
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


235
THE HEÜTRON FISSION CROSS SECTION OF Ü AND

92
238

Ü IN THE ENERGY RANGE O.3  - 12.5 MeV 
92

WOLFGANG W. OSTERHAGE

Submitted to  th e  U n iv e rsity  o f  Glasgow

as a Thesis fo r  th e  Degree o f Doctor o f Philosophy

Ju ly  1976



ProQuest Number: 10867815

All rights reserved

INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.

In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,

a no te  will ind ica te  the de le tion .

uesL
ProQuest 10867815

Published by ProQuest LLO (2018). C opyrigh t of the Dissertation is held by the Author.

All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de

M icroform  Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346



ihs<s
44 .^7
Cof>^ I.

u



-2.

I N D E X

PREFACE...............................      5

PUBLICATIONS.....................................    7

ACKNCWLEDÇtEÎTBNTS........................................................................................................  8

CHAPTER I ................................................................. ............................. ....................... 10

1 .1  I n t r o d u c t io n ....................................................................................   10

1 .2  Review o f P ast Experim ental and T h eo re tica l Work  .................  11

1 .3  The P r in c ip le s  o f  th e  F is s io n  P r o c e s s .........................   13

l.U  The L iquid  Drop M o d e l................................. ...................................................  l 8

1 .5  S hell E f f e c t s ................................................ ....................................................  25

1 .6  The O p tical M o d e l  ...........................    29

1 .7  The S t a t i s t i c a l  Model   ............................................................................  34

1 .8  P resen t S ta te  o f Experimental and T h eo re tica l Work and
Future Trends ......................................................................................................  38

CHAPTER I I .........................     4 l

2 .1  I n t r o d u c t io n ................    4 l

2 .2  The L inear A cce le ra to r o f  th e  Kelvin Laboratory As a
Pulsed Neutron Source .....................................................................................  42

2 .3  Measurement o f  F is s io n  Cross S ec tio n s, Using Or Gas 
S c in t i l l a to r  and th e  Tim e-Of-Flight-Technique ..................................  44

2 .4  Choice o f a  Gas S c in t i l l a to r  and I t s  Basic M echanism.....................  47

2 .5  P ro p e rtie s  o f X enon.....................................................  50

2 .6  In fluence o f P re ssu re , Chamber Geometry and Im p u rities  ...............  52

2 .7  Design o f th e  S c in t i l la t io n  Cham ber......................................................   56

2 .8  The Vacuum and Gas S y s te m ........................ .................................................... 58

2 .9  C lean liness  o f th e  D etector S y s tem .......................................................... 60

2.10 S ta b i l i ty  o f  th e  D e te c to r ........................................   6 l

2.11 T ests With a Cf-252 S o u rc e ............................................    62



-3-

2.12  Target A rrangem ent.....................     66

2.13 A ccelera to r Test and E lim ination  o f  th e  ^  - F l a s h .................. 69

2 . 1U E le c tr ic  F ie ld  E ffe c ts  on th e  Chamber ........................................ 73

2 .15 The Monitor D etecto rs  ........................................     75

2 .16  Reduction o f A fte r-P u ls in g  in  th e  M onitor D etector  ...........  77

CHAPTER I I I ...........................................................................................................  82

3 .1  I n t r o d u c t io n .........................    82

3 .2  P o sitio n in g  o f  th e  D etec to rs  and C o l l im a t io n ................    83

3 .3  The E lec tro n ic  System fo r  th e  Main D etec to r .  ..........................  88

3 .4  The E lec tro n ic  System fo r  th e  M onitor D etecto rs ...................... 9I

3 .5  B ias Level o f  th e  Main Monitor D e te c to r ....................................... 92

3 .6  Two-Parameter Data S to r a g e .....................................................   9^

3 .7  Time R esolu tion  o f  th e  S y s tem ............................................    107

3 .8  d  -Background and A f te r - P u ls in g ........................................................ I 08

3 .9  Time C a l ib r a t io n s ...................................................................................... 109

3.10 A bsolute Energy C a l ib r a t i o n s ..............................................................  I l l

CHAPTER I V ..........................................................................   116

4 .1  I n t r o d u c t io n ................................................................................................  I I 6

4 .2  The PDP-10 Computer Network ................................................................  117

4 .3  E lim ination  o f B ackground................    119

4 .4  Conversion' from Time to  E n e rg y ........................................................  124

4 .5  C a lcu la tio n  o f th e  F is s io n  Cross S ections ..................................  126

4 .6  N orm alization For D etector G eom etry ...............................................  128

4 .7  C orrection  For Lost F rag m e n ts  «.............................................  130

4 .8  C alcu la tio n  o f th e  Monitor E f f ic ie n c y ...........................................  135

4 .9  C alcu la tio n  o f E r r o r s  ..............................................................  137

4.10 F in a l N o rm a liz a tio n ...............................................................................  139

CHAPTER V ...............................................................................................................  142



- 4-

I .  P re se n ta tio n  and In te rp re ta t io n  o f th e  D a t a ....................................... l42

5 .1  I n t r o d u c t io n ....................................................................................................  l42

5 .2  P re se n ta tio n  o f th e  Neutron F iss io n  Cross Sections o f
U-235 and U-238 and Their R a t i o ............................................................ l42

5 .3  In te rp re ta t io n  o f th e  General Shape o f  th e  Cross Sections . . .  i k k

5 .3 .1  U -2 3 5 .................................................................   150

5. 3 .2  U- 2 3 8 ........................ . i ........ .................................................    151

5 .4  In te rp re ta t io n  o f In te rm ed ia te  S tru c tu re  in  th e  U-235 F iss io n
Cross Section    ...................................................................     152

5.5  Comparison With Previous M easurem ents.................................................. 153

I I .  T h e o re tica l C a lcu la tio n s  ............................................................................. I 60

5 .6  I n t r o d u c t io n ....................................................................................................... I 60

5 .7  The F iss io n  Transm ission C o e ff ic ie n ts  .................................................. I 6I

5 .8  The N eutron-C apture-^-Ray-Em ission Transm ission
C o e f f i c i e n t s ...............................................................................     l62

5 .9  The T otal S c a tte r in g  Transm ission C o e ff ic ie n ts  ..............................  I 65

5.10 The Incoming Wave Transm ission C o e f f i c i e n t s ................................... I 66

5.11 F in a l T h eo re tica l C a lcu la tio n  and P resen ta tio n  o f  R esu lts  . .  I 67

5.12 Comparison With Experim ental R esu lts  and C o n c lu s io n s .............  169

APPENDIX A '

In fluence o f Magnetic F ie ld s  on th e  F iss io n  D etector ..........................  177

APPENDIX B

In v e s tig a tio n  o f Wave Length S h if te r s  ..........................................................  182

APPENDIX C

D eterm ination o f Target Mass .............................................................................  l84

APPENDIX D

L is tin g  o f th e  Neutron F iss io n  Cross S ections and E rro rs .................. I 89

REFERENCES.............................................*........................... : ......................................  192



-5-

PREFACE

The p ro je c t ,  p resen ted  in  t h i s  th e s i s ,  has been ceurried ou t by 

th e  au thor a t  th e  K elvin L aboratory  o f  th e  Département o f  N atu ral 

Philosophy o f  th e  U n iv e rsity  o f  Glasgow during th e  Period November

1973 to  May 1976.

The experim ental and th e o re t ic a l  work was aimed a t  determ ining 

th e  neutron f is s io n  c ro ss  sec tio n s  o f U-235 and U-238 in  th e  

energy range 0 .3  -  12.5 MeV w ith  good re so lu tio n  and reasonab le  

s t a t i s t i c s .  The main instrum ent used was th e  100 MeV e le c tro n  

l in e a r  a c c e le ra to r  o f th e  la b o ra to ry , p rovid ing  a pu lsed  neu tron  

source in  connection w ith  a brem sstrahlung ta r g e t .

To c a rry  out th e  re se a rc h , i t  was p rim a rily  n ec /e ssa ry , to  understand 

th e  f is s io n  process in  d e ta i l  and th e  a sso c ia te d  models. To d esc rib e  

i t  and th e  c ro ss  sec tio n s  req u ired  th e  use o f th e  l iq u id  drop model, 

s h e ll  c o rre c tio n s , th e  o p t ic a l  and th e  s t a t i s t i c a l  model. To see th e  

p re se n t work in  p e rsp e c tiv e , a review  o f p a s t and p re sen t work in  

th i s  f i e ld  was neccessary .

The main in strum en t, a p a r t from th e  a c c e le ra to r ,  w ith  which th e  ex

perim ents were c a rr ie d  o u t, was a high re so lu tio n  gas s c i n t i l l a t o r ,  

used as a t im e -o f - f l ig h t  spectrom eter. This s c i n t i l l a t o r  was 

developed by th e  author w ith  Xenon as  th e  gas in  q u es tio n , and by 

using a Cf-252 n a tu ra l f i s s io n  source fo r  te s t in g  during th e  development. 

The m onitor d e te c to rs , chosen fo r  th e  experim ents, were s tandard  neutron 

d e te c to rs .
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During a  s e r ie s  o f  a c c e le ra to r  t e s t s  th e  optimum e le c tro n ic  da ta  

c o l le c t io n  system was developed by th e  au th o r. This was a s s is te d  

by a b i-d im ension  d a ta  s to rag e  programme f o r  a  EDP-7 on l in e  computer, 

e a r l i e r  w r i t te n  by J .  D. K e llie .

A part from th e  tim e to  energy conversion , which was done by a 

computer code by J .  D. K e ll ie ,  th e  a n a ly s is  o f  th e  d a ta  was 

e n t i r e ly  o r ig in a l ,  e s p e c ia lly  th e  background su b tra c tio n . Although 

th e  m athem atical mechanism had been developed by J .  D. K e llie ,  th e  

c r i t e r i a  fo r  t h i s  su b ^ tra c tio n  were due to  th e  au tho r. This i s  a lso  

t r u e  f o r  a l l  no rm aliza tions and c o rre c tio n s .

I n te rp r e ta t io n  o f  th e  g en era l shape o f  th e  c ro ss  sec tio n s  as w ell as 

in te r p r e ta t io n  o f any apparent s tru c tu re  has been c a r r ie d  out so le ly  

by th e  au th o r. The computer programmes fo r  th e  th e o re t ic a l  c a lc u la tio n s , 

in c lu d in g  f is s io n ,  n eu tro n -cap tu re-^ -ray -em issio n , t o t a l  s c a tte r in g  

tran sm iss io n  c o e f f ic ie n ts  and th e  f in a l  c ro ss  sec tio n  c a lc u la tio n s , 

have been w r i tte n  by th e  au thor h im se lf, and only a code by J .  D.

K e llie  fo r  th e  c a lc u la tio n  o f  th e  incoming wave tran sm iss io n  c o e f f ic ie n ts  

was adopted.
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CHAPTER I

1 .1  In tro d u c tio n

Because o f  th e  f a c t  th a t  neutrons do no t c a rry  any charge, they  

a re  most s u i ta b le  as  p r o je c t i le s  to  be used fo r  th e  in v e s tig a tio n  

o f  n u c le i .  They can p e n e tra te  th e  Coulomb b a r r ie r  a t  a l l  energ ies 

u n d istu rb ed  and r e a c t  w ith  th e  nucleus v ia  th e  s tro n g  in te r a c t io n . .

Thus neu trons p rovide a u se fu l to o l  fo r  n u clear s tru c tu re  s tu d ie s  

concerning th e  strong  in te ra c t io n . .T h is ,  o f  cou rse , i s  a lso  tru e  

fo r  th e  p a r t ic u la r  re a c tio n  o f nuclear f is s io n .

The study o f  n u c lear f i s s io n  w ith  neutrons not only y ie ld s  inform ation 

about th e  p h y s ica l n a tu re  and behaviour o f  heavy n u c le i ,  bu t i s  a t  

p re se n t a lso  o f  co n sid e rab le  commercial in te r e s t .  For th e  design  of 

a  power g en era tin g  n u clear re a c to r  th e  exact knowledge o f th e  neutron 

f i s s io n  c ro ss  sec tio n  o f e .g . U-235 i s  e s s e n t ia l .  This a d d itio n a l 

in te r e s t  c le a r ly  d is tin g u ish e s  f i s s io n  s tu d ie s  w ith  neutrons from 

th o se  w ith  o th e r  p r o je c t i le s .

This f i r s t  chap ter w il l  f i r s t l y  g ive  an account o f  th e  considerab le  

re se a rch  work th a t  has a lread y  been done in  th e  f i e ld  o f neutron-induced 

f is s io n .  I t  then  follow s an in tro d u c tio n  to  th e  p r in c ip a l  mechanism 

o f  n u clear f i s s io n ,  which w il l  le ad  over to  th e  d e sc rip tio n  o f th e  

l iq u id  drop model, as  th e  e a r l i e s t  and most su cc e ss fu lly  used model, 

to  d esc rib e  in  d e ta i l  th e  f is s io n  p ro cess . There w i l l  a lso  be a su b sec tio n , 

d ea lin g  w ith  s h e ll-c o r re c t io n s ,  which have become neccessary , to  

m ain ta in  th e  relevance o f  th e  l iq u id  drop model. For th e o re t ic a l  

c a lc u la tio n s  o f c ro ss  s e c tio n s , however, i t  has been found neccessary
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to  apply  th e  o p tic a l  and th e  s t a t i s t i c a l  models to  th e  concept o f  

f i s s io n .  T h is , to g e th e r  w ith  an assessm ent o f  th e  p re sen t s ta te  o f 

experim ental work w i l l  cover th e  r e s t  o f  t h i s  ch ap te r.

1 .2  Review o f  P ast Experim ental and T h eo re tica l Work

The f i r s t  observ a tio n s  o f a  nuclear f i s s io n  process by 0 . Hahn and
1 2 

F. Strassmann and l a t e r  among o th e rs  by L. M eitner and 0. R. F risc h

was th e  r e s u l t  o f  a rad iochem ical study. These types o f  experim ents 

were to  dominate th e  fu r th e r  in v e s tig a tio n  o f  th e  f is s io n  p rocess 

fo r  some tim e and were most su ite d  fo r  th e  unambiguous s e le c tio n  o f 

f i s s io n  events and l a t e r  f o r  th e  de term ina tion  o f  th e  f is s io n  

fragm ent mass d is t r ib u t io n .  By th e i r  n a tu re  th ese  were r e la t iv e ly  slow 

experim ents and th e re fo re  no t p a r t ic u la r ly  w ell su ite d  fo r  measurements 

o f  any f is s io n  c ro ss  s e c tio n s . N ev erth e less , th e re  was a lread y  con

s id e ra b le  th e o re t ic a l  in te r e s t  in  th e  shape o f th e  c ro ss  se c tio n  a
3

sh o rt tim e a f t e r  th e  d iscovery  o f f i s s io n .  N. Bohr and J .  A. Wheeler

were th e  f i r s t  to  pu t th e se  co n sid e ra tio n s  on so lid  ground by applying
h

th e  l iq u id  drop model, e a r l i e r  developed by C. F. v. W eizsaeck er . , to  

nuclear f is s io n .

For any measurements invo lv ing  f is s io n ,  neutron  sources w ith  e i th e r

therm alized  or monoenergetic neutrons 'o r neutrons o f a  few d is c r e te

energ ies  were used e n t i r e ly  in  th e  e a r ly  y e a rs , re ly in g  on (a, n )-
9

re a c tio n s  by b ring ing  a s u ita b le  l ig h t  iso to p e , such as Be to g e th e r
k

w ith  an (X -u n s tab le  heavy iso to p e . A fte r  1944 th e  neutron  f lu x  of 

experim ental re a c to rs  made a continuous spectrum a v a ila b le  and energy- 

de term ination  was achieved by using  th e  chopper-technique. E vent-counting , 

and, i f  neccessary , tim ing  was done w ith  p ro p o rtio n a l fiss io n -ch am b ers.
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th e  re so lu tio n  o f which proved s u f f ic ie n t  fo r  th e  low energy 

neu trons. The use o f  th e  chopper l im ite d  th e  energy-range, th a t  could 

be looked a t  to  a t  most th e  keV -region.

The advent o f  synchrotons and p a r t ic u la r ly  l in e a r  a c c e le ra to rs  in  

th e  e a rly  1950s allow ed th e  o p era tio n  o f pu lsed  neutrons sources and 

th e  in tro d u c tio n  o f  th e  tlm e -o f- f lig h t- te c h n iq u e  fo r  much h igher neutron 

en erg ies . The sim ultaneous development o f e lectron icequ ipm ent, re ly in g  

on sani-conductor m a te r ia ls ,  and new d e te c tio n  techn iques made f a s t  

tim ing  p o ss ib le . Today most neutron  f lu x  m onitors a re  based on s c i n t i l l a 

t o r s ,  l iq u id  o r s o lid ,  mounted on f a s t  p h o to m u ltip lie r  tu b es . As f is s io n  

fragm ent co u n te rs , s u rfa c e -b a rr ie r  sem i-conductor d e te c to rs  and 

p ro p o rtio n a l coun ters  p lay  an Im portant r o le .  Gas s c in t i l l a t o r s ,  as 

th e  one used in  t h i s  re sea rch  p ro je c t ,  a re  a r e la t iv e ly  new fe a tu re  

and have not been w idely used up to  d a te .

The development o f neutron  sources and d e te c tio n  techniques enabled 

measurements o f f i s s io n  c ro ss  se c tio n s  to  be improved from e a r ly  spot 

measurements to  a wide range o f energ ies and g e t to  know th e i r  general 

shape to  a very  high degree o f accuracy. I t  w i l l  be po in ted  out in  

a  l a t e r  s e c tio n  o f  t h i s  c h a p te r , what th e  p re se n t s ta te  o f knowledge 

amounts to ,  and what fu tu re  tre n d s  in  t h i s  f i e ld  can be expected.

T h eo re tica l work in  th e  f i e ld  o f f i s s io n  was m ainly concerned w ith  th e  

a p p lic a tio n  o f  th e  l iq u id  drop model to  th e  d e sc rip tio n  o f th e  mass
5

and energy d is t r ib u t io n  o f f i s s io n  fragm ents. A ttem pts have been made
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to  ex p la in  a n  phencanena by t h i s  model and to  re c o n c ile  i t  w ith

th e  m iscroscopic independent p a r t ic le  model. However, complex
6

in v e s tig a tio n s  by J .  R. Nix and W. J .  Sw iatecki and W. D. Meyers
7

and W. J .  Sw iatecki showed, th a t  s h e ll  e f fe c ts  p lay  an im portant

p a r t  in  ground s ta te  deform ations as  w ell as  during th e  f i s s io n

p ro cess . But th e  most re c e n t and fa r-re a ch in g  innovation  i s  a
8

p o s tu la tio n  by V. M. S tru tin sk y  to  th e  e x te n t, th a t  a t  l e a s t  some 

f i s s i l e  n u c le i do have more than  one f is s io n  b a r r ie r .

S uccessfu l c a lc u la tio n s  o f f i s s io n  c ro ss  se c tio n s , using  a  m odified

Hauser/Feshbach method, which has a lso  been used in  t h i s  p ro je c t ,

have only been c a r r ie d  ou t re c e n tly . A complete and d e ta ile d  account
9

can be found in  a p u b lic a tio h  by J .  E. Lynn •

1 .3  The P r in c ip le s  o f th e  F iss io n  Process

F i s s i l e  n u c le i ,  having a  high mass, can in  th e i r  ground s ta te  a lready  

be in  an e n e rg e tic a lly  unfavourable s ta t e ,  such th a t  ju s t  a sm all 

a d d itio n a l amount o f  energy le a d s  to  an unstdjL e c o n fig u ra tio n s .

In  t h i s  s ta te  o f  deform ation th e  rep u ls in g  Coulomb fo rce s  o f  th e  protons 

exceed th e  su rface  te n s io n  holding th e  nucleus to g e th e r , and th i s  

lead s  to  th e  f in a l  breakup o f  th e  nucleus. So, when a neu tron  en te rs  

such a nucleus, a new e x i t  channel e x is t s ,  according to  th e  re a c tio n

X ‘" * n ^  -------" yW-cf-m . m x n '  (1.3.1)
a 0 cr-c c ^  0

competing w ith  a l l  o th e r known re a c tio n  channels. However, t h i s  

re a c tio n s  can be analysed more c lo se ly , lead in g  to  th e  ob serv a tio n  th a t  

two d if f e r e n t  k inds o f  f i s s io n  re a c tio n s  compete w ith  each o th e r: th e  

d ire c t  and th e  compound nucleus re a c t io n s ,  according to  two d if f e re n t
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ways o f  energy t r a n s f e r  from th e  p r o je c t i l e  to  th e  ta r g e t .

F i r s t l y ,  th e r e  i s  a  p o s s ib i l i ty  o f d ir e c t  momentum t r a n s f e r  

when th e  in-coming neu tron  g ives a l l  i t s  k in e t ic  energy to  th e  

ta r g e t  n u c leu s , and th e  l a t t e r  w i l l  s p l i t  due to  th e  pure m echanical 

im pact. These d i r e c t  re a c tio n s  become more im portant a t  h igher 

in c id e n t en e rg ies  anddominate above 15 MeV.

The second p o s s ib i l i ty  i s  th e  cap tu re  o f an incoming neutron  by 

th e  nucleus and th e  form ation  o f a compound nucleus w ith  a f i n i t e  

l i f e t im e ,  according to  th e  re a c tio n

 - F i s s / o n  (1 .3 .2 )

The compound nucleus ) w i l l  be e x c ited , a f t e r  absorbing both

th e  in c id e n t momentum and th e  binding  energy o f th e  a d d itio n a l neu tron . 

Compound re a c tio n s  a re  p rev a len t a t  lower energ ies and can y ie ld  in fo r 

mation about th e  s tru c tu re  o f th e  in te rm ed ia te  nucleus. I t  w i l l  assume 

a v ib ra tio n a l  s t a t e ,  from idiich i t  w i l l  decay v ia  th e  f is s io n  mode, 

when th e  r a t io  o f Coulomb to  su rface  energy i s  favourab le . Since fo r  

some n u c le i th e  b ind ing  energy o f  th e  a d d itio n a l neutron can be 

s u f f ic ie n t  to  e x c ite  them to  a f is s io n a b le  s ta t e ,  th e se  iso to p es  w i l l  

show a therm al c ro ss  se c tio n .

P ie t .  1 shows a dieigram, inc lud ing  th e  d i f f e r e n t  s tep s  lead in g  to  

f is s io n .  A sp h e ric a l ground s ta te  i s  assumed, and a f t e r  a neutron  

has en te red , th e  nucleus g e ts  in to  a deformed ex c ited  s ta te .  This
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d efo n n a tio n  le a d s  to  a more and more p ro la te  shape w ith  

ev en tu a lly  two mass co n cen tra tio n s  on e i th e r  s id e , connected 

by a  th in n e r  neck. When t h i s  s i tu a t io n  i s  reached , i . e .  when th e  only 

p o s s ib le  decay mode l e f t  i s  f i s s io n ,  th e  nucleus has passed over 

th e  sadd le  p o in t .  The neck grows th in n e r , u n t i l  two ad jacen t spheres 

a r e  l e f t ,  and th e  in s ta n t  o f  t h e i r  f in a l  sep a ra tio n  i s  c a lle d  

s c is s io n .  There may be a few neutron^ u su a lly  no t more than  th re e ,  

being  evaporated during o r a f t e r  th e  f i s s io n  p ro cess . I t  i s  a lso  

p o s s ib le ,  t h a t  p r io r  to  f i s s io n ,  th e  nucleus decays by re le a s in g  

one o r even more successive  neu trons, bu t may s t i l l  have enough 

e x c ita t io n  to  complete th e  p ro cess . Another mode i s  te rn a ry  f i s s io n ,  

occuring  w ith  a p ro b a b il i ty  o f l e s s  than  1 in  which th e  event 

i s  accompanied by a th i r d  freigment, u su a lly  an (X -partic le .

To g ive an example o f th e  d iffe re n c e  between d i r e c t  and compound 

nucleus f i s s io n ,  th e  mass d is t r ib u t io n s ,  fo llow ing  th e se  p ro cesses , 

a re  p resen ted  q u a l i ta t iv e ly  in  p ic t .  2a and 2b. P ie t .  2a shows th e  

d i s t r ib u t io n ,  according to  d i r e c t  r e a c t io n s ,  as a G aussian, peaking 

a t  h a lf  th e  mass o f th e  o r ig in a l  nucleus. This can e a s i ly  be seen, 

because a s p l i tu p ,  due to  d i r e c t  momentum t r a n s f e r ,  w i l l  be in  most 

cases a symmetrical one. A decay, however, s ta r t in g  from a compound 

nucleus-fo rm ation , ta k e s  a f i n i t e  tim e and th u s  ehables th e  s in g le  

p a r t ic le s  in  th e  two mass groups to  reo rg an ise  them selves, according 

to  c losed  s h e ll  fo rm ations. T h is ,a s  w il l  be shown l a t e r ,  le a d s  to  th e  

s p li tu p  in to  two asymmetric fragm ents, as can be seen from 2b.

