on the average, in  the energy

range 6 .0  -  6 .3  MeV. A greater d ifference i s  found below the vibrational

resonance because FISSAL y ie ld s a s l ig h t ly  lower value for the energy

of th is  resonance than the experimental value taken for computing

P£(x ). After th is  i s  accounted for by a simple sh ift  in  energy of

P£(x) re la tiv e  to P(E), the two f is s io n  probab ilities are remarkably

sim ilar in  magnitude.

The areas obtained from Eq. (15) are compared with the average

experimental resonance areas in  Table I I .  The data reported previously

are included, with one exception, in  th is  comparison. The omitted value

at 5 .87 MeV was obtained with a (p» V ) resonance, Which, as we have 
28learned recently* has a natural width of 1.7 keV. Therefore* the
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structure observed at th is energy may have reflected  tha existence  

o f only the strongest c la ss II  resonances. Considering the fact 

that the experimental average areas In Table II are based on a H alted  

number of peaks in  each spectrum, the agreement with the calculated  

values Is  very good.

From Fig. 5 and the calculated areas lis te d  In Table I I ,  I t  Is  

clear that near the top of the barrier, as the excitation  energy 

increases, intermediate structure may be expected to become Increasingly  

d if f ic u lt  to  observe.

5 . Conclusions

We have measured the photoflsslon cross section  In 20 narrow

energy Intervals between 5.8 and 12 MeV with an average pho,ton energy

resolution of a/ 600 eV. The Investigation of the intermediate

structure was extended to 6.3 MeV. From studies of the properties of

th is  structure and dependence of the f is s io n  probability on the

excita tion  energy, ve have determined the f is s io n  barrier parameters

on the assumption of a double-humped barrier shape. The data confirms

our previous finding that in  232Ih a barrier of 6  MeV i s  followed by s

deep Intermediate well with a minimum at 2 .8  MeV. This Is  contrary to
4 7 8the theoretica l predictions * of a much lower f ir s t  barrier followed

by two shallow w ells . Indications that the f i r s t  barrier in  the
233adjacent Th Is also considerably higher than the one predicted 

th eoretica lly  and that i t  Is  followed by a deep secondary w ell were 

found by Perec e t  a l^  in  their measurements of the 232Th (n, f)  cross 

section .
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The present date le  not su ffic ien t to  determine whether s
232tertiary  v e i l  e x is ts  In the f is s io n  barrier of Th. For th is  

•ore extensive aeaaureaents of structure at low energy have to 

be done*
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F ig. i 

Fig. 2

F ig. 3 

F ig. 4

F ig.

F ig.

Fleurs CiptlOM

Fart of the experimental setup showing a flexion  fragment 

emitted from depth 1 In the thorium f o i l .  The sandwiches 

of Klmfol film and thorium f o i l  are located on a cy lin d rica l 

surface coaxial with the proton beam.

. Photoflsslon cross section  of 2 3 2 n . for several photon

energies. The (p»V ) resonances used to produce the photons 

and the resonance proton energies are l is te d  In each case.

The photon energy resolution  In the two spectra exhibiting  

structure was 300 eV.

. Photoflsslon cross section s obtained in  d ifferent experiments.

The resu lts of th is  work are averaged over the photon energy 

range at each (p»)^) resonance.

232. Comparison of the f is s io n  probability of Th with the 

resu lts of calculations based on the s ta t is t ic a l  model.

The so lid  lin e  1b for ax ia lly  asysnetrlc, reflec tion  

symmetric barrier A and a x ia lly  symmetric, r e flec tio n  

asymmetric barrier B. The dashed lin e  Is computed assuming 

axia l symmetry, re flec tio n  asymmetry for both barriers.

The dotted lin e  Is based on the same assumption as the 

dashed one but with lower by 2 0 0  IteV.

i. Intermediate structure In the f is s io n  probability calculated at two 

excitation energies.

i. The background f is s io n  probability. The experimental points 

represent the average values of .



232
Tab la  Z. Flaslon barrlar paraaatars of Th ( la  MaV)

k*
/

Raf. 22 Raf. 1 Raf. 9 Raf. 25 Raf. 2 Raf. 11 Thla work

f *
5.8 5.82 5.5 5.7 <5.5 5.82

BA 0” 6.75 6.3 6.7 6.15 6 . 1 0

1 1 - 6.5 6.55 6.55

0.9 1 . 0 0.9 0.9 0 .9 1 . 0

' 0 + 6.75 6 . 2 2 6 . 1 6 . 6 6.15 6.60

< 0 “ 6.75 6.3 6 . 6 6.55 6.50

s i" 6.9 6.85 7.25

1 . 2 0.75 0.5 1 . 2 0.5 0.65 0.7

Bn 3.0 3.0 3.0 2 . 8 2 . 8

*11 1.5 1.5 1.5 0 .9

wo 0.05 0.05 0.05

« 0.25 0.15 0.15



Tab la  I I .  Avaraga araaa and vldtha of raaooancaa

Araa(b.4V) Width (aV)

K(MaV) Expt. Calc. Calc.