Since therm al f i s s io n  i s  assumed h e re , th e re  a re  no d ir e c t  in te ra c t io n s  

and thus no s ig n if ic a n t  c o n tr ib u tio n  to  symmetric f is s io n .  P ic t .  2c
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shows a su p e r-p o s itio n  o f th e  two r e a c t io n s ,  as i t  occurs a t  

in te rm ed ia te  in c id e n t neu tron  en erg ies . The v a lle y  a t  symmetry^ 

w i l l  be f i l l e d  up more and more when th e se  energ ies a re  in creased .

1 .4  The L iqu id  Drop Model

The l iq u id  drop model had p rim a rily  been d iv ised  to  c a lc u la te
4

th e  b ind ing  en erg ies  o f  n u c le i • I t  t r e a t s  th e  nucleus q u as i- 

c la s s ic a l ly  as a  l iq u id  charged d ro p le t. The t o t a l  energy o f t h i s  

d ro p le t i s

E r E  + E + E + ( / + s ,  (1 .4 .1 )
t o t  V s c

where

E volume energy
V

E r su rface  energy
8

E —Coulomb energy
c

c/ - even-odd c o rre c tio n

8 s h e ll  c o r re c tio n .

a l l  dependent on th e  neutron  number N and th e  p ro ton  Number Z, as 
7

follow s :

E r  -c A, (1 .4 .2 )
w ith  V 1

A
where a and K are  co n s tan ts ;

1
2/, , . . (1 .4 .3 )

E =C2 A  ̂f ( s hape )
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w lth

where a  i s  ano ther co n s ta n t. f(shape) d esc rib es  th e  dependence o f 
2

£ on th e  shape o f  th e  dropj 
s

I : " " )
w ith  e,Z and A as u su a l, r  -  1.3x10 and g(shape) f u l f i l l i n g

o
a s im ila r  fu n c tio n  as f(sh a p e );

w ith  c a  co n s tan t, cf i s  p o s it iv e  fo r  even-odd, n eg a tiv e fo r even-even 
3

and zero fo r  odd-mass n u c le i ,  th u s  re sp ec tin g  th e  in flu en ce  o f  p a ir in g  

e f fe c ts  on th e  b ind ing  energy. The s h e ll  c o rre c tio n  w i l l  be d e a l t  w ith 

in  th e  next subsection  o f t h i s  ch ap te r.

Since only  th e  su rface  and th e  Coulomb energy eure shape dependent, they  

to g e th e r rep re sen t th e  p o te n t ia l  energy o f  th e  system;

V '= £ c * E j (1 .4 .6 )

As p rev io u sly  m entioned, t h e i r  r a t io  determ ines t h e i r  s ta te

r e la t iv e  to  th e  f is s io n  decay mode. I t  i s  th e re fo re  u se fu l to  d e fin e
7

a f i s s i l i t y  param eter :

. (1 .4 .7 )
2  t s

where th e  2 i s  th e re  fo r  conventional reaso n s, x obviously  changes
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during th e  deform ation p rocess  p r io r  to  f is s io n  and can th u s  g ive  

in form ation  about how c lo se  a nucleus a c tu a l ly  i s  to  f i s s io n .  But 

X o f  course a lso  v a r ie s  throughout th e  nuclear ta b le  fo r  a n  th e  

ground s ta te s  and can be used to  c a lc u la te  f i s s io n  b a r r ie r s .

Since th e  p o te n t ia l  energy i s  combined out o f  th e  Coulomb and th e  

su rface  energy, i t  i s  dependent on f(sh ap e) and g (shape) and th u s  

on th e  deform ation o f  th e  nucleus. Those two shape fu n c tio n s  can 

be w r itte n  as

f lY)

and. g ( Y )  (1 .4 .8 )

where Y means a s e t  o f co o rd in a tes  and can be fo r  in stan ce

Y=x,y , z ,O.0 . f   ̂ (1.4.8. 1)

according to  p ic t .  where x ,y  and z a re  C artes ia n  co o rd in a tes  

andQ^and a re  th e  th re e  Euler an g les . For th e  fo llow ing , however, 

i t  i s  s u f f ic ie n t  to  s im p lify  th e  d e sc rip tio n  o f deform ations and 

shapes by using ju s t  two c o o rd in a te s , as in  p ic t .  3b, namely th e  d is tan c e  

from th e  cen tre  o f mass R and th e  angle above th e  h o r iz o n ta l ,^  . In  

th a t  way R can be expressed as

R(j j l )=Q^
N

1=1

(1 .4 .9 )
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w i t h C 06 J  , a  i s a  volume no rm aliza tion  co n s ta n t, P a re  

th e  Legendre polynom inals w ith  t h e i r  c o e f f ic ie n ts  tx/ , Row i t  i s  

p o ss ib le  to  express f(sh ap e) and g(shape) and thus V in  term s o f 

R and ^  . But i t  i s  a lso  p o ss ib le  to  w r ite

V= H (cc^ .(H^)  , (1 .4 .1 0 )

\riiere in  t h i s  sp e c ia l case  OĈ  and a re  c o e f f ic ie n ts  frcm 

( 1. 4 . 9 ) .  In  any case , V can be expressed as a fu n c tio n  o f d efo rm atio n .. 

This i s  done in  th e  p lo t  in  p ic t .  4 , using r e la t io n  (1 .4 .1 0 ) . The 

graph shows th e  p o te n tia l  energy su rface  as a fu n c tio n  o f th e  deforma

t io n  param eters O^and and th e  d o tted  l in e  fo llow s a p a th , 

which lead s  from a ground s ta te  co n fig u ra tio n  to  f i s s io n  as shown 

in  p ic t .  1, which o f co u rse , shows th e  a c tu a l  shape o f th e  nucleus, 

a lso  depending on 0^ and OĈ .

I t  can c le a r ly  be seen, t h a t ,  to  reach  th e  f i s s io n  s ta te ,  th e  nucleus 

has to  surpass a saddle on th e  p o te n t ia l  energy su rface , which g ives 

t h i s  p o in t i t s  name. A b i-d im ensional view o f  th e  saddle p o in t i s  

given in  p ic t .  &nd th e  w ell below th e  b a r r ie r  i s  f i l l e d  w ith  th e  

bound s ta te s  o f th e  compound nucleus. The knowledge o f th e  shape 

param eters o f th e  saddle p o in t s tru c tu re  i s  e s s e n tia l  fo r  c ro ss  se c tio n  

c a lc u la tio n s . On th e  o th e r hand, by fo llow ing th e  p a th  and i t s  a l te rn a t iv e s  

over th e  sadd le , i t  i s  p o ss ib le  to  c a lc u la te  fragm ent mass and k in e t ic  

energy d is t r ib u t io n .
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1 ;5  S h e ll E ffe c ts

When d iscu ss in g  s h e ll  e f f e c ts ,  re le v a n t to  f i s s io n ,  one has to  d is tin g u ish  

between th o se  which a re  o f im portance b e fo re  th e  f i s s io n  p ro cess , and 

th o se , which become im portant during th e  even t. They w i l l  be d e a lt  

w ith  in  t h i s  sequence.

When applying th e  l iq u id  drop energy form ula (1 .4 .1 )  fo r  th e  

c a lc u la tio n  o f n u clear masses w ithout using  th e  s h e ll  c o rre c tio n , i t  

tak es  on th e  form

M(N.Z)=MnN*MHZ*E^*E^*Ec*<f,
where M i s  th e  neutron m ass, and M i s  th e  mass o f  th e  hydrogen atom.

n H 7
C a lcu la tin g  th e  masses throughout th e  nuclear ta b le  , an in te re s t in g

fe a tu re  i s  rev ea led ; th e  d e v ia tio n  o f th e  experim ental masses from a 

smooth l iq u id  drop mass curve shows no uniform tre n d , bu t i s  varying 

c y c l ic a l ly .  P ie t .  6 shows t h i s  e f fe c t  q u a l i ta t iv e ly .  There a re  d ips 

a t  magic numbers, between which th e  d ev ia tio n  fu n c tio n s  r i s e s ,  some

tim es f l a t t e n s  out and then  f a l l s  again . To in te rp r e t  t h i s  phenomenon, 

one has to  remember th a t  th e  l iq u id  drop mass form ula in  i t s  simple 

form c a lc u la te s  th e  ground s ta te  masses fo r  a sp h e ric a l nucleus. W. D.

%^ers and W. J .  Sw iatecki conclude th a t  a sp h e rica l nuclear p o te n tia l  

f o r  th e  mass numbers, r e la t in g  to  th e  bumps between magic numbers, would 

produce degeneracies due to  le v e l  bunching, w ith  a bunch corresponding 

to  a c lo sed  s h e ll .  However, when d is to r t in g  th e  c o n fig u ra tio n  o f  th ese  

n u c le i,  th e  bunching w i l l  d isappear. We thus have ground s ta te  deform ations 

fo r  some n u c le i ,  which a re  e n e rg e tic a lly  more favourab le  than  th e  sp h e ric a l 

shape.
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To be able to  CEilculate nuclear masses s t i l l  with the liq u id  drop 

form ula, one has to  introduce a sh a ll co rrec tio n , which takes care 

o f th e  le v e l bunching. The f in a l  form of th is  co rrec tion  i s ;

s w . z ; -
( j A >  3

where

N

F ( N ) = J ^ ( n ) - n ^ ^ ^ d n  , ( 1 . 5. 2 . 1. )

q ( n ) = ^ ^ i  M .
5 M i - M i . ,  '

( 1 . 5. 2 . 2 )

and F(Z) i s  sim ilar to  F( N). c i s  a constan t, M is  a magic number.
i

One can see from p ic t .  6 th a t  most of the  fiss io n a b le  ac tin id es  f a l l  

in to  a bump category, which means, they have s tab le  ground s ta te  

deformations. This has a serious im plication fo r  the  shape of the 

f is s io n  b a r r ie r ,  as can be seen from p ic t .  7 j in  the  case of Ü-236, 

where th e re  i s  a double-hump-barrier. The tifo minima correspond 

to  s tab le  ground s ta te  deform ations, one fo r p ro la te , the  o ther 

fo r  ob late  shape, whereas a t  zero deformation an interm ediate hump 

i s  loca ted , showing an en erg e tica lly  unstable spherica l shape. This 

i s  sim ilar fo r  most of the  f iss io n ab le  ac tin id e s .

The existence of a double-hump p o te n tia l well can a lso  be deduced
8

from the appearance of spontaneous f is s io n  isomers , represen ting
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Isom erlc ground s ta te s  f o r  th e  two minima*

These are  s h e l l  e f f e c t s ,  p lay in g  a major ro le  p r io r  to  f i s s io n .

During th e  f is s io n  p ro cess  i t s e l f ,  however, o th e r  s h e ll  e f f e c ts  become 

re le v a n t when th e re  i s  a  compound re a c tio n . As has been p o in ted  o u t, 

in  th i s  case one can observe  alm ost always asymmetric f is s io n .

Most au tho rs  today a g re e , t h a t  t h i s  i s  due to  th e  f i n i t e  l i f e  

tim e o f th e  compound n u c leu s , during which th e  fu tu re  fragm ents 

have tim e to  regroup them selves in to  magic number c o n fig u ra tio n s , 

sharing  th e  rem aining nucleons more o r l e s s  eq u a lly . This l a t t e r  f a c t  

i s  re sp o n s ib le  fo r  th e  w id th  o f th e  mass d is t r ib u t io n  o f fragm ents 

from compound nucleus r e a c t io n s .

1 .6  The O p tical Model

The l iq u id  drop model i s  very  u se fu l fo r  c a lc u la tin g  th e  shape o f 

th e  f is s io n  b a r r i e r ,  b u t fo r  th e  ceü.culationof a  c ro ss  se c tio n  an 

in te ra c t io n  model i s  needed, such as th e  o p t ic a l  model.

10
When a neutron  en te rs  a nucleus, th e re  a re  two p o s s i b i l i t i e s  .

F i r s t l y  i t  can m ain ta in  i t s  independent p a r t i c le  m otion, from which i t  

e i th e r  re-em erges from th e  nucleus, o r being absorbed, f9^ms a compound 

nucleus w ith  i t s  t a r g e t .  The second p o s s ib i l i ty  i s  th e  immediate 

ab so rp tio n , to  c re a te  a compound nucleus. In  e i th e r  case we have th e  

p o s s ib i l i t i e s  o f  a b so rp tio n  o r re -em ission . To tak e  th e se  in to  account, 

i t  i s  u s e fu l ,  to  in tro d u ce  an o p tic a l  complex p o te n t ia l ,  th e  r e a l  p a r t  

d escrib in g  a p o te n t ia l  w e ll and th e  a s so c ia te d  energy s ta te s  fo r  th e
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e n te r in g  n eu tro n , whereas th e  im aginary p a r t  tak es  ca re  o f  th e  

ab so rp tio n  e f f e c t :

U = V ( r ) * i W ( r )  , (1.6.1)

where r  i s  a  co o rd in a te .

With t h i s  p o te n t ia l  th e  Schroedinger equation  i s :

(1.6.2)

w ith

(1.6.2.1)

75^

and

U * { r ) = ^ 0 ( r )  (1.6.2.2)

where j i  i s  th e  reduced mass, and E i s  th e  energy, ^  as u su a l. 

The g en era l so lu tio n  o f  t h i s  equation  i s

^ = ^ B i f f ( k r ) P i ( c o s Q )   ̂ (1.6.3)

1=0

w ith  P (cos 0  ) a Legendre polynomial emd f  being th e  so lu tio n  o f 
1 1 

th e  r a d ia l  equation . B can be determ ined by looking a t  th e  asym ptotic
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behaviour;

r —*• oo f ( B ) ^
ikr

(1 .6 .4 )

i s  th e  sum o f  th e  p lane and sp h e rica l wave fu n c tio n s . The p lane 

p a r t  can be described  by sp h e rica l coo rd ina tes  and becomes:

j ( k r ) F f ( c o s Q ) (1 .6 .4 .1 )

/

where j  i s  a sp h e rica l B essel fu n c tio n . Comparing th e  r a d ia l  equation 
1

fo r  f  
1

d r ^  r  d r
k 2 . u * ( r ) - ! ^ ] f i  = 0 (1 .6 .5 )

and th a t  fo r  th e  l a t t e r  fu n c tio n

d r ^  r  d r
k ^ . l M L Jii . = 0 (1.6.6)

le a d s  to  th e  only d iffe re n c e  between them, as being U *(r). So th e  

asym ptotic form o f both  should d i f f e r  only  by a phase s h i f t  , due to  

th e  p o te n t ia l ,  i f  th a t  goes to  zero w ith  la rg e  r .  The asym ptotic

behaviour o f th e  B essel fu n c tio n  i s

j , { k r ) ~  s i n ( k r - J - i j ' )  
k r  2

(1 .6 .7 )
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and. th a t  o f  f  i s  
1

B and f  (0 ) ,  known as th e  s c a tte r in g  am plitude,can  be o b ta in ed  by 
1 ik z

comparing (1 .6 .3 )  w ith  (1 .6 .4 ) ,  and s im ila r ly  fo r  e • This le a d s

to

(1 .6 .9 )

and

Yj2l*lHe^‘'̂ i-l)Pi(cosB). (1.6.10)
/

The t o t a l  c ro ss  se c tio n  can now be expressed as

j \ { ( 9 ) \  smOdQ  ̂ (1 .6 .11)

0

which can f in a l ly  be reduced to

/

( 1. 6. 11. 1)
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10
This deduction  can a l l  be described  as  b a s ic  s c a tte r in g  th eo ry  , 

v a lid  fo r  any p o te n t ia l .  To in troduce  an o p tic a l  param eter, i t  i s  

neccessary , to  look again  a t  th e  asym ptotic behaviour o f th e  

s c a t te r in g  wave fu n c tio n . This can be w r i tte n  in  term s o f th e  

phase s h i f t  f a c to r  cfj as

V- —  y /  H 2H )P (cos 9) \
2k  r  ^  ' L

-A-/ (1.6. 12)

or

2  1 -  ' L ■
I

w i th ^  fo r  th e  incoming a n d 0  fo r  th e  outgoing wave and being 

a  r e f le c t io n  c o e f f ic ie n t ,  defined  as

(1. 6. 12. 1)

7 / r e 2icf, (1 . 6 . 12. 2 )

The meaning o f b e c o m e s  c le a r ,  when in te rp re t in g  i t  in  o p tic a l  

term s;

i f  'Yj^= 1 , th e re  w il l  be 100 $  r e f le c t io n .  I t  w i l l  be ^  1 in  

p ro p o rtio n  to  th e  r e l a t iv e  amount o f abso rp tion  in  a given in c id e n t 

f lu x  and becomes 0 fo r  complete ab so rp tio n . Thus th e  v arious c ro ss  

sec tio n s  can be expressed as  fo llow s;
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i ^ s c ' T T  7 " 17-1) , I (1 .6 .1 3 )

/

f o r  e la s t i c  s c a t te r in g .

fo r  ab so rp tio n , and

6 f ^ j  = ~ Y j 2 h 1 ) ( l - R e ' r ^ ^ )  (1 .6 .1 5 )

^ /

fo r  th e  t o t a l  c ro ss  se c tio n . Considering th e  ab so rp tio n  c ro ss  

se c tio n , one can d e fin e  a tran sm iss io n  c o e f f ic ie n t

which g iv e s , in  o p tic a l  term s, th e  p e n e tr a b i l i ty  o f a nucleus.

The o p tic a l  model w ith  i t s  complex p o te n t ia l  can be used to  

c a lc u la te  th e se  tran sm iss io n  c o e f f ic ie n ts .

1 .7  The S t a t i s t i c a l  Model

When considering  a c ro ss  s e c tio n , i t s  p r in c ip a l  v a r ia t io n  w ith
11

energy can be d iv ided  in to  two reg io n s  * F i r s t l y ,  th e re  i s  th e  low 

energy p a r t ,  which can c o n s is t  out o f  sequences o f  many resonances. 

However, moving up to  h igher en e rg ie s , th e  w idth o f th e  resonances 

becomes such, th a t  th e  resonances them selves overlap  and th u s  a re  no 

lo n g er d is tin g u ish a b le  from each o th e r . We a re  in  th e  continuum reg io n .
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and th e  c ro ss  se c tio n  i s  a  smooth fu n c tio n , varying w ith  energy.

Coming back to  th e  resonance reg io n , one can tak e  an energy

in te rv a l  A E  and average th e  c ro ss  se c tio n  over i t .  Such a

d e s c r ip tio n  does no t in c lu d e  th e  ra p id ly  varying shape o f th e

c ro ss  se c tio n  in  th e  resonance reg io n , b u t lead s  to  a gross

s tru c tu re ,  which p re se n ts  th e  c ro ss  sec tio n  as  a slowly f lu c tu a tin g
12

fu n c tio n  w ith  energy. The s t a t i s t i c a l  model can be used > to  e lab o ra te  

on th e  average c ro ss  s e c tio n , includ ing  both  th e  low and high 

energy reg io n s .

The o p tic a l  model g ives a  form ula fo r  th e  c ro ss  se c tio n  in  term s 

o f  a tra n sm iss io n c o e ff ic ie n t;

6 ^ = ^ ( 2 M ) T ( E )  , (1 .7 .1 )

in  th i s  example fo r  th e  form ation o f a compound nucleus. To have a

sp in  J  can be expressed by th e  square o f th e  Clebsch-Gordan c o e f f i 

c ie n t .  This i s  th e  p ro b a b ili ty  fo r  forming a compound s ta te  w ith  sp in  

J  and in c id e n t neutron  angular momentum 1.

P i j = \ l j : O m \ l j ; J m \ ^   ̂ (1 .7 .2 )

where j  denotes the  channel sp in  o f  th e  combined neutron-nucleus 

system. This g ives a c ro ss  sec tio n

= ^ ( 2 l * 1) T , ( E } \ { l j -0 m \ l j - , J m ) f . (1 .7 .3 )
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In  more g en era l term s, when looking fo r  example a t  an e la s t i c  

r e a c tio n , t h i s  has to  be m u ltip lie d  by another p ro b a b ili ty , tak in g  

in to  account t h i s  p a r t ic u la r  re a c tio n .

y V A A j l r . j W  (1 .7 .4 )

V H Y j p ( E q ) / T f ( P ' )
8 9 /

^ e r e  th e  outgoing neutrons have angular momentum 1 ’ , th e  f in a l  

channel sp in  i s  j ' and th e  d ire c tio n  o f th e  s c a tte re d  neutrons 

i s  described  by th e  coord inate  . r  and p r e fe r  to  p o ss ib le  

competing outgoing channel sp ins and neutron  angular momentum and 

E' to  competing corresponding neutron en erg ies . A i s

m .m '

K/ ,y ;m m  - m 1 /y  ^  I (.O’, y ( 1. 7. 4. 1)

Since (1 .7 .4 )  r e f e r s  to  a s in g le  energy le v e l ,  to  o b ta in  th e  cross  

sec tio n s  fo r  a-Tl energ ies  and neutron angular momenta, one has to  

in te g ra te  and apply th e  neccessary  sum ru le s .  This lead s  f in a l ly  

to  th e  c ro ss  sec tio n  fo r  th e  g eneral re a c tio n  ( i / i * )  w ith  o r ig in a l  

nucleus sp in  i  and f in a l  sp in  i ’ ;

 y r,(E)

^ j i ( 2 J * 1 J _________________________   ̂ (1 .7 .5 )
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where r  2 ,1  or 0 , fo r  th e  cases; both  j  and j  ,

; j  o r j  , (n o t both) 
1 2

; n e ith e r  j  o r j  
. 1 2

s a t i s f y  | V - / | ^ / y  (1 .7 .5 .1 )

w ith

J 'i2 = i i j  (1 .7 .5 .2 )

and th e  doubly primed param eters n o ta te  competing re a c tio n s . Very
9

g e n e ra lly  an average re a c tio n  c ro ss  se c tio n  can be w r itte n  as

d > c c . = ^ 9 U l ) M 5 L  , (1 .7 .6 )

c"
where g ( j , l )  stands fo r  th e  s t a t i s t i c a l  f a c to r ,  composed out o f  

J  and 1 . In  th e  sp ec ia l case o f  f i s s io n ,  t h i s  lead s  to

nr y=/V—

* J H - L
2

g (J , l )T jV ( ,  j ) ( E )   ̂ (1 .7 .7 )

! : j . j  + TjV(n, to t)

w ith  T ^  fo r  th e  f is s io n ,  T ^  fo r  th e  neutron  cap tu re  
( f )  (Y)

gamma-ray and T fo r  th e  t o t a l  s c a tte r in g  tran sm iss io n
( n , to t )
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c o e f f lc le n ts  and T fo r  th e  en te rin g  neutron tran sm iss io n
( i , j )

c o e f f ic ie n ts .  Chapter V w il l  dea l w ith  th e  d e ta ile d  c a lc u la tio n s  

o f  th e se  c o e f f ic ie n ts .

1 .8  P re se n t S ta te  o f  Experim ental and T h eo re tica l Work and F u ture  Trends

The f i s s io n  c ro ss  se c tio n s  o f a c tin id e  n u c le i, e sp e c ia lly  Uranium

iso to p e s , have been measured f req u en tly  and w ith  in creasin g  accuracy.
13

Some examples a re  measurements by E. P fle tsc h in g e r  and F. Kaeppler ,
14 15 16

W. p . P oen itz  , W. P. Poenitz and R. J .  Armani , J .  W. Meadows >
23 17,18

and G. D. James . There e x is t  a lso  sev era l reviews and evalua tions

p re se n tin g  a  p ic tu re  o f  th e  v a l id i ty  o f  p a s t measurements and th e

p re se n t s ta t e  o f th e  experim ental work. A very e lab o ra te
19

and re le v a n t ev a lu a tio n  i s  th e  one by M. G. Sowerby e t  a l .  , being 

th e  most re c e n t a t  th e  tim e o f s ta r t in g  t h i s  p resen t experim ental 

undertak ing .

A c a re fu l study o f th e  p a s t experim ental work re v e a ls , th a t  in  s p ite  

o f th e  frequency o f measurements, th e re  a re  sev era l shortcom ings; 

f i r s t l y ,  most measurements c a r r ie d  out so f a r  a re  r a t io  measurements 

ra th e r  than ab so lu te  ones. Secondly, th e  f is s io n  c ro ss  sec tio n  of 

U-235 i s  very  w ell known only below 0 .5  MeV. The low energy reg ion  

o f  co u rse , was p rim a rily  o f in te r e s t  fo r  therm al f is s io n  re a c to r  

design  and has th e re fo re  been s tu d ied  exhaustive ly . The general shape 

o f t h i s  c ross sec tio n  and o f th e  one fo r  U-238 between 1 and 10 MeV 

i s  f a i r l y  w ell known, although th e re  s t i l l  e x is ts  a number o f 

d isc rep an c ies  among d if f e r e n t  experim ents. A lso, th e  energy re so lu tio n s  

seem to  be r a th e r  poor over t h i s  range. Above 10 MeV th e  s t a t i s t i c a l
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accu racy  i s  a lso  poor, and th e re  a re  a re  la rg e  f lu c tu a tio n s  

among d i f f e r e n t  au th o rs . These f a c ts  prevented th e  observ atio n  

o f  any s tr u c tu r e  y e t .

For th e s e  reasons i t  was th e re fo re  necessary  to  rem easure th e

f i s s io n  c ro ss  sec tio n s  o f  U-235 e sp e c ia lly  and U-238, and to  gain

more accuracy  by doing so. F i r s t l y ,  th e  sub threshold  study o f

th e se  iso to p e s  i s  p a r t ic u la r ly  in te re s t in g  from th e  p o in t o f view
7 ,8

o f  th e  doubly shaped f is s io n  b a r r i e r ,  p red ic ted  by some au thors 

This should  show up as s tru c tu re  in  th e  c ro ss  sec tio n . On th e  o th e r 

hand, th e  f a s t  f is s io n  c ro ss  se c tio n  between 1 and 10 MeV has to  be 

known more a c c u ra te ly  fo r  m ultigroup re a c to r  dynamics c a lc u la tio n s  

f o r  f a s t  b reed er r e a c to rs ,  being developed a t  p re se n t.

F u tu re  experim ents would alm ost c e r ta in ly  include th e  measurements 

o f  f i s s io n  c ro ss  sec tio n s  fo r  super-heavy n u c le i w ith  th e  p resen t 

method, which has been proved su ccess fu lly  fo r  th e  Uranium 

iso to p e s . This i s  o f  considerab le  in te r e s t  fo r  c o r e - c r i t i c a l i t y  

c a lc u la t io n s  fo r  any n uclear re a c to r  and a lso  to  some extend 

f o r  n u c lea r w aste management, a p a r t from th e  pure s c ie n t i f i c  

i n t e r e s t .

There a re  a lso  a number o f refinem ents fo r  measuring f is s io n  c ro ss  

se c tio n s  w ith  more accuracy. One such method i s  th e  method o f
21

th re sh o ld  c ro ss  se c tio n s , described  in  d e ta i l  by J .  W. Behrens •

Considering th e  f i e ld  o f f i s s io n ,  i t  i s  in e v ita b le  to  look beyond 

th e  scope o f c ro ss  sec tio n s  a lone. To id e n tify  any resonances in  

f i s s io n  c ro ss  sec tio n s  p o s it iv e ly ,  a co in c id en ta l measurement



-4o-

o f  an g u la r d i s t r ib u t io n  o f fragm ents i s  neccessary . Together 

w ith  fragm ent mass d is t r ib u t io n  measurements, a  more complete 

p ic tu re  o f  th e  f i s s io n  mechanism could be developed.

Another v ery  in te re s t in g  development i s  th e  in v e s tig a tio n  o f 

th e  BHCr mode o f  decay o f  f is s io n  fragm ents, meaning th e  

subsequent decay v ia  a b e ta  p a r t i c le ,  a delayed neutron  and a
22

gamma ray . In v e s tig a tio n  o f  t h i s  p rocess  i s  a lready  in  p ro g ress  .

In  th e  f i e l d  o f  th e o re t ic a l  c ro ss  se c tio n  c a lc u la tio n s  fo r  f i s s io n ,

th e re  i s  l i t t l e  experience up to  d a te . A ll th e  re le v a n t system atics
9

a re  d escrib ed  by J .  E. Lynn . Improvements can be made by re f in in g  

th e  o p t ic a l  model param eters, to  c a lc u la te  th e  incoming and t o t a l  

s c a t te r in g  tran sm iss io n  c o e f f ic ie n ts  fo r  high A n u c le i. A b e t te r  

experim ental knowledge o r more advanced l iq u id  drop model c a lc u la tio n s  

can le a d  to  a  b e t te r  p a ram etriza tio n  o f th e  b a r r ie r  shapes and thus 

to  more r e a l i s t i c  th e o re t ic a l  f i s s io n  c ro ss  sec tio n s  in  fu tu re .
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CHAPTER H

2 .1  In tro d u c tio n

The p r in c ip a l  in strum ents to  do n e u tro n -tim e -o f- f lig h t work

w e ll e s ta b lis h e d  in  th e  K elvin L aboratory , and so was a l o t  

o f  experience w ith  th e  100 MeV e le c tro n  l in e a r  a c c e le ra to r  a s  th e  

p u lsed  n eu tro n  source. This i s  a lso  tru e  fo r  th e  neutron f lu x  

m on ito rs . However, to  develop a  d e te c tio n  system fo r  f is s io n - tlm e -  

o f - f l i g h t  work w ith  n eu tro n s, y ie ld in g  th e  req u ired  good tim e 

r e s o lu t io n ,  i t  was neccessary  to  tu rn  to  a p rev io u sly  in  t h i s  

la b o ra to ry  no t used d e te c to r ,  a gas s c in t i l l a t o r .

This second chap ter w i l l  f i r s t l y  d escrib e  th e  e s ta b lish ed  in stru m en ta tio n  

in  connection  w ith  th e  a c c e le ra to r  and g ive a view over th e  

p r in c ip a l  t im e -o f - f l ig h t  technique in  connection w ith  f is s io n  c ro ss  

s e c tio n  measurements, involv ing  th e  use o f th e  gas s c in t i l l a t o r .

I t  w i l l  th en  proceed to  d escrib e  th e  development o f  t h i s  s c i n t i l l a t o r ,  

s ta r t in g  w ith  th e  b a s ic  gas s c in t i l l a t i o n  p rocesses fo r  p a r t i c le  

d e te c tio n . This le a d s  to  th e  sp e c ia l case o f Xenon, used fo r  t h i s  

s p e c if ic  s c i n t i l l a t o r ,  and the  in flu en ce  o f c e r ta in  p h y sica l 

param eters , such as p re ssu re , on th e  performance o f th e  gas. A fte r  

th a t  th e  design  o f th e  gas chamber and th e  a ttach ed  vacuum system 

w il l  be d escrib ed . Special emphasis was la id  upon c le a n lin e s s  and 

s t a b i l i t y  o f th e  d e te c tio n  system. A s e r ie s  o f t e s t s  irrith a  Cf-252 

n a tu ra l  f is s io n  source were perform ed, to  a d ju s t th e  optimum co n d itio n s 

f o r  f i s s io n  d e te c tio n . This source was o f course l a t e r  rep laced  by 

Uranium ta r g e t  f o i l s  in  a c e r ta in  geometry to  th e  a ttach ed  p h o to m u ltip lie rs
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and th e  n eu tro n  beam. The in flu en ce  o f  magnetic f ie ld s  on th e  

p h o to -tu b e  and e l e c t r i c  f i e ld  e f fe c ts  on th e  gas were in v e s tig a te d  

and e lim in a te d .

The two f i n a l  subsec tions o f  t h i s  chap ter w il l  dea l w ith  th e  m onitor 

d e te c to rs  and th e  red u c tio n  of a f te r -p u l  s in g , due to  th e  j» - f la s h  

which p reced es  th e  pu lsed  neutron  beam.

2 .2  The L in e a r  A cce le ra to r o f  th e  K elvin Laboratory as a Pulsed

Neutron Source___________________________________________________
24

As d e sc rib ed  by G. I .  Crawford e t  a l .  th e  Kelvin Laboratory  100

MeV. e le c tro n  l in e a r  a c c e le ra to r  (LIMC) can be used as a pulsed

neu tron  so u rce . E lec trons a re  in je c te d  from an e le c tro n  gun a t  an energy o f 30

keV th rough  a  s e t  o f  d e f le c tio n  p la te s ,  across  which a 10 kV p u lse  i s

ap p lied  t o  g iv e  a  3 .5  ns wide p u lse , b efo re  en te rin g  th e  f i r s t  o f  th re e

a c c e le ra to r  s e c tio n s . The f in a l  beam cu rren t a t  th e  end o f th e

a c c e le ra to r  i s  between 50 and 100 mA, depending on th e  se le c ted  e le c tro n

energy and th e  p u lse  r e p e t i t io n  r a t e ,  th e  l a t t e r  ty p ic a l ly  600 pps.

In  p r in c ip le  th e  beam may en te r  one o f  th re e  d i f f e r e n t  beam l in e s  a f te r
o o

leav in g  th e  beam d e f le c tio n  system, a s e t  o f d ip o le  magnets: a t  0 > 45 
o

and 90 . S ince fo r  n e u tro n -tim e -o f- f lig h t experim ents can exact

knowledge o f  th e  energy o f th e  e le c tro n  beam i s  not re q u ired , th e
o

commonly used beam l in e  i s  th e  0 l i n e ,  applying no d e f le c tio n  onto 

th e  beam.

The beam th en  en te rs  th e  neutron c e l l ,  h i t t in g  a neutron  p roduction  

t a r g e t .  P ic t .  8 shows th e  b as ic  lay o u t o f th e  f ro n t se c tio n  o f th e  

a c c e le ra to r  system, used fo r  neutron  work. The beam can be focused 

onto th e  neu tron  production  ta rg e t  by a s e t  o f  quadrupole magnets.
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n-Cell

 —  ------ p==n—  ^—̂ Accelerator

a f hgf ^ t

P ic t .  8 :  F ron t Section of the WO MeV LINAC
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In  f ro n t o f  th e  ta r g e t  th e re  i s  a s c in t i l l a t i o n  screen , 

p a in ted  w ith  Zns, to  show th e  beam sp o t, which i s  observed by 

a  c losed  c i r c u i t  T7-camera. i ^ i c a l  diam eters o f  th e  c i r c u la r  

c ro ss  s e c tio n  beam a re  between 1 .0  and 1 .5  cm. For neutron production  

th e  e le c tro n  energy i s  o f  th e  o rder o f 100 MeV.

The neutron  p roduction  ta r g e t  i s  p re fe ra b ly  a rod o f  high Z m a te r ia l ,  

e i th e r  n a tu ra l  Pb o r Ü. In  th e  p resen ted  experim ents Pb was used.

I t  was c a s t  in to  a s ta in le s s  s te e l  tu b e , c lo sed  a t  th e  bottom end, 

because th e  Pb m elts  under th e  h e a t, d is s ip a te d  by th e  high energy 

e le c tro n s  in  th e  teorget. When th e  e le c tro n s  a re  stopped by th e  

Coulomb p o te n tia l  o f  th e  Pb atoms, they  produce high energy brems- 

s trah lu n g . P a r t o f  th e  brem sstrahlung quanta cause neutron em ission 

from th e  Pb n u c le i by ( ^ , n )  re a c tio n s . The r e s u l ta n t  neutron spectrum 

i s  o f  Maxwellian ty p e , ranging from about 0 .5  to  10.0 MeV and peaking 

a t  about 2 .0  MeV.

The a c c e le ra to r  and o f course a lso  th e  neutron  c e l l  a re  surrounded

by concrete  sh ie ld in g . This sh ie ld in g  i s  in te rru p te d  by 8 f l i g h t

tu b es  a t  d i f f e r e n t  angles and a t  th e  le v e l  o f  th e  e le c tro n  beam

and th e  p roduction  t a r g e t .  The diam eter o f th e se  tubes i s  ty p ic a l ly

20 cm, and th e  tubes can be equipped w ith  d if f e r e n t  k inds

o f  c o llim a to rs . Most o f  th e  tubes en te r  th e  Kelvin Laboratory  North
o

Experim ental H a ll, though th e  70 tube e n te rs  in to  a 100 m evacuated 

f l i g h t  path  w ith  fu r th e r  d e te c to r  s ta t io n s  a t  25 m and 50 m.

2 .3  Measurement o f  F is s io n  Cross S ec tio n s, Using a Gas S c in t i l l a to r  and 

th e  T lm e-of-F ligh t Technique___________________________ _________________
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When using  th e  t im e -o f - f l ig h t  techn ique, th e  tim e, a p a r t i c le  o f 

known mass t r a v e l s  over a  c e r ta in  d is ta n c e , i s  measured. Knowing 

t h a t  d is ta n c e ,  th e  k in e t ic  energy o f  th e  p a r t ic le  can be c a lc u la te d .

The measurement o f  th e  f l ig h t- t im e  i s  u su a lly  done by a tim e -to -  

am plitude co n v e rte r  (TAC), which has to  have a s t a r t  p u lse  generated  

a t  th e  beg inn ing  o f  th e  f l i g h t  p a th  and a stop  p u lse  produced a t  th e  

end p o s it io n .

In  th e  case  o f  th e  f lu x  c rea te d  in  th e  neutron p roduction  ta r g e t  in  

th e  n e u tro n -c e l l ,  th e  e le c tro n  beam produces a s t a r t  p u lse , when 

p assin g  through a  to ro id  j u s t  in  f ro n t  o f  th e  te irg e t, as can be seen 

from p ic t .  9* A fte r  o r ig in a tio n  th e  neutrons t r a v e l  through th e  

co U im ater along th e  f l ig h t - p a th ,  u n t i l  they  reach  a m onitor d e te c to r ,  

u su a lly  a p la s t ic - s c in t i l la to r -p h o to m u lt ip l ie r - s y s te m . The d e te c tio n  

s ig n a l in  t h i s  d e te c to r  serves as a s top  p u lse . The ou tpu t o f th e  TAC, 

being  p ro p o rtio n a l to  th e  f l ig h t- t im e  and in v e rse ly  to  th e  neutron  

energy, i s  th en  fed  to  a  m ultichannel an a ly zer, which s to re s  th e  

in c id e n t neutron  spectrum , according to  th e  d i f f e r e n t  tim es o f a r r iv a l  

o f  th e  neutrons a t  th e  m onitor d e te c to r . In  t h i s  way th e  in c id e n t neutron  

f lu x  i s  measured as a fu n c tio n  o f energy.

In  f ro n t o f  th e  m onitor i s  th e  main d e te c to r ,  a gas s c i n t i l l a t o r ,  which 

p rov ides very l i t t l e  a tte n u a tio n  to  th e  f lu x . In s id e  th e  gas-chamber 

i s  th e  f is s io n  t a r g e t ,  a th in  la y e r  o f th e  iso to p e  under in v e s tig a tio n .

When an incoming neutron  produces f i s s io n ,  in  most cases one fragm ent 

escapes ou t o f  th e  f o i l  in to  th e  surrounding g as , where i t  c re a te s  a s c in t i 

l l a t i o n  p u lse . This p u lse  i s  seen by th e  a ttach ed  p h o to m u ltip lie r  

and again  serves as a stop  p u lse  fo r  another TAC, which go t i t s  s t a r t
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p u lse  a lso  from th e  a lread y  mentioned to ro id .  The ou tpu t o f  t h i s  

second TAC i s  fed  In to  a d if f e r e n t  m ultichannel a n a ly se r, to  s to re  

a spectrum o f th e  n eu tro n s, c re a tin g  f is s io n .  From those  two 

accumulated sp ec tra  i t  i s ,  in  p r in c ip le ,  p o ss ib le  to  d e riv e  th e  

f is s io n  c ro ss  sec tio n .

From th e  above i t  can a lread y  be seen, th a t  th e re  a re  two main 

f a c to r s ,  which c o n tr ib u te  to  th e  energy re so lu tio n  o f th e  system; 

th e  le n g th  o f  th e  f l i g h t  p a th  and th e  tim e response o f th e  d e te c to rs . 

The l a t t e r  f a c t  a lread y  l im i ts  th e  v a r ia b le s  fo r  th e  design o f  th e  

gas s c in t i l l a t o r .

2 ,k  Choice o f a Gas S c in t i l l a to r ,  and I t s  Basic Mechanism 

When choosing a f is s io n  d e te c to r ,  s u ita b le  to  be used in  th e  tim e- 

o f - f l i g h t  arrangement as described  in  th e  previous su b sec tio n , 

th e  fo llow ing requirem ents have to  be met;

1. S eparation  o f f is s io n  events from o th e r re a c tio n s .

The main a l te rn a t iv e  re a c tio n  i s  th e  em ission o f (X-decay products 

from a ta r g e t  f o i l .  A good sep a ra tio n , according to  p a r t i c le  mass, 

to  d is tin g u is h  CX *s from f is s io n  fragm ents, can be achieved in  a 

gas s c in t i l l a t o r .  This i s  because o f th e  low io n iz a tio n  d e n s it ie s  

along th e  s c in t i l l a t i o n  pa th  o f th e se  io n s , which p reven ts  s a tu ra tio n  

o f th e  p u lses  from f is s io n  fragm ents. Therefore th e  r e l a t iv e  pu lse  

he igh t c o r re c t ly  re p re se n ts  th e  r n la t i v  energ ies o f  06' s  and f is s io n  

fragm ents.

2. I n s e n s i t iv i ty  to  t o t a l  energy o f (J - f la s h .

A gas s c in t i l l a t o r  would show a reduced s e n s i t iv i ty  to  th e  (J - f la s h ,  

preceding th e  neutron f lu x  from th e  brem sstrahlung 't a r g e t , because 

o f i t s  low d e n s ity , thus reducing in te ra c t io n  p r o b a b i l i t ie s  w ith
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^  - ra y s .

3 . F a s t p u lse , to  achieve good tim ing re so lu tio n .

Looking a t  th e  v arious decay tim es o f d i f f e r e n t  gases makes 

Xenon an obvious choice w ith  7 .1  ns as th e  s h o r te s t one.

4. Achievement o f 4 3T-or 2 JT-geometry.

This can be achieved w ith  a  gas s c in t i l l a t o r  e a s i ly ,  s ince  a  

t a r g e t  could be inco rpo ra ted  in  i t  d i r e c t ly .

The p r in c ip le s  o f s c in t i l l a t i o n  counting in  general and o f gas
25

s c in t i l l a t o r s  in  p a r t ic u la r  have been p resen ted  w ell by J .  B. B irks • 

I t  i s  found, th a t  th e  s c in t i l l a t i o n  ou tpu t o f  gaseous s c in t i l l a to r s  

ranges from th e  vacuum u l t r a v io le t  (UV) to  th e  lower l im i t  o f  th e  

v is ib le  spectrum , bu t in  in e r t  gases i t  remains m ainly in  th e  UV- 

reg io n  w ith  v e iy  sh o rt decay tim es fo r  th e  s c in t i l l a t i o n  p u lse s .

Other favourab le  p ro p e r tie s  a re  volume f l e x i b i l i t y  and co n tro l*  o f 

th e  p u lse 'am p litu d e  by th e  p re ssu re .

D iffe re n t gases o f  course have d i f f e r e n t  q u a l i t i e s ,  and th e  choice i s  

b a s ic a l ly  among Helium, Neon, Argon, Krypton, and Xenon, although
26

C arbon-T etrafluoride  has been used > and th e  adding o f N itrogen, 

to  s h i f t  th e  UV-wave le n g th  in to  th e  v is ib le  reg io n , i s  o f te n  

p ra c tis e d . V arious au tho rs  a lso  use m ix tu res , combined out o f th e  

noble gases. Although th e  s c in t i l l a t i o n  p rocess in  d e ta i l  i s  r a th e r  

dependent on th e  gas o r th e  m ix tu re , th e  b a s ic  mechanism i s  th e  same 

fo r  a l l .  To in v e s tig a te  i t ,  one has to  look a t  th e  re a c tio n s  w ith  

heavy charged p a r t ic le s ,  such as 06- p a r t ic le s  o r f is s io n  fragm ents, 

escaping from th e  source in s id e  th e  gas.
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A fte r such a p a r t i c le  has l e f t  th e  source, i t  w i l l  t r a v e l  a c e r ta in

d is ta n c e  in  th e  g as , depending on th e  p re ssu re , u n t i l  i t  i s  in

equ ilib rium  w ith  i t s  environment. This i s  ty p ic a l ly  o f  th e  o rder

o f 1 cm in  He a t  a p re ssu re  o f  about 1 a t ,  depending on th e  i n i t i a l
27

fragment energy, o f  course . While t r a v e l l in g  th i s  d is ta n c e , th e  

p a r t ic le  lo se s  a l l  i t s  i n i t i a l  k in e t ic  energy, according to  B ohr's 

c la s s ic a l  theory :

^ ^ 4ze^ZeffZ2N. l]23mv^ (2 .4 . 1)
dx mv2 IẐ ffVo

where dE/dx i s  th e  energy lo s s  per u n it  d is ta n c e , Z i s  th e
e f f

e f fe c tiv e  charge o f th e  p a r t i c le ,  Z i s  th e  t o t a l  number o f e le c tro n s
2

o f th e  stopping atom, N th e  number o f atoms per u n it  volume, m th e

mass o f th e  p a r t i c le ,  v i t s  v e lo c ity , v th e  v e lo c ity  o f an e le c tro n
o

in  th e  f i r s t  B o h r-o rb it and I  th e  io n iz a tio n  p o te n tia l  o f  th e  o u te r  

s h e ll  e le c tro n s  o f th e  medium. There a re  now a considerab le
27, 28,29

number o f s im il-a r  re f in e d  c a lc u la tio n s  a v a ila b le

Along th e  path  o f th e  fragment surrounding atoms or m olecules 

a re  excited  by atomic c o l l is io n s  w ith  th e  p a r t i c le ,  and th e i r  subsequent 

d e -e x c ita tio n  produces th e  s c in t i l l a t i o n  p u lse , which can be observed 

by a p h o to m u ltip lie r , fo r  example. There a re ,  however, sev e ra l p o ss i-
30

b i l i t i e s  o f  e x c ita tio n  and subsequent d e -e x c ita tio n  in  noble gases • 

Simple d e -e x c ita tio n  i s  l i k e

Another p o s s ib i l i ty  i s  an exchange re a c tio n
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X * * X  ^ X * X *  (2 .4 .3)

in  in te ra to m ic  c o l l i s io n s .  The th i r d  p o s s ib i l i ty  i s  th e  c re a tio n  

o f  an io n ized  m olecule:

X * * X  (2 .4 .4)

There i s  a lso  th e  p o s s ib i l i ty  o f im p u ritie s  o r w ave-length s h i f t e r ,  tak in g  

th e  p lace  o f  th e  partner-a tom  in  in te ra to m ic  c o l l is io n s .  M ultip le  

a to m -co U isio n s  w ith  more than  one p a r tn e r  a re  a lso  p o ss ib le . This 

appearance o f  sev e ra l competing re a c tio n  channels exp la ins th e  

absence o f strong  atomic l in e s  in  th e  s c in t i l l a t i o n  spectrum o f noble 

gases.

2 .5  P ro p e rtie s  o f Xenon

Xenon i s  a noble gas , and th e re fo re  i t  does not r e a c t  chem ically

w ith  any o th e r  m a te r ia l,  from which fo r  in stan ce  a s c in t i l l a t o r

enclosure may be made. Comparing i t  w ith  any o th e r inorganic

s c i n t i l l a t o r ,  be i t  o f gaseous, l iq u id  o r p la s t i c  ty p e , i t s

ou tstan d in g  advantage in  r e la t io n  to  tim ing re so lu tio n  in  a tim e-o f-
31

f l i g h t  experim ent Is  i t s  extrem ely sh o rt decay-tim e o f  only  7*1 ns 

in  th e  f a s t  component, as shown in  p ic t .  10. The energy t r a n s f e r  to  

and d e -e x c ita t io n  o f th e  Xenon atoms can be described  by th e  th re e  

re a c tio n s :

2 (2 . '5*1)
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2X e * X e — - X ^ ^ * X e  (2 . .5.2)

X e*2*— - X e * 2 * h v  (2 . . 5. 3)

The p r in c ip a l  p o r tio n  o f  th e  l i g h t  em itted , l i e s  below 200nm 

wave le n g th . This n e c ^ e s s ita te s  a q uartz  window fo r  th e  co n s tru c tio n  

o f  th e  s c in t i l l a t o r  and a q u artz -faced  phototube fo r  observation .

2 .6  In flu en ce  o f  P ressu re , Chamber Geometry and Im p u rities

In  th e  p rev ious sec tio n  o f t h i s  chap ter i t  has a lread y  been mentioned,

th a t  th e  s c in t i l l a t i o n  response in  Xe c o n s is ts  o f two components:
32

a f a s t  and slow one. According to  V. I .  Lyashehko e t  a l .  > th e  f a s t  

component l i e s  in  th e  vacuum-UV-range, whereas th e  slow component 

c o n tr ib u te s  to  th e  v is ib le  range. However, th e  r a t io  o f th e i r  in te n s i t i e s  

v a r ie s  w ith  p re ssu re . P ic t .  11 shows th e  dependence o f  th e  decay tim e 

o f th e  slow component T5 on th e  Xe p re ssu re . The f a s t  component comes
33

m ainly from atomic resonance e x c ita tio n  , whereas th e  slow component 

i s  a t t r ib u te d  to  m eta -s tab le  le v e ls  o f ex c ited  io n s. The recom bination 

tim e o f th e se  ions o f course depends s tro n g ly  on th e  p re ssu re  and 

tem perature o f th e  gas. The chance o f recom bination decreases w ith  

decreasing  p re ssu re , and th e  p ro p o rtio n  o f  th e  slow component in te n s i ty  

thus in c reases  r e la t iv e  to  th e  f a s t  component. However, t h i s  p roportion  

only  becomes s ig n if ic a n t  below about 3OO to r r .  At t h i s  stage th e  

in c re a se  in  d e -e x c ita tio n  tim e o f th e  slow component i t s e l f  i s  so 

s u b s ta n t ia l ,  th a t  Xe now has become a slow s c in t i l l a t o r .
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Another f e a tu re  i s  th e  v a r ia t io n  o f  p u lse  h e ig h t fo r  a g iven  

p a r t i c l e  w ith  a g iven in c id e n t k in e t ic  energy due to  varying 

p re ssu re  , and th e  e f f e c t  o f  t h i s  on th e  p u lse  h e ig h t r e so lu tio n  

o f  th e  system . A d e ta ile d  in v e s tig a tio n  o f th e se  e f fe c ts  w i l l  be 

d escrib ed  in  se c tio n  11 o f  t h i s  ch ap te r.