6.313 5.*fcl.7 3.5 420

6.175 5 .1 i l .7 3.7 290

6.144 13.0f4«0 3.9 330

6.074 3.1+1.5 4.8 450

5.974 4.8+1.6
.

4.7 400
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APPENDIX I

PhocoflMlon cross sections of end 1Mth obtslnsd with |  
rsys fro* vsrlous (p,j^ ) rssonsncss.

( p . y ) rcsonsncs

Tsrgst Ep(ksV) Ey (ksV) Th 238u

25* 1701 5871 3.910.5 8 . 2 1 0 . 8

34S 848 5974 5.810.6 11.512
42C 7037 6073 7.210.7 15.315
34s 1 0 2 0 6143 15.011.5
42c 1423 6172 7.210.6 5.910.6
2»Si 1302 6180 5.610.7 15.212
“ s 1756 6312 15.011.5 12.014
34s 2073 6622 12.411.3

30Si 1878 6878 8 . 1 1 0 . 8 10.913
“ s i 1398 7377 4.610.4 10.411

25Mg 1716 7954 5.310.5 12.411
“ s i 962 8244 5.510.5 16.511.6
" s i 1480 8727 6.510.6 18.112
23Ha 1417 8923 9.811 24.012.5
2 7 A1 2488 9363 19.512 42.014

3 SC1 1519 9980 2 2 .0 1 2 54.915
2 7 A1 992 10759 28.413 80.518
27a i 1317 11072 31.513 96.119
27ai 1381 11134 31.213 103.9H 0
27Al 1800 11537 32.813 8 0 . 6 1 8

2 7 A1 2203 11925 28.813 99.0110
27a i 774 12326 97.5110
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APPENDIX II 

DERIVATION OF EQUATION (15) OF CHAPTER IV

The i r u  of an obaervad paek In Cha photofiaalon croaa section  la given 

by(see F ig .5 of Chapter IV)

0 1  

O

wlt,‘ p,Ce) =  J 4 te )^ rp —  , (2)
Tf(x)+rD+ry

Pb = P t Cr = f ;
I t  can be shown by means of simple algebraic manipulations that

(I)

and (3)

Reo-p- _I>L_f W _____r±i42_ )
a v t w  \ rf (x H rP +ry v ^ + r o t r y j .

  (4 )
When resonance overlap i s  to be taken Into account the plcket-fence model 

y ie ld s  for the width f f  (x)

  r«r«fPx stnb(rr»A?g)___________  .  .

 ̂ ~ * TsDs cosh(wrkA>.i)-co5(2ir;tA>*)
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C i _________________

C* - C0S(2l»X/b*)
vhan

therefore

Ci

fPit IjOQdjC
o ijw + rp + rv

—  f P j t  C z  ~ C O S (2 |T J c /O a )  i

a ~ ' ̂  i—r r0+ry
0  C x -C 0 S (2 ir X /Q f)

Di g>— d xf r0 +rv
o  n r + r v  + ^ »  -  cosf^M /p*)

C l  =  sinhfmvtfr) 0 ) 
ii Du

I

Ci =  cosh(irraA)j) . (®)

This can ea s ily  be transformed to the for* of the known* Integral

(  ------ ^ ^  -  'or M s l  ( 1 0 )
) M-coS<P / m T T  M>,> }

*lhla Integral can be found In CRC Handbook of Chenlatry and Physlcs»62nd 

ed ition ,ed ited  by lobert C. Weast,Page A-71.



u t

Then
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C,
< f =  2 1 1 x I D jl . &  —  — ------------------1 r0 + ry

s^  r+coJx 
I i*co +r0 try
_ Ptfr [lff J9
~  2n is+ C i-C 0 5 ?

)|(fi +Ct)J- l

j(&+cosh(nra/Qg))*-l ,
« o

vhert
/ •  _  P ie  f a P i  S in fiffflj/Q r ^  .  X

%  t a a ( r p t r y )  .  ;

Substutlng ( 2 ) , ( 3 ) , ( 4 ) , ( 1 0 ) ,and (11) Into (l),a n d  taking Into account 

f is s io n  width fluctuation,one can obtain Equation (15) of Chapter IV.

A =  QyQff(Pa-Pi)ry/(r»’f / i i )  ,

f+cx=®j&)+rP+iv
«d P2 =  S5-(C&+cc6h(n r*/c>*)) - 1)