The observed pulse  amplitude by a photom ultip lier i s  elLso

c r i t i c a l l y  dependent on s iz e ,  geometry and su rface  o f  th e
31

s c i n t i l l a t o r  enclosure  • The s iz e  o f th e  d e te c to r  and th e  

p o s it io n  o f  th e  p h o to m u ltip lie r  determ ines th e  amount o f l i g h t  

absorbed by th e  medium i t s e l f  a t  a g iven p re ssu re . P ic t .  12 I l l u s t r a t e s  

t h i s  e f f e c t .  The geometry determ ines, how o fte n  th e  l i g h t  i s  r e f le c te d ,  

u n t i l  i t  reach es th e  photocathode. I t  i s  th e re fo re  advantageous 

in  term s o f  o p t ic a l  e f f ic ie n c y  to  have th e  sim plest p o ss ib le  chamber, 

f o r  in s tan ce  a c y lin d e r . The s ta te  o f  th e  su rface  o f course c o n tr ib u te s  

to  th e  l i g h t  c o lle c t io n  e f f ic ie n c y  in  re sp e c t to  i t s  a b i l i t y  

to  d e f le c t  as  much l i g h t  as p o ss ib le  and absorb as l i t t l e  a s  p o ss ib le . 

I t  th e re fo re  has to  be p o lish ed .

Some gas s c in t i l l a t o r s  w i l l  only g ive  an o u tp u t, when th e re  a re  

im p u ritie s  in  th e  form o f N itrogen p re se n t, fo r  example Helium. 

N itrogen , as  has been po in ted  ou t b e fo re , can a lso  be used as  wave 

le n g th  s h i f t e r ,  and a lread y  a small f ra c t io n  o f i t  p rovides enough 

in te rm o lecu la r c o l l is io n s  to  be ab le  to  r e ly  e n t i r e ly  on th e  v is ib le  

ou tpu t o f th e  s c in t i l l a t o r .  However, s in ce  t h i s  s o r t  o f  re a c tio n  

involves a t  l e a s t  one, p o ss ib le  two more su b reac tio n s  a f t e r  th e  f i r s t  

e x c ita tio n  o f a Xenon atom, i t  w i l l  s tr e tc h  th e  over-a31 decay 

tim e o f th e  p u lse , which cannot be to le ra te d  i f  f a s t  tim ing i s
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d e s ire d . I t  i s  th e re fo re  neccessary  to  d ispose in  t h i s  case o f a l l  

im p u rit ie s ,  e sp e c ia lly  o f  organic compounds, in  th e  system.

2 .7  Design o f  th e  S c in t i l la t io n  Chamber

P ic t .  13 shows th e  d e ta ile d  design  o f th e  Xe gas s c in t i l l a t i o n  

chamber . I t s  main body c o n s is ts  o f  a s ta in le s s  s te e l  tube o f  about 

10 cm diam eter and w ith  a w all th ick n ess  o f 12 thou", to  p rovide as 

l i t t l e  a tte n u a tio n  to  th e  incoming neutron f lu x  as p o s s ib le . There 

a re  a lso  two s t i f fe n in g  r i b s ,  r o l le d  c o a x ia lly  in to  th e  tu b e , to  

make i t  r ig id  a g a in s t deform ation under p re ssu re . Welded onto th e  

ends o f th e  tu b e , which suspends to  about 15 cm in  le n g th , a re  

two 1 cm th ic k  s ta in le s s  s te e l  f la n g e s , vAiich have ho les to  take  

6 b o l ts  each. These flan g es  have a 1 mm x 1 mm groove on th e i r  

o u ts id e  su rface  to  tak e  an Indium se a l. Indium i s  used fo r  se a lin g , 

because i t  i s  a s o f t  m eta l, and rubber or p la s t i c  se a ls  would outgas 

under vacuum and thus contam inate th e  system. Onto each flan g e  a 

q uartz  qindow, a 1 cm th ic k  d is c ,  can be f ix e d  w ith  th e  h e lp  of 

Tufnol f la n g e s , matching those  a t  th e  chamber body. Between th e  

Tufnol flan g es  and th e  quartz  window i s  a rubber s e a l ,  to  even out 

p re ssu re  i r r e g u la r i t i e s ,  due to  d i f f e r e n t  ten sio n s  on th e  s ix  fa s ten in g  

b o l ts  on each s id e . The th ick n ess  o f th e  q uartz  d isc  had to  be not l e s s  

th an  1 cm, to  su s ta in  a t  l e a s t  2 atm gas p ressu re  in s id e  th e  chamber.

Onto th e  window a phototube can be a tta c h e d , and i t  i s  coupled

to  i t  o p t ic a l ly  by S ilico n e  g rease . As po in ted  out b e fo re , th e

p h o to m u ltip lie r  face  has to  be out o f q uartz  as w e ll, not to  a tte n u a te

th e  UV s c in t i l l a t i o n  r a d ia tio n . There a re  only few p h o to m u ltip lie rs ,
35

which conform w ith  t h i s  co n d itio n . One i s  th e  58 UVP j and i t s
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Pict. 13: Design of the Gas Sc in t i l lo to r
1 :PhotormuHi plier Bose ;2:Metol Springs ,3:Plastic Cord ] 4 : Photo- 
multiplier '5:Mu-Meta! Shield,6:Tu ^not Flange )7:Rubber Seal; 
Ô.Quartz Window ;9: Indium Seal ;10 :Metal Flange ;11 : Stiffening  
Ribs ;12 .'Chamber Body :13 :Bolts;14: Gas Pipe ,15:Vocuum Pipe; 
16.'Valves ;17:Connectors;1 d:Pr&ssure P ip e ',19'.Pressure Gauge ; 
2 0 '.Support
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s e n e l t iv i ty  versus wave le n g th  i s  p lo tte d  in  p ic t .  l4 .  The tube 

i t s e l f  i s  sh ie ld ed  by Mu-metal a g a in s t magnetic d is tu rb an ce  over 

i t s  e n t i r e  le n g th  and r « s ts  between two s e ts  o f clamps. I t  i s  

fo rced  a g a in s t th e  window by m etal sp rin g s , fasten ed  between a 

p o in t a t  th e  p h o to m u ltip lie r  b ase , which i s  a standard  r e s i s to r  

ch a in , and a le n g th  o f p la s t i c  cord , f ix e d  to  a b o l t ,  connecting 

th e  flanges, w ith  th e  o th e r end.

2 .8  The Vacuum and th e  Gas System

To achieve a deem  g as , to  be used as a f a s t  s c in t i l l a t o r ,  i t  i s

neccessary  to  produce a good vacuum b efo re  hand. The chamber

th e re fo re  has sep ara te  g as- and vacuum supply connectors

and one fo r  a p ressu re  m onitoring gauge. These can be seen from

d e ta i l  I  in  p i c t .  13. Three p ipes leav e  one o f th e  f la n g e s , welded

onto th e  chamber body, r a d ia l ly .  The flan g e  i t s e l f  has h o les  d r i l l e d

in to  i t ,  thus making a connection to  th e  in te r io r  o f th e  chamber.
o

The th re e  p ipes then  bend by 90 * The vacuum and th e  gas p ipe  a re  

then  in te rru p te d  by v a lv es , whereas th e  p ressu re  p ipe le ad s  s tr a ig h t  

to  a gauge, which i s  capable o f measuring p ressu res  from vacuum 

to  2 atmospheres ab so lu te . The gas and vacuum p ipes have connectors 

to  th e  gas supply and to  a vacuum pump re sp e c tiv e ly . A ll p ip in g , s e a ls ,  

p a r ts  o f  th e  v a lv e s , in d u d in g  menbranes, have to  be out o f  m eta l, 

fo r  th e  same reasons as applying fo r  th e  Indium se a ls  in  subsection  

2 .7 .

The s e a l ,  connecting th e  gas supply, a lso  has to  be out o f  Indium, 

whereas th e  se a l a t  th e  vacuum connector can be a rubber one, 

because any contam ination, a r is in g  from i t ,  would be pumped out and 

th e  valve c losed  a f te r  th a t .
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The vacuum i t s e l f  i s  achieved by f i r s t l y  using a ro ta ry  pump, to  pump
-1

th e  chamber down to  a rough vacuum, about 10 t o r r ,  and a f t e r  th a t  

a d iffu s io n  pump i s  brought in to  a c tio n  to  b rin g  th e  p re ssu re  down 

f u r th e r .

2 .9  C lean lin ess  o f  th e  D etector System

Every p recau tion  was taken  to  make th e  chamber and i t s  a d d itio n a l 

p a r ts  as c lean  as  p o ss ib le . The in te r io r  o f th e  chamber i t s e l f  

was cleaned w ith  N itr ic  a c id , to  g e t r id  o f d i r t  from th e  welded 

and so ldered connections. I t  was then  r in se d  under w ater. The 

p ip e s , lead in g  to  th e  gas b o t t l e  and : to  th e  pumps, were f i l l e d  

w ith  T rich lo re th y len e  and l e f t  fo r  2k hours, be fo re  they  were a lso  

r in se d  under w ater.

During th e  evacuation  process th e  whole chamber and th e  p ipe  work,

includ ing  v a lv es , were covered w ith  r e s i s t iv e  hea ting  ta p e , the

power output o f  which could be c o n tro lle d  by a v a r ia b le  transfo rm er.

The tem perature o f th e  tap e  was m onitored c a re fu l ly ,  not to  exceed 
o

150 C, which i s  below th e  m elting  p o in t o f  Indium. The hea ting  was 

neccessary , to  evaporate any re s id u a l w ater or organic compounds, 

th e  vapour o f which could then  be pumped out by th e  d if fu s io n  pump.

“3
A fte r th e  p re ssu re  reached about 10 t o r r ,  a co ld  t r a p ,  which was 

p a r t  o f  th e  pumping system, was f i l l e d  w ith  l iq u id  N itrogen , to  

condense re s id u a l vapours in  th e  chamber-pump system. The p ressu re  

near ab so lu te  vacuum was m onitored by a s e n s itiv e  Penning manometer.
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r a th e r  th a n  by th e  gauge a t  th e  chamber, th e  accuracy o f which

was on ly  u s e fu l a t  h ig h er p re ssu re s . A fte r 2k hours o f  pumping
-5

th e  vacuum o b ta in ed  was 10 t o r r ,  which was considered  to  be 

s u f f ic ie n t  under th e  described  p recau tio n s.

2 .10  S t a b i l i t y  o f  th e  D etector

When ta lk in g  about s t a b i l i t y  o f  th e  gas s c in t i l l a t o r ,  th e  constancy 

in  p u lse  am plitude fo r  a given p a r t ic le  w ith  given energy over a 

p e rio d  o f  tim e i s  re fe r re d  to .  A given p u lse  am plitude spectrum 

can a ls o  be  used as  a re fe re n c e . How th i s  was done, i s  described  

in  th e  nex t subsec tion .

The f a c to r s ,  in flu en c in g  th e  s ta b i l i t y  o f th e  s c in t i l l a t i o n  o u tp u t, a re :

a) Gas P ressu re :

The e f f e c t  o f  th i s  has been c a re fu lly  in v e s tig a te d  and i s

p resen ted  in  subsection  2 .11.

b) Temperature:

This e f f e c t  i s  s im il ia r  to  th a t  concerning p re ssu re . I t  was

u su a lly  s u f f ic ie n t  to  r e ly  on th e  o u ts id e  tem perature a t  th e

d e te c to r  s ta t io n ,  s in ce  v a r ia tio n s  a re  small during one and th e
o

same experIm ental run (estim ated  1 2  C maximum v a r ia tio n )  and

th e i r  e f f e c t  i s  even sm aller on th e  s c in t i l l a t i o n  o u tp u t. The

o th e r  p o s s ib i l i ty  i s  to  keep th e  chamber tem perature constan t a t
o

about -70 C by th e  use o f a co ld  f in g e r , welded onto one o f th e

f la n g e s , and cooled by s o lid  CO (dry ic e ) .
2

c) E le c tr ic  F ie ld  E ffe c ts :

These a re  o f  r e p e t i t io u s  sh o rt tim e n a tu re , and th e i r  e lim in a tio n  

i s  d escribed  in  subsection  2 .lU .
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d) Magnetic E ffe c ts  on th e  P h o to m u ltip lie r: ,

The in v e s tig a tio n  o f  th e se  i s  p resen ted  in  Appendix A.

When e lim in a tin g  th e  causes c) and d ) ,  and keeping a) and b) c o n s ta n t, 

no change in  p u lse  am plitude could be observed over long p erio d s  

o f  tim e. Even a f t e r  having l e f t  th e  gas in  th e  chamber fo r  sev era l 

months, no adverse e f fe c ts  on th e  p u lse  am plitude re so lu tio n  could 

be observed, and th e  s c in t i l l a t o r  was s t i l l  in  a  useab le  s ta t e ,  

a s  i f  f re s h ly  f i l l e d  w ith  gas. T h is, o f  course , was only p o s s ib le , 

when th e  chamber was a b so lu te ly  gas t i g h t ,  and a l l  im p u ritie s  had been 

e lim in a ted , b efo re  f i l l i n g  i t  w ith  gas.

2 .11 T ests With a Cf-2^2 Source

To t e s t  th e  s c in t i l l a t i o n  chamber in  i t s  response to  (X -p a rtic le s  and 

f is s io n  fragm ents, and to  a d ju s t i t s  p re ssu re , to  g ive an optimum 

p u lse  am plitude re so lu t io n , t e s t s  were c a r r ie d  out w ith  a Cf-252 

source. This em itted  f is s io n  fragm ents and cX -p artic les  as n a tu ra l 

decay p roducts. This i s  a well-known procedure fo r  c a l ib ra t in g  a
36

gas s c in t i l l a t o r  • The s tre n g th  o f  th e  source was about 120 f is s io n  

events per m inute and an about 30 tim es h igher CX - r a te .  The source 

was obtained  from th e  UKAEA H arwell. I t  had been evaporated onto a 

th ic k  s ta in le s s  s te e l  backing and was covered by a th in  N ickel f ilm , 

to  p revent m ig ra tion  o f th e  Californium . I t  was p laced  in s id e  th e  

chamber in  a  sm all fram e, fac in g  one window a t  a d is tan ce  o f  about 

10 cm.

s'*
I t  has been observed , th a t  th e  p u lse  am plitude o f  a given p a r t ic le
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w ith  g iven  i n i t i a l  k in e t ic  energy v a r ie s  w ith  p ressu re  in  a gas 

s c i n t i l l a t o r .  S ince t h i s  i s  o f  Importance fo r  th e  p u lse  am plitude 

r e s o lu t io n ,  a  s e r ie s  o f t e s t s  were conducted, and p u lse  am plitude 

s p e c tra  were taken  fo r  d i f f e r e n t  p re ssu re s . A measure fo r  th e  

re s o lu t io n  was hereby th e  q u a l i ta t iv e  im pression o f good sep a ra tio n  

between f i s s io n  fragm ents and a  - p a r t ic le s  as w ell as th e  c le a r  

appearance o f  two w ell d is tin g u ish a b le  f is s io n  fragm ent peaks.

The e le c tro n ic  setup  fo r  th e se  t e s t s  i s  shown in  p ic t .  15. The 

p h o to m u ltip lie r  was powered by a reg u la ted  high v o ltag e  power supply.

The anode o u tp u t o f th e  tube  was taken  from a  r e s i s to r  chain  base 

and fed  in to  a s e le c ta b le  a c tiv e  f i l t e r  a m p lif ie r , where i t  was 

in te g ra te d  and am p lified . The a m p lif ie r  ou tpu t then  was s p l i t ,  to  

observe i t  on an o sc illo sc o p e , and was fed  sim ultaneously to  two 

d i f f e r e n t  p u lse  h e ig h t a n la y se rs , one provid ing  a num erical o u tp r in t  

o f  th e  channel co n te n ts , th e  o th e r a paper tap e  o u tpu t. A photograph 

o f  th e  d isp la y  o f  th e  l a t t e r  was a lso  taken w ith  a P o la ro id  Cam-era.

The paper tap e  ou tpu t was coupled to  th e  an a ly ser by an analog to  

d ig i t a l  co n v erte r.

The g en era l range o f  p o s s ib le  p re ssu re s  was between 0 to  2 atm, predeterm ined
33

by s tu d ie s  o f o th e r au th o rs  > th e  d iscu ss io n  o f tim ing and p re ssu re  

in  subsection  2 .6  and th e  m echanical s tre n g th  o f th e  chamber i t s e l f .

During th e  a c tu a l t e s t s  measurements were taken  a t  vacuum,0.06, 0 .1 7 ,

0 .3 ,  0 .5 , 0 . 67, 0 .8 , 1 .0 , 1 . 3 , 1 .6 , 2 .0 , 2. 3 , 2 .6 , 3 .0  atm abs. P ic t .  I 6 

shows a s e r ie s  o f  CfV252 sp e c tra , taken  a t  v arious p re ssu re s . I t  can



-6 L

(/)

IT)

5

-c

L.
Ll

§■■*—
a*

c
o
L.-L_
o
Qj

Uj

IT)

O
CL



-65

c
Z)
o

Cj

o

0.3
2.0

• . . ' { A

».

0.67 2.6 atm abs

/ • v v » : *

1.0 Channel No.

>.. . . . « ' M i -
, ■ W-'O-W-.KZ'rf'' *

P ic t . 16: Cf-252 Spectra  At Différent Pressures



-66-

c le a r ly  be  seen , th a t  th e  p u lse  am plitude decreases w ith  in c reasin g  

p re s s u re , b u t th a t  th e  re so lu tio n  i s  no t determ ined by a sim ple 

p ro p o rtio n a l law . I t  was f in a l ly  decided , th a t  in  th e  in v e s tig a te d  

range th e  spectrum , taken  a t  2 atm ab s , showed th e  b e s t re so lu tio n .

In  th e  fo llow ing  th e  d e ta i l s  o f t h i s  measurement a re  given:

Accumulation Time: 20 min.

High V oltage: 2 kV

A m p lifie r, Ortec 440A: Coarse Gain (h ig h ): x32

Fine Gain: 0 

Shaping Time: 2 y^sec.

U nipolar Prompt Output

Since th e  decay o f Cf-252 i s  accompanied a lso  by ^ - r a d ia t io n ,  ^ -quanta 

were p re se n t a t  th e  same tim e, b u t they  were e i th e r  submerged in  th e  

Of -  and n o ise-peak , or th e  d e te c to r  was no t s e n s it iv e  to  them. T ests 

w ith  an e x te rn a l s tro n g er ^  -sou rce  a lso  d id  not show any conclusive 

evidence about th e  d e te c tio n  c a p a b il i ty  o f ^  -ray s  by th e  s c in t i l l a t o r .

2 .12 Target Arrangement

As has been mentioned in  th e  p rev ious su b sec tio n , th e  Cf-252 source

had to  be f i t t e d  in to  a small fram e, which was stuck in s id e  th e  chamber,

to  face  th e  phototube. The arrangement fo r  th e  U-235 and U-238 f is s io n

ta r g e t s ,  however, had to  be d i f f e r e n t ,  s ince  th e  ta r g e ts  had to  face

th e  in c id en t neutron  beam, which was perpend icu lar to  th e  chamber ax is

and a lso  face  th e  chamber window, which was p a r a l le l  to  th e  neutron
o

beam, a t  th e  same tim e. A 45 angle re p re se n ts  a compromise between th e se  

requirem ents. The U-235 f is s io n  ta r g e t  f o i l  was ob tained  again  frcan
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th e  UKAEA H arw ell. The f i s s i l e  m a te r ia l,  which was a t  a  th ick n ess  
2

o f  0 .7 5  mg/cm , was evaporated onto a Tantalum backing in  th e

form o f  Ü 0 , which l e f t  a 2 mm wide f r in g e  around th e  c i r c u la r  7
3 8

cm d iam eter s e n s i t iv e  ta r g e t  a re a . A th in  f ilm  o f  Gold covered

th e  f o i l ,  to  p reven t m ig ra tion  o f th e  O f-active f i s s io n  m a te r ia l.

The U-238 t a r g e t  was bought from Tw entieth Century E le c tro n ic s ,

and th e  backing was s ta in le s s  s te e l ,  8 cm in  d iam eter. There was

no covering  f ilm  over th e  s e n s i t iv e  a re a , \rtiich was J ,6  cm in

d iam ete r, and th e  f is s io n  su b s tra te  was pure Uranium a t  a th ick n ess  
2

o f  1 mg/cm . A more d e ta ile d  assessm ent o f th e  ta r g e t  mass as w ell

as  O t-a c tiv ity  w il l  be made in  appendix C.

A t a r g e t  h o ld e r was co n stru c ted  ( s .  p i c t .  I 7) ,  which c o n s is ts

m ainly ou t o f  two s te e l  r in g s ,  f i t t i n g  c o n c e n tr ic a lly  between

th e  chamber re in fo rc in g  r ib s  and held  to g e th e r by two s t r ip s  o f

s te e l .  Between th ese  s t r ip s  a p iv o tin g  r in g  was f ix e d , to  tak e  one

ta r g e t  on th e  s id e , fac in g  th e  neutron beam and a t  th e  same tim e
o

one chamber window a t  4-5 > and on th e  o th e r s id e , w ith  i t s  back 

to  th e  t a r g e t ,  th e  Cf-252 source. The ta rg e t  r in g  could be 

p iv o ted  from o u ts id e  by using  th e  fo rce  o f g ra v ity , when th e  

chamber was t i l t e d ,  and thus th e  same phototube could face  e i th e r  th e  

f i s s io n  ta rg e t  or th e  Cf-252 source. The l a t t e r  was inc luded , to  

have a known re fe ren ce  fo r  th e  p u lse  h e ig h t spectrum during 

an experim ental run . Target and source were fasten ed  on a shee t o f 

th in  Aluminium, which in  tu rn  was ben t round th e  edge o f th e  

p iv o tin g  r in g .
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Neuîron Beam

Photocothode

Pict. 17: Target Arrangement
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2.13 A ccelera to r Test and E lim ination  o f th e  y -F lash

To t e s t  th e  gas s c in t i l l a t o r  under experim ental co n d itio n s on

th e  pulsed  neutron  beam o f th e  K elvin Laboratory  e le c tro n  LIMC,

th e  U-235 f is s io n  ta r g e t  was arranged as described  in  th e  p rev ious

subsec tion , and th e  d e te c to r  p laced  a t  a d is ta n c e  o f  13 m from th e
o

neutron p roduction  ta r g e t  a t  th e  90 f l i g h t  path  in  th e  North H a ll. 

During th i s  t e s t  i t  was soon d iscovered , th a t  th e  d e te c to r  was 

s e n s it iv e  to  th e  ^  - f la s h ,  preceding th e  a r r iv a l  o f th e  f i r s t  neu trons 

from th e  production  ta r g e t .  At t h i s  f l i g h t  p a th  p o s it io n  a ^  - f la s h  

s ig n a l o f 3 to  ^ V olts was measured on an o sc illo sc o p e . This was o f 

th e  same order o f magnitude as th e  f is s io n  fragm ent s c in t i l l a t i o n  

p u lse s , whereas th e  a - p a r t i c l e s  d id  not exceed about 300 mV.

Since th e  ^ - s ig n a ls ,  occuring w ith  th e  r e p e t i t io n  frequency o f th e  

a c c e le ra to r ,  would t r ig g e r  a TAG every beam b u r s t ,  and s in ce  they  

could not be excluded by s e tt in g  a d isc rim in a to r  th re sh o ld , some o th e r 

means o f excluding them had to  be devised.

For th e  pu lse  h e ig h t a n a ly s is  a s im ila r  e le c tro n ic  setup  was used 

as in  th e  t e s t s  w ith  th e  Cf-252 source. In  ad d itio n  to  t h i s  th e  tim ing 

o f th e  f is s io n  p u lses  was in v e s tig a te d . The whole e le c tro n ic  system fo r  

th ese  t e s t s  i s  d isp layed  in  p ic t .  l8 . The anode p u lse  o f th e  

ph o to m u ltip lie r i s  taken  from th e  base and fed  in to  a l in e a r  fan  o u t, 

which provides two o u tp u ts . One o f  them serves as an inpu t to  a 

d isc rim in a to r.

The d isc rim in a to r i s  s e t  to  exclude th e  small am plitude OC-signals.



“ 70“

CL
E

o
g

Q,

& Ü«0
Q

CL
"ÙDO oL.

CL
03
U1 Z )

10

L.

DL.

QjOO

o>
-c

L.

CL

<b

c
oL.
o
(b

î i
QO
■îCj
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and i t s  lo g ic  ou tpu t goes a s  a stop  p u lse  to  a TAG, ^ i c h  g e ts  i t s  

s t a r t  p u lse , delayed a f t e r  th e  ^  - f la s h ,  from another d isc r im in a to r , 

having as inpu t a to ro id  p u lse , produced by th e  e le c tro n  beam. The 

TAG outpu t i s  then  fed  through a l in e a r  g a te  to  a m ultichannel 

ana lyzer.

Pulse h e ig h t in form ation  i s  derived  from a second fan -o u t o u tp u t.

The second fan -o u t ou tpu t i s  fed  through a f a s t  l in e a r  g a te , b e fo re  

i t  goes to  an am p lif ie r  fo r  p u lse  h e ig h t a n a ly s is . The f a s t  g a te  

i s  d riven  by th e  ou tpu t o f  a  g a te  g en e ra to r, which has i t s  inpu t 

from another to ro id  beam p u lse . This ou tpu t i s  a lso  delayed 

a f t e r  th e  a r r iv a l  o f  th e  ^ - f l a s h ,  according to  p ic t .  19, and opens 

th e  f a s t  g a te  fo r  sev e ra l y / s e c . , to  cover th e  req u ired  energy range. 

The am p lifie r  ou tpu t i s  s p l i t ,  and one p u lse  goes to  a m ultichannel 

ana lyzer fo r  p u lse  h e ig h t in v e s tig a tio n , whereas th e  o th e r one 

serves as an in p u t o f a s in g le  channel an a ly ze r, th e  th re sh o ld  

o f  which i s  s e t  to  exclude (X - p a r t ic le s  and d riv e s  th e  l in e a r  

g a te , which con trô les th e  TAG o u tp u ts .

S e ttin g  a th re sh o ld  tw ice a g a in s t sm all p u lses  -  once a t  a d i s c r i 

m inator fo r  th e  tim e p u lses  and once a t  a s in g le  channel ana lyzer 

fo r  th e  l in e a r  p u lse s  - was done, because i t  i s  d i f f i c u l t  to  exclude 

a l l  small p u lses  w ith  a f a s t  d isc r im in a to r , w ithout excluding 

a c c id e n ta lly  a lso  a p o r tio n  o f la rg e r  f is s io n  p u lse s . Therefore 

th e  d isc rim in a to r was m ainly s e t  to  exclude n o ise , and th e  s in g le  

channel analyzer to  exclude th e  somewhat la rg e r  ot ’ s and random



-72-

Anode Pulses

Discriminator Output

TAG Start

TAG
Outputs

Cate Generator Output

5C/4 Outputs

Fission Stop 
Pulses After  
Linear Gate

P ic t .19: P u lse  Scheme For Acce lera tor  Test



-73-

sm all ^ ' s .  The s in g le  channel ana lyzer was a lso  neccessary , to  

exclude th e  am plified  t r a n s ie n ts  o f  th e  f a s t  g a te .

The main aim o f  th e se  t e s t s  was, to  t e s t  th e  d e te c to r 's  re a c tio n  

to  th e  ^  - f la s h  and to  f in d  a system, which e lim inated  i t s  e f f e c t ,  

which was done su cc e ss fu lly .

2.14 E le c tr ic  F ie ld  E ffe c ts  On th e  Chamber

During I n i t i a l  t e s t s  w ith  th e  Cf-252 source la rg e  p u lse s , by f a r  

exceeding th o se  c rea ted  by f is s io n  fragm ents,w ere observed in  th e  

p u lse  h e ig h t spectrum. These p u lses  were randomly d is t r ib u te d  over 

a wide range beyond th e  f i s s io n  p u lses  as w ell as culm inating 

in  a broad peak in  a high p u lse  am plitude reg ion . P ic t .  20 shows th e  

t o t a l  p u lse  am plitude spectrum.

There i s  no exp lanation  p o ss ib le  o f  th e se  p u lse s , having a 

genuine p h y s ica l meaning in  term s o f a r is in g  from p a r t ic le s  or 

from th e  Californium  source. Vîhen observing th e se  p u lses  during 

th e  accum ulation on th e  m u lti-channel an a ly ze r, i t  was discovered  

th a t  a f t e r  tim e in te rv a ls  o f  a  flew seconds th e  p h o to m u ltip lie r 

was reco rd ing  a b u rs t  o f  p u lses  a l l  over th e  am plitude reg io n , bu t 

p r im a rily  a t  th e se  high am plitudes. This le d  to  th e  conclusion , 

th a t  th e re  was a b u ild  up o f  an e le c t r o s ta t ic  f i e ld  in  th e  chamber, 

c rea ted  by th e  combined a c tio n  o f  th e  high vo ltage  

photocathode (2000 V) and th e  d i - e le c t r i c  quartz  window. This
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"condenser e f f e c t ” le d  to  a  d ischarge a f t e r  some tim e, producing 

secondary em ission o f  e le c tro n s  by a c c e le ra ted  ions towards 

th e  window from a  s c in t i l l a t i o n  p u lse , which in  tu rn  c rea ted  a 

r e le a s e  o f  a  number o f  sm all s c in t i l l a t i o n  p u lse s , p i l in g  up to  a 

s in g le  la r g e  am plitude p u lse  as w ell as  a number o f  sm aller 

am p litu d es.

To e lim in a te  th e se  f i e ld  e f f e c ts ,  i t  was neccessary  to  have th e  

chamber a t  th e  p o te n t ia l  o f  th e  photocathode. To provide good e le c t r ic  

coup ling  and to  have no adverse e f f e c ts  between th e  quartz  window 

and th e  o u te r  face  o f  th e  photo tube, a g r id  o f conducting p a in t  

was p a in te d  over th e  face  o f th e  p h o to m u ltip lie r . This g r id  was 

connected e l e c t r i c a l ly  to  th e  photocathode and to  th e  chamber body, 

so t h a t  th e  whole system was a t  e q u ip o te n tia l high v o ltag e . F u rth e r 

t e s t s  rev ea led  now th e  disappearance o f  th e  p rev io u sly  observed 

f i e ld  e f f e c ts .

2 .15  The M onitor D etectors

As has been po in ted  ou t a t  th e  beginning o f  t h i s  ch ap te r, to  . 

measure a f is s io n  c ro ss  s e c tio n , i t  i s  e s s e n tia l  to  have a t  l e a s t  

one sep a ra te  d e te c to r  from th e  f i s s io n  chamber, which m onitors 

th e  in c id e n t neutron f lu x  in  s tren g th  and e n e rg y -d is tr ib u tio n . This 

re q u ire s  a f a s t  neutron d e te c to r , which has good tim ing 

q u a l i t i e s ,  and th e  e f f ic ie n c y  o f which i s  known o r can be c a lc u la te d  

f a i r l y  a c c u ra te ly . Such d e te c to rs  have been used and te s te d  under 

experiment€Ll co n d itio n s  exhaustive ly  in  th e  p a s t ,  and one o f  them
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i s  a  p la s t i c  s c i n t i l l a t o r ,  mounted on a p h o to m u ltip lie r , 

in  th e  p re se n t case an HE 102-56 AVP combination .

The s c in t i l l a t i o n  p ro p e r tie s  o f  t h i s  k ind  o f  d e te c to r  a re
25,33

understood very  w ell • In  th e  neutron  d e te c tio n  process an incoming 

neutron  c o ll id e s  w ith  a  p ro ton  o f  th e  hydrocarbon compound, out o f 

which th e  s c in t i l l a t o r  i s  composed, and th u s  e x c ite s  th e  

m olecules. In  th e  d e-e x c ita t io n  p rocess a photon i s  em itted , 

which can be d e tec ted  by a  p h o to m u ltip lie r . In  th e  p re sen t case 

th e  dimensions o f th e  HE 102 s c in t i l l a t o r  were 0.621 x 01.27 (cmxcm). 

This meant, t h a t  fo r  c a lc u la tin g  th e  e f f ic ie n c y  o f th e  d e te c to r , 

m u ltip le  s c a tte r in g  o f  an incoming neu tron  could be d isreg ard ed , 

and th e  s c in t i l l a to r  could  be used a t  a f a i r l y  sh o rt f l i g h t  p a th ,

(ab. 20.0 m), w ithout having too much p i l e  up, when m onitoring 

th e  incoming f lu x .

Although in  p r in c ip le  one m onitor d e te c to r  should be s u f f ic ie n t ,  

i t  i s  very u s e fu l ,  to  have a second one,which a t  l e a s t  measures 

th e  s tre n g th  o f  the  neutron  f lu x . Qhis need no t be a t im e -o f - f l ig h t  

d e te c to r ,  and i t  th e re fo re  need not be p o s itio n ed  a t  th e  same 

f l i g h t  path  than  the  o th e r  two d e te c to rs . I t s  main purpose 

i s  to  compare i t s  c o u n tin g -ra te  w ith  th a t  o f  th e  o th e r two 

d e te c to rs , to  check th e i r  s t a b i l i t y ,  reg a rd in g , fo r  example, photo

m u lt ip l ie r  gain . Because th e  a c c e le ra to r  beam i t s e l f  can be u nstab le  

in  cu rren t o r s te e r in g , t h i s  can be checked w ith  th e  c o u n t-ra te  o f 

th re e  d e te c to rs . Their r a t io s  should be co n s ta n t, i f  they  a re  working 

a l l  r ig h t ,  and i f  v a r ia t io n s  a re  only due to  a c c e le ra to r  co n d itio n s.
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The second monitor de tec to r was a L il - c ry s ta l .  The s c in t i l la t io n
25,33

process o f  th ese  a re  d if fe re n t than fo r  organic s c in t i l la to r s  * .

A main p a r t  i s  played by im purities in  the  c ry s ta l ,  fo r  instance 

Tl*' - io n s , which provide interm ediate energy s ta te s  between 

th e  valence band and th e  conduction band. An excited  e lec tron  

can thus be captured in to  such an in term ediate s ta te ,  frcmi 

which i t  can decay e ith e r  rad io tio n le ss  through c ry s ta l  v ib ra tio n s  

or by em itting  a photon, which can be observed by a pho tom ultip lier. 

Since th e  p ro b a b ility  o f neutron de tec tion  decreases with neutron 

energy, a moderator o f p a ra ff in  wax was introduced in  fro n t o f the  

d e te c to r , to  provide therm alized neutrons. This was fe a s ib le , 

because only th e  number o f neutrons per u n it time was in te re s tin g , 

not th e i r  en erg y -d is trib u tio n , which i s  independent o f acce le ra to r 

v a ria tio n s .

2.16 Reduction of A fter-Pulsing In the Monitor Detector 

The NE 102 monitor de tec to r i s ,  o f course, s im i la r ly  effected  by 

the  ^ - f la s h , as th e  Xenon Chamber, only, th a t  the  signal produced 

in  i t  i s  about 12 V fo r  the  neccessary high voltage (2 kV). A pulse 

o f th a t  magnitude w ill  c rea te  a f te r  pulsing in the  pho tom ultip lier, 

and i t  i s  th e re fo re  not s u f f ic ie n t, to  exclude the ^  - f la sh  signal 

in  the  same fashion  as fo r the  gas s c in t i l la to r .

A fter-pu lsing  or s a t e l l i t e  pulses have been investiga ted  by
37,38

several authors , When a strong l ig h t  signal h i t s  th e  photo
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cathode and produces the  re le a se  o f a shower of e lec tro n s ,

th e re  i s  th e  p o s s ib i l i ty  o f p o s itiv e  ions being re leased

subsequently from th e  f i r s t  dynode^ These ions can o rig in a te

from re s id u a l w ater, enclosed in  the  phototube during manufacture,

and they  tend to  m igrate to  the  photo-cathode a f te r  having been

re le a se d , and so c re a te  a secondary s ig n a l. This e ffe c t i s  neg lig ib le

fo r  normal small p u lses , bu t not fo r  la rg e  sa tu ra tin g  sig n a ls . There

i s  n a tu ra lly  a v a ria tio n  o f recovering c ap a b ility  w ith in  a short

period  of time and o f the  time between o rig in a l pulse and a f t e r -

pu lse . This tim e-lapse i s  c h a ra c te r is tic  fo r each type of pho tom ultip lier,

and, indeed, fo r  each ind iv idual phototube i t s e l f .  A fter-pu lses are

small in  amplitude and w ell defined in  tim e, regarding th e i r  f i r s t

appearance in  a time spectrum, although the  d is tr ib u tio n  tends

to  t a i l  o f f  ra th e r  slowly. P ie t. 21 shows the  ty p ic a l time d is tr ib u tio n

o f a f te r -p u lse s .

To d-im inate them, i t  i s  neccessary to  make the  photo-cathode 

o f the  m u ltip lie r  in se n s itiv e  to  the  s c in t i l la t io n  s ig n a l, which 

causes i t .  In p ic t .  22 the  e lec tron ic  system used can be seen. The 

photocathode i s  constan tly  a t  a "b arrie r"  vo ltage, which prevents 

e lectrons reaching the f i r s t  dynode, i . e .  the  f i r s t  dynode 

i s  permanently negative w ith respect to  the  cathode. Only sho rtly  

a f te r  the  ^ - f la sh  the  cathode i s  made sen sitiv e  fo r  a period 

o f time (severa l y ts e c . ) ,  by applying a pu lse  from a generato r, which 

enables an am plifie r c i r c u i t ,  to  se t the  cathode to  normal operating 

p o te n tia l fo r i t s  du ration , allowing detection  of the  subsequent 

s ig n a ls . A fter th a t  the  cathode i s  re s e t  to "b a rrie r"  voltage again. In 

th is  way i t  cannot "see" the  - f la sh  a t  a l l ,  and no a fte r-p u ls in g  

i s  produced. The pulse  generator input i s  taken from an acce le ra to r
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Pict. 21: Time D is tr ibu t ion  of A f te r  Pulses^^
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to ro id  and thus occurs a t  beam frequency. To provide good e le c tro 

s t a t i c  coupling between th e  p u lse  c i r c u i t  and th e  photo cathode, 

a  w ire mesh i s  in troduced  in  f ro n  o f th e  p h o to m u ltip lie r  fa ce  

and a lso  connected to  th e  cathode p o te n t ia l .

A fte r  p u lsin g  i s  no t a se rio u s  problem fo r  th e  L i l  m onitor and 

th e  ^ - f la s h  can be e lim inated  by th e  seme tech n iq u e , ap p lied  

to  th e  gas s c in t i l l a t o r .
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CHAPTER i n  

3*1 In tro d u c tio n

The measurements o f  th e  f is s io n  c ro ss  se c tio n  o f U-235 and 

U-238 were perform ed during two subsequent experim ental runs 

w ith  th e  gas s c i n t i l l a t o r ,  d escribed  in  th e  prev ious ch ap te r.

The d u ra tio n  o f  th e  run  was determ ined by th e  s t a t i s t i c a l  p re c is io n  

re q u ire d  and th e  d ec is io n  about how long a  tim e would be reasonab le  

in  term s o f  s t a b i l i t y  o f  th e  d e te c to rs  and e le c tro n ic s  and o f  th e  

g en e ra l experim ental schedule in  th e  K elvin L aboratory . The energy 

reg io n  in v e s tig a te d  was determ ined by th e  neu tron  f lu x ,  provided 

by th e  LIKAC, th e  e f f e c t  o f  e lim in a tin g  th e  ^  - f la s h  and th e  th re sh o ld s  

n eccessary  f o r  th e  main m onitor d e te c to r  to  e lim in a te  n o ise .

Major to o ls  b e s id e  th e  d e te c tio n  system w ere, o f course , th e  100 

MeV e le c tro n  l in e a r  a c c e le ra to r  and a PDP-7 o n lin e  computer o f th e  

L aboratory .

A c a re fu l d e c is io n  about th e  choice o f f l ig h t- p a th  in  re sp e c t 

to  th e  angle  to  th e  e lc tro n  beam as w ell as to  i t s  len g th  had to  

be made. This i s  a lso  t ru e  fo r  beam c o llim a tio n  and f i l t e r i n g .  The 

e le c tro n ic  systems fo r  both  main d e te c to r  and m onitors were somewliat 

d i f f e r e n t  from th o se , used in  th e  p rev ious t e s t s ,  m ainly because 

o f  th e  use o f th e  o n lin e  computer. Before th e  run  th e  d isc rim in a to r 

fo r  th e  anode tim e p u lses  had to  be s e t  a t  a  c e r ta in  b ia s  le v e l ,  

to  e lim in a te  n o ise . This had to  be checked during and a f t e r  th e  run .

The d a ta  s to rag e  was done, as a lread y  in d ic a te d , in  a  PDP-7 

computer v ia  analog to  d ig i t a l  c o n v e r te rs , using  a programme, which 

allowed a co incidence s to rag e  o f tim e and l in e a r  p u lses  fo r  th e  main
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d e te c to r .  F l ig h t  P a th , e le c tro n ic s ,  beam p u lse , and s to r in g  b in

w idth  determ ined  th e  tim e re so lu tio n  o f th e  system. The background in

th e se  experim ents was -  a p a r t  from e le c tro n ic  no ise  -  m ainly due

to  o t-decay  o f  th e  ta r g e ts  and a  sm all amount o f  a f t e r  p u lsin g

due to  ^  - f l a s h  in  th e  phototube fo r  th e  Xenon Chamber. For th e

l a t e r  co n v ersio n  o f  th e  tim e sp çc tra  to  energy sp e c tra  a tim e

c a lr r ib ra tio n  o f  th e  m ultichannel s to re  had to  be undertaken as  w ell

a s  an a b s o lu te  energy c a l-d b ra tio n  fo r  a t  l e a s t  one particu leur in d iv id u a l

channel.

3 .2  P o s itio n in g  o f th e  D etecto rs and C ollim ation 

The ^ - f l a s h  produced a r a th e r  high s ig n a l in  th e  gas s c i n t i l l a t o r ,  

a lthough  much sm aller than  in  th e  NE 102 m onitor. S ince, to  E lim inate  

f i e l d  e ffec ts , th e  whole chamber had to  be a t  photocathode p o te n t ia l ,  

and th e re fo re  to  e lim in a te  t h i s  small amount o f a f te r -p u l  s in g , th e  

chamber i t s e l f  would have to  be sw itched. This p resen ted  problem s, 

concerning e l e c t r i c a l  coupling and th e re fo re  gain  s t a b i l i t y .  I t  was 

decided , t o  accep t th e se  a f te r -p u ls e s  and e lim in a te  them l a t e r  in  

a d i f f e r e n t  way a n a ly t ic a l ly .  N evertheless i t  was neccessary  to  make 

th e  ^  - f la s h  as small as p o ss ib le . This was p o ss ib le  in  th re e  ways: 

choosing a  f a i r l y  long f l i g h t  p a th , choosing a backward ang le  w ith  

re sp e c t to  th e  e lc tro n  beam d ire c t io n ,  and f in a l ly ,  reducing  th e  

^ - f l a s h  by in troducing  high Z m a te r ia l  f i l t e r s .  A ll th re e  methods 

were engaged, and w ith  a l l  compromises had to  be taken :

a) Length o f f l i g h t  pa th :

Since th e  inverse  square law fo r  f lu x  red u c tio n  a g a in s t
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d is ta n c e  i s  v a l id ,  in  th eo ry  th e  ^  - f la s h  can be 

made as sm all as d e s ire d . The l im i t  here  i s  s e t  by 

th e  sim ultaneous red u c tio n  in  neutron f lu x , lead in g  

to  a sm aller and sm aller event r a te .  The compromise 

was such, th a t  th e  ^  - f la s h  should be  made as small as 

f e a s ib le ,  w ithout reducing th e  neutron  f lu x  to  an 

unacceptably  low le v e l  w ith  regard  to  th e  d u ra tio n  o f  th e  

experim ents. A f l ig h t- p a th  le n g th  o f 20.0 m was regarded  

as  accep tab le . In  f a c t ,  i t  was ex ac tly  I 9 .96  m. The 

m onitor d e te c to r  was p laced  behind th e  gas s c in t i l l a t o r  

a t  2 0 .U7 m. I t  was no t p o ss ib le  to  p lace  i t  in  f ro n t  o f  

th e  gas chamber, w ithout d is tu rb in g  th e  in c id e n t f lu x ,  

whereas th e  main d e te c to r  provided l i t t l e  a tte n u a tio n  

to  th e  same. M onitor d e te c to r  and f is s io n  t a r g e t ,  o f course , 

were c o a x ia lly  p o s itio n ed .

b) Angle o f  f l ig h t-p a th y

sep ara te  in v e s tig a tio n  had shown th a t  th e  ^  - f la s h  i s

reduced , when s e le c tin g  a more backward angle w ith  re sp e c t

to  th e  e le c tro n  beam d ire c t io n . I t  i s  s tro n g e s t in  l i n e ,  
o

i . e .  a t  0 j w ith  th e  beam and f a l l s  o f f ,  when in c reasin g  

th e  angle away from th e  beam. I t  was th e re fo re  decided to  

p o s it io n  th e  gas s c in t i l l a t o r  and th e  main m onitor 

d e te c to r  a t  th e  most backward angle p o ss ib le  a t  th a t
o

len g th  o f f l ig h t- p a th  w ith in  th e  North H a ll. This was a t  124 .

c) F i l te r in g :
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by p u ttin g  le a d  in to  th e  neu tron  beam l i n e ,  th e  

ÿ  - f la s h  could be reduced f u r th e r ,  bu t n a tu ra l ly  

th e  in te n s i ty  o f  th e  neutron f lu x  w ith  i t .  P ic t .  23 

shows th e  e f f e c t  o f  le a d  on th e  am plitude o f th e  

^ - f la s h  and th e  in te n s i ty  o f  th e  neutron  f lu x . I t  i s  

n o tic e a b le , t h a t  above a c e r ta in  th ick n ess  o f le a d  th e  

y - f la s h  am plitude rem ains c o n s ta n t. However, i t  was noted , 

th a t  th e  frequency i . e .  in te n s i ty ,  o f  th e  j  - f la s h  i s  fu r th e r  

decreased  by in c reas in g  th e  th ick n ess  o f  th e  f i l t e r  m a te r ia l. 

A compromise had to  be found, reg ard in g  th e  accep tab le  

amount o f ^  - f la s h  in  comparison w ith  th e  d e s ire d  not too 

low count r a t e .  3-0 cm o f  le a d  in  th e  f l i g h t  p a th  seemed 

a p p ro p ria te .

In s id e  th e  f l i g h t  tube a le a d  c o llim a to r o f  2” in  diam eter and 1 yd. 

in  len g th  was p laced , so th a t  th e  neutron  beam was approxim ately 

ad ju sted  to  th e  ta rg e t  diam eter a t  th e  p o s it io n  o f th e  d e te c to r .  The 

p r o f i le  o f th e  beam was measured a t  a d is ta n c e  o f  15.0 m from th e  cen tre  

o f  th e  neutron c e l l  and i s  shown in  p ic t .  24. S ince th e  beam was s t i l l  

wide a t  the  d e te c to r , a fu r th e r  c o llim a to r o f about 40.0 cm in  len g th  and 

w ith  an in te rn a l  diam eter o f  5" was p laced  j u s t  in  f ro n t  o f  th e  d e te c to r ,  

m ainly to  p reven t s c a t te r in g  o f th e  ^  - f la s h  and neutrons from th e  

flan g es  o f th e  chamber, and to  p reven t ( ^  ,p ) - re a c tio n s  in  th e  f la n g es . 

This was checked a f t e r  p lac in g  a 1* th ic k  box o f p a ra f f in  in  th e  f l i g h t -  

p a th  in s id e  th e  neutron c e l l .  A ll neutrons were absorbed, b u t th e  

^  - f la s h  came through in  s tren g th . No re a c tio n  from i t  was observed w ith  

th e  gas s c in t i l l a t o r  except fo r  ^ - f l a s h .
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Since ^  - f l a s h  problems played no major r o le  in  considering  th e
o

p o s i t io n  o f  th e  second m onito r, i t  was p laced  a t  th e  90 f l i g h t  

p a th  a t  a  d is ta n c e  o f 12.0 m. P ic t .  25 shows th e  complete lay o u t 

o f  th e  d e te c to r  geometry in  th e  North H all o f  th e  K elvin Laboratory .

3 .3  The E le c tro n ic  Systan For th e  Main D etector

Because o f  th e  way, th e  d a ta  a re  accumulated in  th e  o n lin e

com puter, th e  e le c tro n ic  system fo r  th e  gas s c in t i l l a t o r  i s  s l ig h t ly

d i f f e r e n t  to  th e  s e t  up, used in  th e  t e s t  ru n s. As can be seen from

p i c t .  26, th e  anode p u lse  i s  again  fed  to  a fa n -o u t, p rovid ing  two sep a ra te

o u tp u ts . One serves as a l in e a r  p u lse , and th e  o th er i s  fo r  the, tim e

lo g ic .  The h igh  v o ltag e  on th e  p h o to m u ltip lie r  was I 8OO V, which

gave a  p u lse  h e ig h t o f  about 250 mV fo r  OL - p a r t ic le s  and about 3 V on

average fo r  f i s s io n  fragm ents, vrtien th e  d e te c to r  was operated  a t

2 ,0  atm abs gas p re ssu re . The l in e a r  p u lse  was fed  through a f a s t

g a te ,  which opened fo r  10 y j .s e c . , when tr ig g e re d  by th e  ou tpu t o f

a g a te  g en e ra to r. The inpu t to  th e  l a t t e r  cam from a f a s t  d isc r im in a to r ,

which go t i t s  in p u t in  tu rn  from a to ro id  beam p u lse . The g a te  genera to r

o u tp u t was delayed fo r  about I 50 ns a f te r  th e  r i s e  o f th e  ^  - f la s h .

The ou tpu t o f  th e  f a s t  g a te  then  went to  an in te g ra tin g  a m p lif ie r  

and th en  through a delay  a m p lif ie r , where th e  tim ing o f th e

l in e a r  pu lse  was a d ju s te d , to  be in  coincidence w ith  th e  TAG output

in  th e  tim e c i r c u i t ,  b efo re  going to  an a n a lo g - to -d ig ita l-c o n v e rte r  

(ADC).

The tim e p u lse  went s t r a ig h t  to  a f a s t  d isc r im in a to r, th e  th re sh o ld  o f 

which was s e t  a t  about 200 mV b ia s .  The d isc rim in a to r  ou tpu t served as

a stop  p u lse  fo r  a TAG, th e  s t a r t  p u lse  o f which was derived  from another

f a s t  d isc r im in a to r , tak in g  i t s  inpu t from a sep a ra te  to ro id  beam p u lse .



-6?

G e
CL

---- n s

\
\
\
\
\
\

\
\
\ C

Oj
E<h
O)
C
D

O
CL

-c

C
co
C\

u
CL



-90-

Neulron Beam

GqS 
Scintillator

Power
Supply

Cate Amp Delay
Am p

PDP-7

Toroid
Pulse

Toroid
Pulse

P ic t .  26: E lec tron ic  Setup For the M a in  Detector



“91-

The ou tpu t o f  th e  TAG th en  passed through a f a s t  l in e a r  g a te , which 

was d riven  by a  g a te  g en era to r. The g a te  g enera to r go t i t s  d riv in g  

p u lse  from th e  s t a r t  p u lse  f a n -o u t, to  delay  i t  fo r  200 ns a f te r  

th e  lead in g  edge o f  th e  ^  - f la s h .  The ou tpu t o f  t h i s  g a te  was then  

matched w ith  th e  l in e a r  p u lse  as a lread y  m entioned, b e fo re  going in to  

th e  same dual ADC as th e  l in e a r  one. The ADC was in te rfa c e d  w ith  a 

PDP-7 computer. The ADC-mode o f  d a ta  tak in g  w il l  be d escribed  in  

subsec tion  3*6.

3 .4  The E lec tro n ic  Systems For th e  Monitor D etectors

F i r s t l y ,  th e  main in c id e n t f lu x  m onitor, th e  ME 102 p la s t i c  s c in t i l l a t o r ,  

i s  considered . The photocathode o f t h i s  d e te c to r  was sw itched, to  

exclude a f te r  p u ls in g  due to  j  - f la s h .  The sw itching p u lse  came 

from a g a te  g e n e ra to r, which go t i t s  inpu t from th e  same f a s t  d isc r im in a to r. 

Which a lso  provided th e  d riv in g  p u lse  fo r  th e  g a te  g e n e ra to r, to  t r ig g e r  

th e  f a s t  g a te  fo r  th e  l in e a r  Xenon Chamber p u lse . The sw itching 

p u lse  i t s e l f  was 10 JUsec. long and 12 V in  am plitude. The anode pu lse  

o f  th e  d e te c to r  then  went d i r e c t ly  to  a f a s t  d isc r im in a to r , which was 

s e t  a t  a th re sh o ld  o f 0.255 MeV neutron  energy, to  exclude n o ise .

The de term ina tion  o f t h i s  th re sh o ld  i s  described  in  th e  follow ing 

subsection . The ou tpu t o f  t h i s  d isc rim in a to r served as  a s to p  p u lse  to  

a  TAG. The s t a r t  p u lse  o f  t h i s  TAG again  came from th e  s t a r t  p u lse  

fa n -o u t. The TAG outpu t was gated  by a f a s t  l in e a r  g a te , which was driven  

by a ga te  g en era to r ou tpu t s im ila r ly  to  th e  main d e te c to r  c i r c u i t ,  which 

go t i t s  inpu t from th e  s t a r t  p u lse  fanout and delayed i t  fo r  about 

200 ns a f te r  th e  ^  - f la s h .  The f in a l  g a te  ou tpu t then  went to  a fu r th e r  

ADC, which, o f cou rse , was in te rfa c e d  to  th e  PDP-7 computer as w e ll.
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The c i r c u i t s  fo r  bo th  m onitor d e te c to rs  can be seen in  p i c t .  27.

The second m on ito r, th e  L i l  d e te c to r ,  sen t i t s  anode s ig n a l through 

a  f a s t  l i n e a r  g a te ,  which was d riven  by a g a te  fan -o u t o u tp u t, 

s im ila r  t o  th e  one fo r  th e  l in e a r  p u lse  from th e  gas s c i n t i l l a t o r ,  

and th e  o u tp u t was 10 yUsec. long and delayed by about 150 ns 

a f t e r  th e  ^  - f la s h .  This p e rio d  re p re se n ts  th e  tim e during  which 

prompt neu tro n s can be d e tec ted ,an d  random events a re  thereby  

excluded.

The g a te  o u tp u t then  went in to  an a m p lif ie r , which f in a l ly  fed  i t  

to  an ADC, to  go ev en tu a lly  to  th e  PDP-7 computer as  a p u lse  

h e ig h t spectrum .

3 .9  B ias Level o f  th e  Main M onitor D etector 

The d isc r im in a to r  th re sh o ld  fo r  th e  anode p u lse  o f th e  ME 102 

s c i n t i l l a t o r  d e te c to r  had to  be s e t  to  exclude no ise  s ig n a ls . The 

commonly used method is to  use a weak re fe ren ce  source w ith  known 

energy p o in ts ,  r e la te d  to  neutron en erg ies . The th re sh o ld  should 

a lso  no t be too  h igh , to  extend th e  u se fu l range o f th e  in c id e n t 

neu tron  spectrum w ell to  lower en e rg ie s , in  th i s  case lower than 

0 .5  MeV. The re fe re n ce  source used was an Am-2Ul gamma source.

The complete gamma spectrum o f t h i s  source i s  shown in  p i c t .  28.

The peak corresponds to  0 .5  MeV neutron  energy.

To measure th e  th re sh o ld  o f a  d isc r im in a to r , th e  e le c tro n ic  

se tu p  o f p ic t .  29 was used. The p h o to m u ltip lie r  anode p u lse  i s  fed  

through th e  d isc r im in a to r , th e  ou tpu t o f  which goes to  a g a te  

g en e ra to r. The g a te  gen era to r ou tpu t d riv e s  a l in e a r  g a te . I f  th e
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g a te  i s  in  o p e ra tio n , i t  w i l l  only l e t  pass am pliefied  dynode 

p u ls e s , exceeding th e  d isc rim in a to r  b ia s  le v e l .  The e f fe c t  o f  t h i s  

can be seen in  p ic t .  30. I f  th e  g a te  i s  open, a  spectrum , according 

to  p i c t .  28, i s  accumulated in  th e  p u lse  h e ig h t ana lyzer.

Since th e  peak energy i s  known as 0 .5  MeV, re sp . 6o keV j  - ra y  or 

e le c tro n  energy, th e  c u to f f  in  th e  lead in g  edge o f th e  gated  

spectrum can be c a lc u la te d . In  th e  p resen t case t h i s  channel in  th e  

p u lse  h e ig h t spectrum corresponded to  11.1 keV e le c tro n  energy. To 

convert t h i s  to  neutron  energy, a c a l ib r a t io n  graph by J .  B. C z irr  e t
39

a l .  was used , and th e  corresponding neutron  energy fo r  th e  b ia s  le v e l  

was 0.255 MeV. This i s  not only Im portant fo r  th e  determ ina tion  o f 

th e  spectrum range in  th e  in c id en t f lu x  used, bu t a lso  ev en tu a lly  

fo r  th e  c a lc u la tio n  o f  th e  m onitor d e te c to r  e ff ic ie n c y .

3 .6  Two Param eter Data S torage

The f a s t  d isc r im in a to r  fo r  th e  gas s c in t i l l a t o r  tim e p u lse  was 

s e t  to  exclude m ainly n o ise , so th a t  Of - p a r t ic le s  were a lso  counted 

in  th e  d a ta  s to re  to g e th e r  w ith  f is s io n  fragm ents. This was neccessary  

because i t  was a p r io r i  d i f f i c u l t  to  decide where to  s e t  a th re sh o ld . 

This again  n e c /e s s i ta te d  a mode o f d a ta  ta k in g , which allow ed an a 

p o s te r io r i  s e t t in g  o f th e  th re sh o ld . The obvious way o f  doing t h i s ,  was 

to  c o l le c t  tim e p u lses  in  coincidence w ith  th e i r  l in e a r  p u lse  

am plitude. In  t h i s  way a m atrix  would accum ulated, and s l ic e s  

o f i t  could l a t e r  be se le c te d  fo r  fu r th e r  a n a ly s is . Two con d itio n s  

fo r  t h i s  mode had to  be f u l f i l l e d .  F i r s t l y ,  th e  tim e-and l in e a r  p u lse s ,

belonging to g e th e r , had to  en te r  a dual ADC in  coincidence. This was
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achieved by th e  use o f  a delay  a m p lifie r  in  th e  l in e a r  

c i r c u i t .  Secondly, a computer f a c i l i t y  to g e th e r w ith  a programme 

fo r  t h i s  mode o f d a ta ,tak in g  had to  be a v a ila b le . The computer 

was a PDP-7> and th e  programme had been developed p rev io u sly  by
4o

J .  D. K e llie  and G. I .  Crawford . This programme must a lso  

a llow  fo r  sim ultaneous s to rag e  o f  th e  two monitor sp ec tra  in  

usuel, m ultichannel etnalyzer mode.

P ie t .  31 shows th e  lay o u t o f  th e  K elvin Laboratory PDP-7 computer 

w ith  i t s  main fe a tu re s . The TAG p u lses  to g e th e r w ith  th e  am plified  

l in e a r  p u lse s  a r r iv e  a t  th e  same tim e a t  th e  ADC. This ADC accep ts 

only  an in p u t in  one channel (x), when th e re  i s  a sim ultaneous input in  

th e  o th e r channel (Y). I f  only one p u lse  a r r iv e s ,  i t  w i l l  only 

w ait 8y t^sec . fo r  a corresponding p u lse , a f te r  which th e  two pu lses  

a re  th en  processed  to  th e  computer. A p r io r  hardware coincidence 

o f th e se  p u lses  i s  th e re fo re  necessary . A fte r both  p u lses  have 

€trrived, they  a re  then  fed  to  th e  b u ffe r  to  th e  computer memory.

The d isp la y  i s  made fo r  th e  e n t i r e  X or Y reg io n s , i . e .  X in  coincidence 

w ith  a l l  Y channels and v ice  v e rsa . The p u lse  am plitude p u lses  went 

in to  256 channels and th e  tim e p u lses  in to  512 channels, so th a t  

th e  t o t a l  m atrix  s iz e  was X . Y = 256 x 512. When th e  b u ffe r  was 

f i l l e d  w ith  1024 coincidence p u lse s , i t s  con ten ts  was au to m atica lly  

read  onto a DEC-tape, where i t  was s to red  as th e  same m atrix  fo r  

l a t e r  p ro cessing . Control o f  th e  PDP-7 was exerc ised  from a Console 

te le ty p e . F u rth e r ou tpu t f a c i l i t i e s  were a paper tap e  punch and a f a s t  

l in k  to  th e  K elvin L aboratory  PDP-10 computer. To lo ad  th e  programme, 

a paper tap e  was read  in  by th e  paper tap e  read er to  s e le c t  i t  from
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another DEC-tape on a separate  tape d rive . The data DEC-tapes 

were changed about every $120 counts, to  have separate data 

s to re s , and to  be secure against acc iden ta l in te rfe ren ce  during 

storage fo r the  bulk of th e  data . P ie t. 32, 33, 3^, and 35 show 

ty p ic a l pulse  height and time spec tra , accumulated during the  

experiments fo r U-235 and U-238 f is s io n . The conso le-teletype 

i t s e l f  p rin te d  out the  number o f counts, tran sfe rred  to  the  

b u ffer in  1 or 5 min. in te rv a ls . This was neccessary fo r :check 

of operation  and fo r norm alization during l a t e r  analysis .

As a lre a c ^  in d ic a te d , th e  memory o f th e  PDP-7 accepted a lso  th e  

m onitor sp e c tra  from sep a ra te  ADCs in  conventional m ultichannel 

d a ta  s to rag e  in to  d i f f e r e n t  d a ta  re g io n s , each c o n s is tin g  ou t of 

1024 channels , bu t not on DEC-tape. To re le a se  th e se  d a ta , th e  

o th e r p e r ip h e ra l in s ta l l a t io n s  had to  be used. P ie t .  36 and 37 

show th e  m onitor sp e c tra . Since th e  count r a te s  o f th e  m onitors 

were eilso p r in te d  ou t by th e  te le ty p e , a t ru e  running tim e comparison 

fo r  them and th e  f is s io n  sp ec tra  was not neccessary , a f t e r  

s u f f ic ie n t  s t a t i s t i c s  had been a rr iv e d  a t .  The d if f e r e n t  running 

tim es fo r  th e  main d e te c to r  and th e  f lu x  spectrum monitor 

could be norm alized a g a in s t each o th e r by tak in g  th e  o u tp r in t  

tim es in to  account l a t e r .

To exclude e lec tro n ic  noise from the TAC’s , th resholds could be 

se t a t  the  ADC’s themselves. Both TAC’s were se t a t  a pulse 

amplitude range of 8 V, corresponding to  4 y /sec . fo r the  gas 

s c in t i l l a to r  TAC and 8 yttsec. fo r the  main monitor TAG. This gave
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a rough es tim ate  o f  th e  tim e c a l ib r a t io n  o f  th e  m ultichannel 

d a ta  reg io n .

The p rocessing  o f  th e  bid im ensional f i s s io n  event m atrix  w il l  

be d escrib ed  in  th e  fo llow ing ch ap ter.

3 .7  Time R eso lu tion  o f  th e  System

When considering  th e  tim e re s o lu tio n , one has to  tak e  in to  

account bo th  th e  re so lu tio n  o f  th e  f lu x  m onitor and th a t  o f  th e  

gas s c i n t i l l a t o r .  The im portant one, however, i s  th e  one fo r  th e  

gas s c i n t i l l a t o r ,  because th e  number o f  counts in  th e  f is s io n  

tim e sp ec tra  were f a r  l e s s  than  th e  number o f counts in  th e  

m onitor spectrum. I t  was th e re fo re  n ec /essa ry  to  in crease  

th e  b in -w id th  o f th e  d a ta  reg io n  fo r  th e  f is s io n  coun ts, to  in c rease  

i t s  s t a t i s t i c a l  accuracy. This meant, th a t  th e  re so lu tio n  o f th e  

f is s io n  tim e spectrum was w ell w ith in  th a t  o f  th e  m onitor spectrum, 

and th e  re so lu tio n  o f th e  f in a l  c ro ss  sec tio n  was m ainly determ ined 

by th e  gas s c i n t i l l a t o r  c o n tr ib u tio n . Ttie in d iv id u a l c o n tr ib u tio n s  

were as fo llow s:

a ) th e  neutron  f lu x  m onitor d e te c to r :
2k

prev ious experience shows th a t

^ ^  (3 .7 .1 )

where Z^St i s  th e  t o t a l  FWHM fo r  th e  m onitor d e te c to r ; </t i s  th e  
Mo bp



-1 P 8 -

w ldth  o f  th e  a c c e le ra to r  beam p u lse , idiich was taken  as 3*5 ns;

( f t  was th e  spread due to  th e  d e te c to r  and e le c tro n ic s , taken  
de

as  1 .5  n s , and ( / t  was th e  channel w idth o f th e  m u lti-channel 
cw

d a ta  re g io n , and t h i s  was 3*13 ns. So th e  t o t a l  FWHM was about

4 .9  n s.

b) th e  gas s c i n t i l l a t o r  c i r c u i t :

(3.7.2)

where d  t  i s  th e  d e te c to r  spread; d t  i s  th e  spread due to  e le c tro n ic s .
d ®

A measurement o f th e  tim e d is t r ib u t io n  o f th e  ^  - f la s h  reveeQ.ed,

th a t  z ^ t  could not be h igher th an  7«9 ns. 
gfi

The impact o f  th e  tim e re so lu tio n  on th e  energy re so lu tio n  w i l l  be 

d iscu ssed  in  th e  fo llow ing ch ap ter.

3 .8  Alpha-Background and A fte r pul sing

Although every ca re  was taken  to  reduce th e  ^  - f la s h  s ig n a l in  the 

gas s c in t i l l a t o r  as much as p o s s ib le , i t s  in te n s i ty  s t i l l  was 

s u f f ic ie n t  to  produce a smaJ.l amount o f a f te rp u ls in g  in  th e  58 UVP photo- 

m u l t ip l ie r .  This can c le a r ly  be seen from p ic t .  34 and 35j where th e  

f i r s t  peak re p re se n ts  a f te r -p u ls in g  in  th e  tim e sp ec tra . There was, 

however, no c le a r  evidence o f i t  from th e  t o t a l  p u lse  he igh t spectrum.

To determ ine i t s  p u lse  am plitude, a background run was undertaken 

w ith  th e  Cf-252 source in  p o s it io n . Because o f th e  a c c e le ra to r  duty 

cycle  very  few n a tu ra l f i s s io n  events from th i s  source could be recorded
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durlng  accum ulation. The amount o f  neutron-Induced f is s io n  in  th e
2

so u rce , which had only  a  mass o f 1 y/g/cm  and a diam eter o f  

1 " , was a ls o  n e g lig ib le . The r e s u l t  o f  th e  background run i s  

p re sen ted  in  p i c t .  38. The tim e spectrum shows a ty p ic a l  a f t e r 

p u ls in g  d is t r ib u t io n ,  which i s  r e la te d  to  a ra th e r  narrow small 

am plitude re g io n , submerged in  th e  oc -peak. Thus i t  would be 

p o s s ib le  to  s u b tra c t th e se  p u lses  during la ite r  a n a ly s is .

During th e  experim ental run th e  oc -c o u n tra te  was much sm aller than  

th e  a c tu a l  decay r a te  o f  th e  ta r g e t  m a te r ia l because o f th e  

a c c e le ra to r  duty cy c le . A lso , th e  O f-partic les  a re  c le a r ly  separated  

from th e  f i s s io n  fragm ents, to  enable l a t e r  d isc rim in a tio n  ag a in s t 

them, because they  a lso  appear in  th e  tim e spectrum randomly 

d is t r ib u te d .

3 .9  Time C a lib ra tio n s

For th e  conversion  from tim e to  energy in  l a t e r  a n a ly s is  i t  was 

neccessary  to  know th e  tim e sca le  o f th e  TAC-multichannel d a ta  

reg io n  system.

As a rough guide th e  TAC s e tt in g s  could be taken . They were k y tise c . 

f o r  bo th  TAC s ,  and from those  about 4 ns per channel was expected 

f o r  th e  main m onitor d e te c to r  reg io n , which covered 1,024 channels 

and about 8 ns per channel fo r  th e  gas s c in t i l l a t o r  reg io n , spreading 

over 512 tim e channels. However, a p re c ise  tim e c a l ib r a t io n  was 

re q u ire d . This was done w ith  a Tennelec (TC-850) P rec is io n  Time 

C a lib ra to r ,  which uses c o r re la te d  p u lse  p a ir s  and has been described
4 l

by o th e r au thors
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The Tennelec C a lib ra to r  i s  m ainly a quartz  o s c i l l a to r  and prov ides 

a s t a r t  and a stop  p u lse  fo r  a TAC> which a re  synchronized and a re  

produced p e r io d ic a l ly ,  separa ted  by a s e le c ta b le  p e rio d . Each 

in te g ra l  m u ltip le  o f  t h i s  perio d  g ives a peak in  th e  c a l ib r a t io n  

spectrum . P ic t .  39 shows such a spectrum. The s e tt in g  o f  th e  c a l i 

b r a to r  was 160 ns p er p e rio d . From th e  peak spacing thus th e  tim e 

p e r channel could  be c a lc u la te d  and i t  was 3.13 ns per channel 

f o r  th e  m onitor reg io n  and 7*9 ns per channel fo r  th e  gas s c in t i l l a t o r  

d e te c to r  reg io n . The ab so lu te  c a l ib ra t io n  i s  described  in  th e  fo llow ing 

se c tio n .

3«10 A bsolu te Energy C a lib ra tio n

For th e  tra n sfo rm a tio n  o f tim e sp ec tra  to  energy sp ec tra  i t  i s  not 

only  e s s e n t ia l ,  to  know th e  tim e c a l ib r a t io n  o f th e  sp e c tra , bu t 

a lso  a t  l e a s t  one p a r t ic u la r  channel to  which an ab so lu te  energy 

p o in t can be r e la te d .  For th e  two d e te c to rs  th e re  were two d if f e r e n t  

methods, by which th i s  could be achieved;

a) th e  neutron  f lu x  d e te c to r :

in  t h i s  case  a so c a lle d  Carbon- c a l  ib r  a t  ion was ob ta ined . A th ic k

12 cm p ie ce  o f  Carbon was p u t in  th e  neutron  beam r ig h t  in  f ro n t  o f

th e  d e te c to r ,  and a tim e spectrum o f th e  neutron f lu x , reach ing  th e
h2,h3

d e te c to r ,  was tak en , u n t i l  th e  well-known Carbon ab so rp tio n  

l in e s  appeared. This spectrum i s  shown in  p ic t .  W . I t  was then  

p o s s ib le , to  id e n tify  s u f f ic ie n t  l in e s  to  r e l a t e  a p a r t ic u la r  

energy to  a  c e r ta in  channel.
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b) th e  gas s c in t i l l a t o r  d e te c to r :

s in ce  th e  counting r a te  fo r  th e  f is s io n  sp ec tra  was so low, th a t  

a  Carbon c a l ib ra t io n  would have taken th e  equ ivalen t o f  th e  tim e 

o f  th e  experim ent i t s e l f ,  o th e r means o f determ ining energy p o in ts  

had to  be re so r te d  to .  This was done w ith  th e  help  o f  th e  ^  - f la s h .  

F i r s t l y ,  a l l  g a te s  were opened, to  l e t  th e  j  - f la s h  pass. I t  was 

recorded in  an e a r ly  channel in  th e  tim e spectrum. Knowing th e  

len g th  o f  th e  f l i g h t  p a th , th e  ab so lu te  tim e fo r  th e  ^  - f la s h  

channel could be c a lc u la te d . The channel was no. 20, and th e  tim e 

was 65.87 ns. To check t h i s ,  a c a lib ra te d  cab le , p rovid ing  a known 

d e lay , namely 450.5 n s , was in troduced , through which th e  stop  p u lse  

- in  t h i s  case th e  ^  - f la s h  - had to  p ass . This gave a second 

channel in  th e  tim e spectrum, in  which th e  j - f l a s h  appeared, channel 77<

corresponding to  a tim e o f 516,37 ns. From th e  channel and th e  tim e 

spacing between th e  two ^  - f la s h  channels th e  tim e -c a lib ra tio n  w ith  

th e  Tennelec u n it  could be checked.

How to  r e l a t e  th ese  ab so lu te  tim e channels to  energy, w il l  be shown

in  th e  fo llow ing ch ap te r. P ic t .  4 l  shows th e  gas s c in t i l l a t o r  reg io n

ab so lu te  tim e c a l ib ra t io n .



- 115-

450.5 ns

512
Channel No.

P i c t . 41: Abso lu te  Time C a l ib ra t ion  With the ^ - F lo s h  
o f  the Gas S c in t i l la to r
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CHAPTER IV

4 .1  In tro d u c tio n

The a n a ly s is  o f  th e  d a ta  was very  much determ ined by th e  way o f 

d a ta  tak in g  and d id  th e re fo re  not fo llow  normal procedures fo r  

d i r e c t  t im e -o f - f l ig h t  measurements, I h ^ r t a n t  was th e  b id im ensional 

accum ulation o f th e  f i s s io n  sp e c tra , and th a t  th e re  were no a l te r n a te  

ta r g e t - in - ta rg e t - o u t  runs as fo r  example in  t o t a l  c ro ss  se c tio n  

measurements. Because o f th e  low a tte n u a tio n  in  th e  f is s io n  d e te c to r ,  

th e  in c id e n t f lu x  could be m onitored a t  th e  same tim e as th e  f is s io n  

even ts. These two fa c to rs  determ ined m ainly th e  way o f e lim in a tin g  

background and th e  f in a l  c a lc u la tio n  o f th e  c ross s e c tio n s .

For g en era l da ta  handling and a l l  c a lc u la tio n s  th e  la rg e  PDP-10 

computer network o f th e  Kelvin L aboratory  was a v a ila b le , although 

p a r t  o f  th e  background su b tra c tio n  was done on th e  PDP-7 computer 

i t s e l f .  The conversion from tim e to  energy was th e  only  standard  

procedure o f  th e  whole a n a ly s is . In  ad d itio n  to  th e  pure c a lc u la tio n  

o f  th e  c ro ss  sec tio n s  by a standard  formalism a norm aliza tion  

had to  be made fo r  th e  d e te c to r  geometry. To estim ate  th e  ab so lu te  

value o f th e  c ro ss  s e c tio n s , a n ’estim ate  o f th e  number o f  l o s t  

fragm ents due to  s tra g g lin g  and ab so rp tio n  in  th e  ta r g e t  f o i l s  

had to  be made. The o th e r im portant c o n tr ib u tio n  to  th e  f in a l  

c ro ss  sec tio n s  was th e  e f f ic ie n c y  o f th e  f lu x  m onitor d e te c to r .

A fte r a l l  co rre c tio n s  th e  c a lc u la tio n  o f s t a t i s t i c a l  e r ro rs  and 

energy re so lu tio n  could be made. A f in a l  norm aliza tion  proved to  

be neccessary , b efo re  th e  c ro ss  sec tio n  could be p resen ted .
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4 .2  The PDP-10 Computer Net Work

Except fo r  background su b tra c tio n , which was done on th e  small PDP-7 

computer, a l l  d a ta  a n a ly s is  was done on th e  Kelvin Laboratory  PDP-10 

conqputer. The complete system i s  shown in  p i c t .  42. The small PDP-7 

and PDP-8 computers a re  connected to  th e  PDP-10 v ia  f a s t  l in k s ,  as
44

described  by A. D. W ilkinson e t  a l .  . These l in k s  a re  neccessary  

to  t r a n s f e r  la rg e  amounts o f d a ta , fo r  which paper tap es  become 

im p rac tica l.

During th e  normal course o f  d a ta  handling and a n a ly s is  th e  o r ig in a l  

d a ta  a re  s to re d  on DEC-tapes, as described  in  subsection  3*6. A fte r 

background su b tra c tio n  th e  r e s u l ta n t  f i l e s  a re  then  tra n s fe r re d  onto 

th e  u s e r 's  d isk -a re a  to  th e  PDP-10. There th e  fu r th e r  procedure o f 

a n a ly s is  tak es  p lace . In te rm ed ia te  d a ta  s to rage  can be done on magnetic 

tap es  o r simply on th e  d isk -a re a  i t s e l f .  Programming and d a ta  handling 

i s  done d i r e c t ly  from th e  keyboard o f v isu a l d isp lay  u n its  (VDU's) o r 

te le ty p e s . A systems ro u tin e  named CUPID enables th e  immediate p lo t t in g  

and d isp lay  o f d a ta  on th e  VDU's, when th e  d a ta  a re  in  th e  sp e c ifie d  

form at. The VDU d isp lay  can be d i r e c t ly  preserved  by a hard co p ie r.

The in te ra c t io n  between u ser and PDP-10 computer i s  organized by a 

tim e-sharing  system , which enables th e  sim ultaneous use o f th e  computer 

by sev era l u se rs . According to  a p r io r i t y  key, u se rs  a re  swapped in  and 

out o f th e  co re  during attachm ent to  th e  system, so th a t  a  maximum amount 

o f core i s  a v a ila b le  to  everyone a t  a tim e. The use o f  th e  p e r ip h e ra ls  

i s  organized in  th e  same way.
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I f  programmes a re  to  be opera ted  which tak e  a la rg e  amount o f 

c e n tr a l  p rocesso r tim e, th ey  can be run  w ithout attachm ent to  

a  te le ty p e  or VDU by a ,system , c a lle d  BATCH, which g ives low 

p r io r i t y  to  th e  u s e r 's  programme, bu t runs i t  v ia  a c o n t r o l - f i le ,  

p rev io u sly  c rea ted  by th e  u se r.

A ll f in a l  d a ta , o f co u rse , can be p r in te d  out on a f a s t  l in e  

p r in te r  or p lo tte d  by a calcomp p lo t te r  on graph paper.

4 .3  E lim ination  o f Background

The main sources fo r  background were c t - p a r t ic le s  and a f te r -p u ls e s ,  

as shown in  p ic t .  43a.Both were confined to  small am plitudes. The 

of - p a r t i c le  s ig n e !s were randomly d is tr ib u te d  over th e  tim e 

spectrum, whereas th e  a f te r -p u ls e s  were confined to  th e  beginning 

o f  th e  tim e spectrum. The obvious way o f e lim in a tio n  o f th e se  

d is tu rb an ces  was to  only  s e le c t  tim e p u lse s , which were d e f in i t ly  

in  co incidence w ith  la rg e  p u lse  am plitudes. This e f fe c t iv e ly  s e ts  

a th re sh o ld  in  th e  p u lse  h e ig h t spectrum. To exclude background, 

t h i s  th re sh o ld  in  p r in c ip le  could be anywhere in  th e  reg io n  o f the  

f is s io n  fragment am plitudes. However, i t  was d e s ir^ a b le , to  s e t  

i t  as low as p o s s ib le , to  ga in  th e  maximum inform ation from th e  

d a ta  f i l e s  by includ ing  a l l  f is s io n  even ts. S e ttin g  th e  th re sh o ld  low, 

however, brought about th e  danger o f  accep ting  (%'s or a f te r -p u ls e s ,  

being in  th e " ta il-e n d "  o f  th e i r  am plitude d is t r ib u t io n .

I t  was decided , to  d efin e  l im i ts  between which th e  req u ired  th re sh o ld  

d e f in i te ly  had to  be. The lower p u lse  am plitude l im i t  was th e  t a i l in g - o f f
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f lan k  o f th e  small p u lse s , as can be seen from p ic t  43b, and th e

upper l im i t  was w ell above th e  v a lle y , sep ara tin g  f i s s io n s  and

sm all p u lse s . This so defined  reg io n  was then  d iv ided  in to  se c tio n s ,

two channels wide each, thus in c reas in g  th e  lower l im i t  s te a d ily ,

u n t i l  i t  co incided  w ith  th e  upper one. In  t h i s  way a s e r ie s  o f  tim e

sp e c tra  was ob ta ined  fo r  s te a d ily  in c reas in g  th re sh o ld  s e tt in g s

in  th e  p u lse  am plitude spectrum. Since th e  da ta  were s to re d  in  m atrix

form, i t  was p o ss ib le  to  s e le c t  th e se  m atrix  s l ic e s  by a  sp e c ia l
46

p rocessing  programme, e a r l i e r  developed by J .  D. K e llie  •

The c r i te r io n ,  according to  which th e  c o r re c t ,  i . e .  th e  low est p o ss ib le  

th re sh o ld , was o b ta in ed , was th e  shape o f th e  tim e sp e c tra . Since 

th e  a f te r -p u ls e s  ta i l - e n d  was extending somewhat h igher in  am plitude 

them th e  o t-s ig n a ls , th e  c o rre c t th re sh o ld  was reached when no fu r th e r  

change in  shape o f th e  tim e spectrum occurred , when in c reasin g  th e  

th re sh o ld  s e t t in g .  This could be in v e s tig a te d  q u a n ti ta t iv e ly ,  according 

to  p ic t .  44. The tim e spectrum co n s is ted  o f a major peak, and a 

sm aller preceding one. The sm aller peak was a m ixture o f  t ru e  f is s io n  

p u lse s  and a f t e r  p u lse s . When in c reasin g  th e  th re sh o ld  in  th e  p u lse  

am plitude spectrum, th e  f i r s t  peak d ecreases, whereas th e  main peak 

s tay s  co n s ta n t. For each th re sh o ld  th e  r a t io  o f th e  two peaks 

was taken . A fte r t h i s  r a t io  remained c o n s ta n t, i t  was assumed th a t  a l l  

a f te r -p u ls e s  were excluded. To have a sa fe  m argin, th e  a c tu a l  th re sh o ld , 

to  be used fo r  tim e spectrum fo r  fu r th e r  a n a ly s is ,  was se le c te d  as two 

channels above th e  one, from which onwards th e  peak r a t io  stayed co n s tan t.
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The th re sh o ld s  were d i f f e r e n t  fo r  th e  U-235 in  re sp e c t to  th e  

U-238 sp e c tra . I t  was channel 26 fo r  th e  U-235 spectrum and channel 

29 fo r  th e  U-238 o n e .’Since th e  id e n t ic a l  e le c tro n ic  s e tt in g s  were 

used fo r  both  iso to p e s , th e  only source o f s h i f t  in  p u lse  am plitude 

-  a p a r t from d if f e r e n t  Of-energies (which p lay s  no p a r t  in  th e  shape 

o f  th e  tim e spectrum ), can be s l ig h t ly  d if f e r e n t  gas con d itio n s  

a f t e r  ta r g e t  change, when a f re s h  gas f i l l i n g  had to  be used. A 

change o f 3 ^  in  gas p re ssu re , ^ i c h  was w ith in  th e  m argin due to  

tem perature v a r ia t io n s ,  must account fo r  a th re e  channel s h i f t  

in  a p u lse  am plitude spectrum, covering more th an  200 channels, due 

to  th e  re a c tio n  o f th e  ^  - f la s h  w ith  th e  gas.

4 .4  Conversion From Time to  Energy

For th e  conversion o f th e  background-subtracted  tim e f i l e s  to  energy 

sp e c tra  a standard  programme, c a lle d  BIGEN, p rev io u sly  developed
47

by J .  D. K e llie . , was used. I t  req u ired  as main inpu t in form ation  

b es id es  th e  da ta  f i l e  i t s e l f  th e  number o f nano-seconds per channel from 

th e  Tennelec tim e c a l ib r a t io n ,  one sp e c ified  channel w ith  a p a r t ic u la r  

energy from e ith e r  th e  Carbon o r th e  ^  - f la s h  c a l ib r a t io n  and th e  

len g th  o f th e  f l i g h t  p a th . The form ula used was derived  from th e  r e 

la t io n s h ip  between k in e t ic  energy and v e lo c ity  o f  a p a r t i c le .

From th i s  fo r  a known path  th e  energy i s  r e la te d  to  th e  tim e as

£= (4.4.2)
2 t 2
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- -24 20
Taking m a s  th e  neutron  mass as  1.67482 x 10 g , d In  m,

t  In  n s ,  and converting  t h i s  to  MeV, E becomes

f r . ( 7 2 . 3 x d  (4.4.3)
t

BIGEN was capab le  o f  producing energy b in s , r e la te d  to  a req u ired  

tim e re s o lu t io n .  The proper r e la t io n s h - ip  between tim e and energy 

r e s o lu t io n  w i l l  be d iscussed  in  subsection  4 .10 . S ince, however, 

s t a t i s t i c a l  d iffe re n c e s  were obvious fo r  d if f e r e n t  energy re g io n s , 

due to  th e  shape o f  th e  in c id en t f lu x  and th e  shape o f th e  c ro ss  

s e c t io n ,  i t  was decided, to  d efin e  th re e  reg ions w ith  d if f e r e n t  

r e s o lu t io n s ,  fo r  th e  f in a l  p re se n ta tio n  o f th e  c ro ss  se c tio n s .

The f i r s t  reg io n  extended between 0 .3  and 0 .7  MeV. I t  was no t p o ss ib le , 

to  go much below 0 .3  MeV in  energy, because o f  th e  m onitor d isc rim in a to r 

th re sh o ld  s e t t in g  req u ired  to  exclude n o ise , and because o f th e  lack  

o f  many neu trons a t  th a t  energy in  th e  in c id en t f lu x ,  which was a 

M axw ellian, peaking a t  about 2 ,0  MeV. Because o f  t h i s  lack  th e  

s t a t i s t i c s  p er channel between 0 .3  and 0 .7  MeV were a lso  poor fo r  a 

b lnw id th  o f  about 8 ns in  th e  tim e spectrum, so th a t  la rg e  

f lu c tu a tio n s  w ithout emy s t r u c tu r a l  meaning would dominate th e  

energy spectrum . Therefore th e  tim e re so lu tio n  in  t h i s  reg ion  

was msuie 40.0  n s , in te g ra tin g  5 channels a t  a tim e. Because th e re  i s  

no f i s s io n  c ro ss  se c tio n  fo r  U-238 in  t h i s  reg io n , no d a ta  f i l e  fo r  

t h i s  iso to p e  was o f course c rea ted  here .

The second reg io n  was between 0 .7  and 2 .5  MeV, and i t s  tim e re so lu tio n  was
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20 .0  n s ,  because th e  s t a t i s t i c s  were much b e t te r  h e re , and t h i s  

r e s o lu t io n  was w ell above th e  in stru m en ta l one o f 7 .9  ns.

A lthough fo r  h igher en erg ies  th e  in c id e n t f lu x  t a i l s  o f f  ag a in , and 

th u s  th e  s t a t i s t i c a l  p re c is io n  w orsens, although no t so ra p id ly  as 

tow ards th e  low er energy end o f th e  spectrum, i t  was decided , to  

h a lv e  th e  tim e re s o lu tio n  f u r th e r ,  m ainly because a  la rg e  increm ent 

in  tim e becomes a much la rg e r  increm ent in  energy towards h igher 

e n e rg ie s . T herefo re , not to  have too  few energy p o in ts , s t a t i s t i c a l  

f lu c tu a t io n s  were more re a d ily  accep ted , and th e  tim e re so lu tio n  

o f  10.0  ns between 2 .5  and 12.5 MeV in troduced . The upper l im i t  o f  

th e  energy range i s  e n t i r e ly  determ ined by th e  lack  o f a m eaningful 

number o f  neutrons above t h i s  l im i t  in  th e  in c id en t f lu x .

These th re e  energy ranges and th e i r  re sp e c tiv e  tim e re so lu tio n s  

were e n t i r e ly  determ ined by th e  f is s io n  f i l e s ,  because no s t a t i s t i c a l  

problems e x is te d  w ith  th e  num erical con ten t o f  th e  m onitor sp ec tra .

4 .5  C a lcu la tio n  o f  th e  F iss io n  Cross Sections

The c a lc u la tio n s  o f th e  f is s io n  c ro ss  sec tio n s  was done in  two s tep s .
- 2-1

F i r s t l y ,  i t  i s  considered , th a t  an in c id e n t f lu x  0 (cm S ) s tr ik e s

a  t a r g e t ,  con ta in ing  N number o f  n u c le i ,  and th e  c ro ss  se c tio n  fo r

th e  in v e s tig a te d  re a c tio n  - in  t h i s  case f is s io n  - i s  ^  The f lu x

and th e  c ro ss  se c tio n  a re  energy dependent. Then th e  re a c tio n  r a t e  R 
-1 

(s  ) I s

R=6fN(j>.  (4 .5 .1 )
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In  th e se  p a r t ic u la r  experim ents N i s  th e  number o f n u c le i o r atoms

o f  U-235 o r U-238 in  th e  ta r g e t  f o i l ,  0  i s  re sp resen ted  by th e

number o f th e  events recorded  in  th e  m onitor spectrum, and R by

th e  number o f f is s io n  even ts. However, some o f th e  f is s io n  fragm ents

a re  l o s t  due to  s tra g g lin g  and ab so rp tio n  in  th e  f o i l s ,  th e  ta rg e ts

were a t  an angle to  th e  in c id e n t f lu x , th e  f i s s io n  f o i l s  were

la r g e r  in  a rea  than  th e  face  o f  th e  p la s t i c  s c i n t i l l a t o r ,  and

m onitor d e te c to r  and gas s c in t i l l a t o r  were a t  d if f e r e n t  le n g th

o f  f l i g h t  pa th . This a l l  re q u ire s  c o rre c tio n s  and n o rm aliza tions,

grouped to g e th e r in  a s in g le  c o rre c tio n  fa c to r  C. On th e  o th e r hand

th e  m onitor had a c e r ta in  e f f ic ie n c y  E , depending on th e  energy
f f

o f th e  neutrons to  be d e te c te d , i . e .  th e  s c in t i l l a t o r  was only 

reco rd ing  a f ra c t io n  o f th e  t ru e  f lu x , depending on th e  chance 

o f in te ra c t io n  o f an in c id e n t neutron w ith  i t ,  which in  tu rn  

depends on th e  energy o f t h i s  neu tron . The various c o rre c tio n s  and 

norm aliza tions as w ell as  th e  c a lc u la tio n s  o f th e  NE 102 d e tec to r  

e f f ic ie n c y  i s  p resen ted  in  th e  follow ing subsections. The f in a l  

form ula fo r  th e  c ross  s e c tio n s , however, i s

= --------------------- x C .

where N and N a re  th e  number o f coun ts, recorded in  th e  Xenon 
Xe Mo

chamber and in  th e  m onitor d e te c to r  r e s p . . C a lso  co n ta in s  a nor

m a liz a tio n , regard ing  th e  d i f f e r e n t  tim es, fo r  which bo th  sp ec tra  

were taken . The f i r s t  s tep  in  c a lc u la tin g  th e  c ro ss  se c tio n  was, 

doing i t  w ithout tak in g  reg ard  o f th e  m onitor e f f ic ie n c y . The
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m onltor e f f ic ie n c y  was c a lc u la te d  sep a ra te ly  and fo lded  in  l a t e r .

I t  was no t n eccessary  to  c o rre c t fo r  ab so rp tio n  in  a i r  o r le a d  

f i l t e r s ,  because in  th e  p rocess o f  c a lc u la tin g  th e  c ro ss  se c tio n , 

th e se  e f f e c t s  can ce lled  o u t.

4.6 N orm alization  fo r  D etector Geometry

As m entioned e a r l i e r ,  m onitor d e te c to r  and ta rg e t  chamber were a t  

d i f f e r e n t  le n g th s  o f f lig h tT p a th . The ta r g e t  was a lso  a t  an angle 

to  th e  d ir e c t io n  o f th e  neutron beam, and th e  m onitor s c in t i l l a t o r  

fa c e  and ta r g e t  had d i f f e r e n t  a re a s . P ie t .  45 shows th e  complete 

geometry o f  th e  setup .

a )  d i f f e r e n t  len g th  o f f l ig h t-p a th :

s in ce  th e  in te n s i ty  o f  th e  in c id e n t neutron f lu x  was measured a t  

a  lo n g e r d is ta n ce  away from th e  ce n tre  o f th e  neutron c e l l  than  

th e  p o s it io n  o f th e  t a r g e t ,  th i s  f lu x  was more in ten se  a t  th e  

p o s it io n  o f th e  ta rg e t  than  th e  measured va lu e . This in te n s i ty  

f a l l s  o f f  in  p ro p o rtio n  to  one over th e  d is ta n c e  squared. Therefore 

th e  r a t i o  on th e  r ig h t  hand s id e  in  equation  (4 .5 .2 )  has to  be 

m u ltip lie d  by th e  square o f  th e  r a t io  o f th e  Xenon chamber f l i g h t -  

p a th  to  th e  m onitor d e te c to r  f l ig h t-p a th .

b ) ang le  o f  th e  ta rg e t :

th e  in c id e n t f lu x  i s  measured as neutrons p e r u n it  tim e and

in te g ra te d  over th e  a rea  o f th e  ta r g e t .  Since th e  te irge t i s  
o

a t  an angle o f 45 to  th e  normal to  th e  f lu x  d ire c t io n , i t s  

p ro je c tio n  normal to  th e  f lu x  d ire c tio n  i s  th a t  o f an e l l ip s e .
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The a rea  o f t h i s  e l l ip s e  i s  g iven by th e  product o f  th e

two h a l f  axes tim es 7f , One o f th e  h a lf  axes i s  th e  ra d iu s
o

o f  th e  f o i l ,  th e  o th e r th e  ra d iu s  tim es s in  (4$ ) .  A second

c o rre c tio n  on th e  r ig h t  hand s id e  o f  equation (4 .5 .2 )  i s
o

th ere fo re  a d iv is ion  by s in  (45 )=  0 . 7071.

c) d i ^ e r e n t  teurget a reas ;

as  mentioned under b ) ,  th e  f lu x  i s  e i th e r  in te g ra te d  over a 

sp e c if ic  a rea  o r measured p er u n it  tim e and per u n it  a rea . In  

both  cases equation (4.5*2) has f in a l ly  to  be m u ltip lie d  by th e  

square o f th e  r a t io  o f th e  ra d iu s  o f  th e  m onitor s c in t i l l a t o r

face  and th e  ra d iu s  o f  th e  ta r g e t  f o i l ,  tak in g  in to  account th e

c o rre c tio n  fo r  th e  angle  o f th e  f o i l  to  th e  beam under b ) .

A ll th re e  norm aliza tions make up fo r  th e  fa c to r  C in  equation  (4 .5 .2 )

4 .7  Corrections For Lost Fragments

Since th e  ta r g e t  f o i l s  had a f i n i t e  th ic k n e ss , th e  fragm ents , 

escaping from them, lo ^ se  energy, except fo r  those  generated  

a t  th e  su rface  o f th e  f o i l .  Indeed, some o f th e  fragm ents w il l  

lofgse so much energy during th e  passage through th e  la y e r  o f ta rg e t  

m a te r ia l,  th a t  they  w il l  not have enough energy l e f t ,  to  escape from 

th e  f o i l  a l to g e th e r . This i s  in  p a r t ic u la r  t ru e  fo r  th e  backing o f th e  

f o i l ,  which was so th ic k  as not to  l e t  fragm ents escape a t  a l l .

Here a re  th e  sp e c if ic a tio n s  o f th e  f o i l s :
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U-235:

ac tiv e  diameter;

th ickness;

backing;

U-238;

a c tiv e  diameter;

th ickness;

backing;

6 .9  cm
2

0.75  mg/cm o f 96 % U-235 as U Ô
3 8

3-4 thou." th ick  Platinum su b stra te

7 ,6  cm
2

1.0 mg/cm o f 100 ÿ U-238 metal 

0 .1  mm th ick  s ta in le s s  s te e l

Because the  backing i t s e l f  i s  in  both cases th ick  enough, to  stop 

a l l  fragments escaping in  th a t  d ire c tio n , the  remaining concern is  

th e  lo ss  of fragments in  the  ac tiv e  ta rg e t  lay e r i t s e l f .

There have been many ca lcu la tio n s , regarding the  lo ss  of energy by
27,28,29,48

a charged p a r t ic le  over varying d istances in  d if fe re n t media 

A ll developed formalisms include a c e r ta in  number of u n c e rta in tie s , and 

th e re fo re  a simple Bohr theory c a lcu la tio n , leading to  an estim ate of 

th e  number o f fragment l o s t ,  as proposed by thé  C a lifo rn ia  Radiation 

Laboratory , was adopted.

NZ - ln(l  I -p

with

e = e lc tro n  charge 

m - e lectron  mass 

Z - charge o f the  ion

NZ= number of e lectrons per u n it volume of stopping m ateria l
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P=v/<
(4.7.1.1)

where

c e v e lo c ity  o f  l i g h t  

V = v e lo c ity  o f  io n , and

I = mean e x c ita t io n  energy o f  th e  stopping atoms o r 

m olecules.

An in te g ra tio n  over a  sp e c if ic  d is ta n c e , t ra v e l le d  by th e  ion  in  

th e  m a te r ia l ,  g ives th e  t o t a l  energy lo s s  over t h i s  d is ta n c e .

Knowing th e  i n i t i a l  energy o f th e  fragm ents, i t  can be determ ined 

whether th e re  i s  any energy l e f t ,  o r whether th e  fragment i s  

stopped w ith in  th e  medium.

The whole c a lc u la tio n  was done in  a Monte Carlo programme, c a lle d

KINBG or KINET fo r  U-238. The ta rg e t  f o i l  was assumed to  be a t  
o

4-5 to  th e  beam. The ta r g e t  th ick n ess  was then subdivided in to  

100 sm all la y e r s ,  s ta r t in g  w ith  l/lOO th  o f th e  t o t a l  th ick n ess  

and subsequently  in c reasin g  t h i s  s tep  by s tep . At each la y e r  f i s s io n  

events were assumed, randomly d is tr ib u te d  over th e  t o t a l  a rea  o f t h i s  

la y e r . The fragm ents had an i n i t i a l  mass d is t r ib u t io n  as taken  from
49

measurements by W. N. R eisdo rf e t  a l .  fo r  U-235 and M. J .  Bennett 
50

and W. E. S te in  fo r  U-238. These d is t r ib u t io n s  assigned  w eighting 

fa c to rs  to  fragm ents w ith  vary ing  mass. For each r a t io  o f l i g h t  

to  heavy fragm ents o f a p c ir tic u la r  event th e re  i s  a t o t a l  k in e t ic
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energy re le a s e  in  t h i s  ev en t, th u s  p rovid ing  a corresponding
51,52,53,54,55

i n i t i a l  k in e t ic  energy d is t r ib u t io n  to  th e  mass d is t r ib u t io n  

From sim ple law o f co nservation  o f  momentum th e  k in e t ic  energ ies 

fo r  s in g le  fragm ents were c a lc u la te d . Although th e re  i s  c o n tra d ic tin g  

evidence about angular an iso tro p y  o f f is s io n  fragm ents to  th e
56

d ire c t io n  o f  th e  in c id e n t neutron  beam , more rec e n t measurements 

have shown a c e r ta in  angular dependence. This has been shown by
57,58

R. H. ly r  and M. L. Sagu • The au tho rs  proposed a  form ula, f i t t e d  

to  t h e i r  observed d a ta , to  express th e  angular d is t r ib u t io n  o f 

fragm ents:

W(9)=A*Bcos^O*Ccos^O , (4 . 7 . 2 )

where A, B and C a re  f i t t i n g  param eters. For U-235 they  a re

A = 171.013 

B - 267.921

c =-153.000 

and fo r  U-238

A r  132.129

B - 91.9328

c = - 5.06948

The an iso tro p y  fa c to r  i s  then  d efined  as

F^ = W ( O ° ) / W ( 0 )  (4 .7 .3 )
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fo r  each p o ss ib le  ang le .

In  t h i s  way th e  Monte C arlo c a lc u la tio n  depended on th e  v a r ia t io n  

o f  th e  follow ing param eters; fragm ent mass w ith  a r e la t iv e  p ro b a b ili ty ,  

according to  th e i r  measured d is t r ib u t io n ,  corresponding k in e t ic  

energy fo r  a c e r ta in  mass, angle r e l a t iv e  to  th e  neutron  beam w ith  

a  p ro b a b ili ty  according to  th e  a n iso tro p ie s . The angle gave th e  

len g th  o f th e  pa th  in  th e  m a te r ia l,  which th e  fragm ents had to  

p e n e tra te , to  reach  th e  su rface  o f  th e  f o i l .  This path  was fu r th e r  

determ ined by th e  v a r ia t io n  o f th ic k n e ss , according to  th e  d iv is io n  

o f th e  t o t a l  th ick n ess  in to  100 la y e rs .

The r e s u l t s  o f  th e se  Monte Carlo c a lc u la tio n s  were a lo s s  o f  31*2 ÿ 

fo r  th e  U-235 and 37.7 $  fo r  th e  U-238 f o i l .

However, th e  v a l id i ty  o f  th e se  r e s u l t s  i s  somewhat d o u b tfu l, regard ing  

two param eters in  equation(4.7.3):Z  and I .  In v e s tig a tio n s  o f  th e
59

i n i t i a l  charge d is t r ib u t io n  o f f i s s io n  fragm ents have shown , th a t  

th e re  i s  l i t t l e  dependence o f th e  i n i t i t a l  charge on th e  mass o f th e  

fragm ent, and th a t  a value o f 20 fo r  t h i s  charge i s  a good average.

This i n i t i a l  charge, however, i s  d ep le ted  during th e  t r a n s i t io n  o f 

th e  fragment through m a tte r , u n t i l ,  what i s  c a lle d  an equ ilib rium
6o

charge, i s  reached . This equ ilib rium  charge i s  e n t i r e ly  dependent 

on th e  medium o f passage and can assume values as  low as 2 fo r  f is s io n  

fragm ents. The g eneral r e la t io n s h ip  between charge and d is tan ce  

tra v e l le d  a t  a p a r t ic u l ie r  i n i t i a l  energy fo r  ions in  so lid s  

i s  not f u l ly  known, and th e re fo re  an average ion charge o f 

11 was assumed fo r  th e  c a lc u la t io n , n eg lec tin g  th e  f a c t  th a t  th e
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energy lo s s  i s  most s ig n if ic a n t  fo r  a high ion  charge a t  

th e  very  beginning o f  th e  t r a n s i t io n  p a th .

The second fa c to r  o f u n c e r ta in ty  i s  th e  e x c ita tio n  p o te n tia l

o f  Uranium o r Uranium-Oxides. There a re  v i r tu a l ly  no s tu d ie s  about

th e  behaviour o f  o u te r  s h e ll  e le c tro n s  fo r  Uranium or slm ilsir high

Z elem ents. A part from a few s in g le  ab so rp tio n  l in e s  very l i t t l e

e ls e  has been measured. The on ly  u se fu l v a lu e , to  be found, was
61

4 .0  eV fo r  Uranium in  The American I n s i tu te  o f  Physics Handbook. However, 

th e  mean e x c ita tio n  o f an element has to  be averaged o r in te g ra te d  

over a t  l e a s t  th e  o u te r s h e ll  e le c tro n s , i f  no t includ ing  p a r t  o f  

th e  e le c tro n s  o f  a lower p a r t ly  f i l l e d  s h e l l ,  which a re  more lo o se ly  

bound fo r  high Z elem ents. But s in ce  only s in g le  values 

o f e x c ita t io n  le v e ls  a re  known, th e  value fo r  th e  e x c ita t io n  p o te n t ia l ,  

used in  th e  p re sen t c a lc u la t io n s ,  must be regarded as extrem ely 

d o u b tfu l.

N evertheless, fo r  an estim ate  o f  th e  number o f l o s t  fragm ents and 

th e re fo re  fo r  th e  c o r re c tio n , to  be ap p lied  to  th e  c ross  s e c tio n , th e  

two d iscussed  u n c e r ta in tie s  were obviously  accep tab le .

4 .8  C a lcu la tio n  o f th e  Monitor E ffic ien cy

The de term ina tion  o f  th e  e f f ic ie n c y  o f th e  NE102 p la s t i c  s c in t i l l a t o r  

i s  neccessary  to  c o rre c t fo r  th e  number o f in c id en t n eu trons, not 

recorded  by t h i s  d e te c to r  due to  f i n i t e  re a c tio n  p r o b a b i l i t ie s  w ith  

neutrons as  a fu n c tio n  o f energy. The main c o n s titu e n ts  o f  th e  

d e te c to r , w ith  which a re a c t io n , an (n ,p ) - re a c t io n , tak es  p la c e , a re  

th e  Hydrogen atoms,making up a high p ro p o rtio n  o f th e  organic 

s c in t i l l a t o r  compound. The re a c t io n  p ro b a b ili ty  i s  th e re fo re  m ainly
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detennined by th e  (n ,p ) s c a t te r in g  c ro ss  sec tio n . The o th er 

main p a r tn e r  in  an organic molecule i s  Carbon, so th a t  th e  

t o t a l  s c a tte r in g  Carbon c ro ss  se c tio n  c o n tr ib u te s  a lso  to  

re a c tio n  p ro b a b il i t ie s .S in c e  a  b ia s  i s  s e t  a t  th e  d isc rim in a to r 

fo r  t h i s  s c i n t i l l a t o r ,  to  exclude small p u lse s , a p o r tio n  o f  th e  

r e c o i l  p ro tons w il l  produce p u lse s , leurge enough, to  exceed 

t h i s  b ia s ,  whereas th e  rem ainder a re  ignored. Since th e  dimensions 

o f  th e  s c in t i l l a t o r  were sm all, m u ltip le  s c a tte r in g  e f fe c ts  could 

be ignored.

The model used to  c a lc u la te  th e  e f f ic ie n c y  o f t h i s  p a r t ic u la r

s c in t i l l a t o r  a t  t h i s  p a r t ic u la r  b ia s  s e t t in g ,  was th e  one by 
62

O’D ell e t  a l .  . This i s  th e  form ula used:

Fff(E)-  [  r)^6^(E)/(n^6^(E)+n^6(.(E))j

x { j . e x p [ - ( n „ 6 ^ ( E h n ^ 6 jE ) ) t ) { l - ( B / E ) ' j  , (4.8.1)

where
3

n - Hydrogen atoms p e r cm 
H 3

n - Carbon atoms p e r cm 
C

d ( e ) = t o t a l  (n ,p ) c ro ss  sec tio n  
H
(E) = t o t a l  in e la s t i c  Carbon c ro ss  sec tio n

C
t  = average s c in t i l l a t o r  th ick n ess

B = Neutron energy b ia s

E - Neutron energy.



-137-

P ic t. 46 shows the e ffic ien cy , calcu lated  fo r a b ias le v e l of

0 .3  MeV neutron energy fo r  a NKL02 p la s tic  s c in t i l la to r .

4 .9  C alculation of Errors

The e rro rs  in  the  value o f the  cross section  i t s e l f  f a l l  in to  two 

ca tegories; the  absolute e rro r , being determined by the  system atics 

o f the  experiment, and the  re la t iv e  s t a t i s t i c a l  dev ia tions. The 

system atic e rro r w ill  be discussed in  the  following subsection .

There a re  a lso  the  energy reso lu tio n s .

a) s t a t i s t i c a l  e rro rs :

The inciden t monitor spectrum could be measured 

to  any desired  s t a t i s t i c a l  accuracy, only lim ited  by 

t  the  f a c t ,  th a t  the  m ultichannel storage f a c i l i t i e s

would not accept more than 250,000 counts in  one 

channel in  a sing le  run^,- The predominant source 

fo r the  s t a t i s t i c a l  u n ce rta in tie s  in  the  cross 

sec tion  was the  f is s io n  spectrum, accumulated a t  a 

much lower count ra te . As already pointed ou t, to  

increase the  s t a t i s t i c a l  accuracy over a given energy 

in te rv a l , several time channels were in teg ra ted . Taking 

th is  in to  account, the  s t a t i s t i c a l  dev ia tions were 

calcu lated  in  the  usual way as

A 6 (4.9-1)

The percentual e rro r i s  then 

100  

1 7

(4 .9 .2 )
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b) energy re so lu tio n ;

th e  r e la t io n s h ip  between energy re so lu tio n  and tim e 

re s o lu t io n  can be determ ined by forming th e  f i r s t  

d e r iv a tiv e  o f  th e  energy over th e  t im e -o f - f l ig h t-  

equation  (U.U.3)

d f  (4.9.3)
d t  ~ 72.3 d

and s u b s ti tu tin g  dE and d t  by /^ E  and Z ^ t .  The whole
3/2

expression  can be s im p lif ie d , by s p l i t t i n g  E in to  
1 /2

ExE and in s e r t in g  fo r  E th e  r ig h t  hand s id e  o f th e  

equation  (4 .4 .3 ) .  This f in a l ly  le ad s  to

/ \ E zI ^ L e . (4.9.4)
t

In  th e  c a lc u la tio n  care  was taken o f th e  f a c t ,  th a t  

fo r  th e  c ro ss se c tio n a l energy ranges th e  m athem atical 

t lT  tim e re so lu tio n s  were g re a te r  than  th e  in stru m en ta l one.

(40, 20 and 10 n s ).

The c a lc u la te d  s t a t i s t i c a l  d e v ia tio n s  a re  p resen ted  as e r ro r  b a rs  

g ra p h ic a lly  in  th e  follow ing chap ter and l i s t e d  to g e th e r w ith  th e  

energy re so lu tio n s  and th e  c ro ss  s e c tio n  values in  appendix D.

4.10 F in a l N orm alization

During a n a ly s is  i t  was no ted , th a t  a system atic e r ro r  had been accepted .
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This e r ro r  was a  com bination o f  two u n c e r ta in t ie s :  th e  u n c e r ta in ty  

about th e  t r u e  m ass, used in  th e  ta r g e t  f o i l s ,  and th e  u n ce rta in ty  

about th e  number o f f i s s io n  ev en ts , not recorded due to  lo s s  o f 

fragm ents in  th e  f o i l s  them selves.

a ) u n ce rta in ty  in  ta r g e t  mass:

th e  determ ina tion  o f th e  ta rg e t  mass and i t s  

short-com ings w i l l  be described  in  appendix C. In  

p r in c ip le  th e re  a re  more accu ra te  methods, b u t th e i r  

employment was decided a g a in s t,  once i t  was d iscovered , 

th a t  th e re  was ano ther source o f system atic e r ro r ,

\rtiich could not be e lim inated .

b) u n c e rta in ty  in  number o f fragm ents l o s t :

t h i s  has been d e a lt  w ith  in  subsec tion  4 .7 , in  \diich 

an estim ate  o f t h i s  number i s  d escrib ed . Since th i s  

number can only  be determ ined a n a ly t ic a l ly ,  and since  

All a v a ila b le  models have in  common th e  same o r s im ila r  

u n c e r ta in t ie s ,  t h i s  was a source fo r  a system atic  e r ro r ,  

which could not be e rad ica ted .

The presence o f th e se  two system atic  e r ro rs  le d  to  th e  d e c is io n , 

to  norm alize th e  measured c ro ss  sec tio n s  a g a in s t a most re c en t 

a v a ila b le  good ab so lu te  measurement o f th e  f i s s io n  c ro ss  se c tio n  fo r  

U-235 and th e  r a t io  o f th e  f i s s io n  c ro ss  sec tio n s  o f  U-238 to  

U-235 a g a in s t o th e r a v a ila b le  d a ta , to  o b ta in  ab so lu te  v a lu es .

The norm aliza tion  re fe ren ce  fo r  th e  U-235 neutron  f is s io n



- l4 l-

63
c ro ss  s e c t io n  was a  measurement by G. S. Sidhu and J .  B. C z irr  • 

T his was th e  most re c e n t measurement a v a ila b le  w ith  good s t a t i s t i c s  

and r e s o lu t io n s .  As a re fe ren ce  fo r  th e  r a t io  o f th e  neutron  

f i s s io n  c ro ss  se c tio n s  o f  U-238 to  U-235 th e  ev a lua tion  o f
19

M. G. Sowerby e t  e l .  , was taken . From th e  r a t io  and th e  

a b so lu te  f i s s io n  c ro ss  sec tio n  o f  U-235 th e  abso lu te  

f i s s io n  c ro ss  se c tio n  o f  U-238 was f in a l ly  determ ined.
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chapter V

I .  P re sen ta tio n  and I n te rp re ta t io n  o f  th e  Data 

5*1 In tro d u c tio n

The f i r s t  h a l f  o f t h i s  f in a l  chap ter w il l  co n ta in  th e  f in a l  neutron 

f is s io n  c ro ss  sec tio n s  fo r  U-235 and U-238 as graphs, as measured 

and analyzed as p a r t  o f  t h i s  re sea rch  p ro je c t .  The l i s t i n g  o f 

th e  num erical values o f th e  c ro ss  se c tio n s , th e  corresponding 

en e rg ie s , th e  re so lu tio n s  and s t a t i s t i c a l  e r ro rs  can be found 

in  appendix D.

The in te rp r e ta t io n  o f  th e  c ro ss  sec tio n  re q u ire s  a t  f i r s t  a  look 

a t  th e  general shape. I t  w i l l  be shown, th a t  r e la te d  phenomena 

account fo r  th e  very d i f f e r e n t  shapes o f both  c ro ss  s e c tio n s . 

F i r s t l y ,  U-235 i s  d iscussed  and then  U-238, re q u irin g  a somewhat 

sim pler in te rp re ta t io n .  The U-235 d a ta  show some s tru c tu re ,  and 

th e  s ig n if ic a n c e  of t h i s  a t  th o se  p a r t ic u la r  energ ies i s  d iscussed . 

The f i r s t  h a l f  o f t h i s  ch ap ter i s  then  concluded by a comparison 

w ith  th e  previous work o f o th e r au th o rs.

5.2 P re se n ta tio n  o f th e  Neutron F iss io n  Cross Sections o f

U-235 and U-238 and Their R atio___________________________

P ie t .  47 shows th e  neutron f is s io n  c ro ss  sec tio n  o f U-235 in  th e  

energy range 0 .3  - 12.5 MeV as a  continuous graph. As has been 

p o in ted  ou t in  th e  prev ious c h a p te r , th e  tim e re so lu tio n s  a re
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d i f f e r e n t  in  th re e  reg io n s: 0 .3  -  0 .7  MeV w ith  4o ns wide b in s ,

0 .7  -  2*5 MeV w ith  20 ns wide b in s  and 2 .5  -  12.5 MeV w ith  

10 ns w ide b in s . P ie t., 48 shows th e  same c ro ss  sec tio n  as  a 

su ccess io n  o f  th e  measured in d iv id u a l energy p o in ts  and shows 

th e  s t a t i s t i c a l  e r ro rs  and energy re so lu tio n s  o f every th i r d  

p o in t .

P ie t .  49 p re se n ts  th e  neutron f is s io n  c ro ss  sec tio n  o f  U-238 in  

th e  energy range 0 .7  -  12.5 MeV as a continuous graph. This 

i s  a lso  d iv id ed  in to  two sep a ra te  tim e re so lu tio n  reg io n s:

0 .7  - 2 .5  MeV w ith  20 ns wide b in s  and 2 .5  - 12.5 MeV in  10 ns 

wide b in s .  P ie t .  50 g ives th e  same c ro ss  sec tio n  again  as in d iv id u a l 

d a ta  p o in ts  w ith  every th i r d  one accompanied by e r ro r  and re so lu tio n  

b a rs .

F in a l ly ,  in  p ic t .  51> th e  r a t io  o f th e  neutron f is s io n  c ro ss  sec tio n  

o f  U-238 to  th e  one o f U-235 i s  p resen ted . The range i s  between 

0 .7  - 1 2 .5  MeV. P ic t .  52 shows th e  same d a ta  as successive  d a ta  

p o in ts ,  every th i r d  one o f which c a r r ie s  e rro r  and re s o lu t io n  b a rs .

5 .3  I n te rp re ta t io n  o f th e  General Shape o f th e  Cross S ections

Neutron f is s io n  cross  sec tio n s  o f a c tin id e  n u c le i can be b a s ic a l ly

d iv id ed  in to  two groups, regard ing  th e i r  general shape: those

which have a therm al f is s io n  th re sh o ld , and th o se , which have a

th re sh o ld  a t  some o th er f ix e d  energy. In  both  cases t h i s

p r in c ip a l  f e a tu re  o f th e  c ro ss  se c tio n  i s  detennined by p a ir in g  e f fe c ts  o f

th e  nucleons.
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5.3.1 U-235

U-235 has a therm al c ro ss  se c tio n , which means t h a t ,  î rtien 

a neutron i s  cap tured’ a t  therm al energy, i . e .  when i t  i s  

in  equ ilib rium  w ith  i t s  environment ; th e  b inding  energy then  

re le a se d  during th e  cap tu re  o f  t h i s  neu tron , i s  s u f f ic ie n t  to  

e x c ite  th e  nucleus, to  surpass th e  f i s s io n  th re sh o ld  and s p l i t .  

Since U-235 i s  an odd-A nucleus, b u t has an even Z number, th e re  

i s  one neutron not bound in  a sub s h e l l ,  p a ired  e i th e r  w ith  a 

p ro ton  or w ith  another neutron  o f  opposite  sp in . I t  i s  only 

lo o se ly  a ttach ed  to  th e  nucleus. I f  on th e  o th e r  hand a s in g le  

neutron e n te rs  th e  nucleus, t h i s  one and the. unpaired one w il l  

form a s tro n g ly  bound su b sh e ll, re le a s in g  th e  f u l l  b inding  

energy o f 6.53^ MeV, w ell above both  b a r r ie r s ,  being a t  5.&3 

MeV and 5*53 MeV re sp . T herefore , even i f  th e  incoming neutron 

does not ca rry  any more k in e t ic  energy w ith  i t ,  th e  nucleus i s  

ex c ited  enough to  undergo f is s io n .

The c ro ss  sec tio n  then  decreases as l / v  from therm al to  h igher 

en e rg ie s , u n t i l  i t  reaches about 0 .65  MeV. From thereon  i t  

s t a r t s  to  r i s e  again . As th e  th e o re t ic a l  c a lc u la tio n s  (equation  

(5.11.1)} in  th e  second h a lf  o f t h i s  chap ter w il l  show, t h i s  i s  due 

to  a r e l a t iv e  decrease in  th e  p r o b a b i l i t ie s  o f  th e  competing 

re a c tio n s  to  f i s s io n ,  in  p a r t ic u la r  n eu tro n -cap tu re- ^ -ray -em iss io n , 

which becomes n e g lig ib le  a t  th e se  en erg ies . A fte r  reaching  an 

in term ed ia te  maximum a t  about 2 .5  MeV, th e  c ro ss  se c tio n  then
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decreases again , fo llow ing th e  l /v - t r e n d ,  which becomes again  

more dominant a f te r  being in  equ ilib rium  w ith  th e  r i s in g  tre n d  a t  

th e  maximum. ,

At about 5 MeV th e  c ro ss  se c tio n  r i s e s  f a s t  to  a maximum. This i s  

due to  an e f f e c t ,  c a lle d  second t r y  f is s io n .  Here th e  nucleus 

i s  s t i l l  s u f f ic ie n t ly  ex c ite d , even a f t e r  a prev ious decay v ia  a 

competing channel, to  s p l i t  up, th u s  enchancing th e  chances o f 

f i s s io n  considerab ly . A fte r  reaching  a peak a t  about 7 MeV, th e re  

i s  again  a decrease o f  th e  c ro ss  se c tio n  due to  1/ v-behav iour.

5 .3 .2  U-238

U-238 i s  an eim-A, even-Z nucleus w ith  a l l  nucleons p a ire d  in  sub s h e lls  

and th e re fo re  w ith  no therm al neutron f is s io n  c ro ss  se c tio n  a t  a l l .

I f  a therm al neutron  e n te rs  th e  nucleus, i t  w i l l  be bound only very 

lo o se ly , i f  a t  a l l .  The energy re le a se  in  t h i s  p ro c e ss ,th e  b inding  

energy o f th e  a d d itio n a l neu tron , i s  4.86 MeV, w ell below both  

b a r r ie r s  o f  6.46 and 6.16 MeV, so th a t  th i s  b inding energy in  i t s e l f  

i s  not s u f f ic ie n t  to  e x c ite  th e  compound nucleus above th e  f is s io n  

th re sh o ld . I t  i s  th e re fo re  n ec /e ssa ry , to  supply a minimum o f  k in e t ic  

energy by th e  incoming neu tron , to  cause f is s io n  a t  a l l .  This seems 

to  be about I .3  MeV. Below th i s  energy th e  f is s io n  c ro ss  se c tio n  

i s  v i r tu a l ly  zero , and i t  s t a r t s  to  r i s e  ra p id ly  above 1 .3  MeV 

to  a maximum value. Again, between 5 and 6 MeV th e  reg io n  o f  second 

t r y  f is s io n  i s  approached, so th a t  th e  c ro ss  se c tio n  r i s e s  again  

very suddenly to  a new maximum. From th i s  i t  decreases in  

l /v - fa s h io n .
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5*4 In te rp re ta t io n  o f P o ssib le  In term ed iate  S tru c tu re  in  the U-235

F iss io n  Cross S ection______________________________________

As mentioned in  chap ter I  a lre a d y , th e  im portant reg io n  to  look 

f o r  s tru c tu re  in  support o f  th e  double-hump b a r r ie r ,  i s  th e  sub

th re sh o ld  reg io n  o r th e  reg io n  ju s t  below th e  second-try  r i s e  in  

th e  f is s io n  c ross  se c tio n . As w il l  be exp lained  p re se n tly , in  th e  

p resence o f a secondary p o te n t ia l  w ell th e  c ro ss  sec tio n  should

show some s tru c tu re  as d i s t i n c t  from th a t  r e la te d  to  th e  f i r s t  
8

p o te n t ia l  w ell . In  any ca se , th e  c ro ss  se c tio n  should cease to  be 

a smoothly varying fu n c tio n  w ith  energy due to  overlapping v ib ra tio n a l  

resonances o f  one s in g le  p o te n t ia l  w e ll. I t  should a lso  show a 

d i s t in c t  v ib ra tio n a l  band asso c ia ted  w ith  th e  second p o te n t ia l  w ell.

The r e s u l t s  in  p lo t .  48 suggest the ex is ten ce  of a  broad resonance 

between 5*5 and 5*0 MeV o f an observed w idth o f 1 .5  MeV which i s  a 

s tro n g  candidate  fo r  such a band. The s tre n g th  o f the  peak above the 

slow ly decreasing  tre n d  o f the  c ross  s e c tio n  i s  about 0.25 b am  and 

th e re fo re  w ell above the s t a t i s t i c a l  u n c e r ta in ty  of 0.105 bam  a t  the 

h e i ^ t  of the  peak. To ex p la in  th is  v a r ia t io n  from the l/v -behavour of 

the c ro ss  sec tio n  w ith  competing re a c tio n s  o f o th e r n a tu res  i s  no t poss

ib le .  I t  must th e re fo re  be concluded, th a t  such in te rm ed ia te  s tru c tu re  

would be fu r th e r  evidence f o r  the  ex is ten ce  o f a  double-hum p-fission- 

b a r r ie r  o f the  compound nucleus U-236.

The sudden r i s e  o f th e  c ro ss  sec tio n  a t  about 3« 5 MeV could then  

be exp lained  by th e  f a c t ,  th a t  th e  second p o te n tia l  w ell i s  assumed 

to  be lower than  the  prim ary one. This enhances th e  p o s s ib i l i ty  o f 

s e c o n d -try -f is s io n  a t  an e a r l i e r  stage  than  fo r  a r e a c t io n , which
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in v o lv e s  the main o r both  p o te n t ia l  w e lls . S im ilar s tru c tu re
64,65,66

h a s  been observed fo r  example fo r  th e  compound nucleus Th-231 

i n  th e  subthreshold rég io n . A d i r e c t  conparison w ith  t h i s  iso to p e , 

however, is  not p o s s ib le , s ince  Th-230 has a  r e la t iv e ly  high 

f i s s io n  th resho ld  ( l . l 4  MeV) and no therm al c ross  se c tio n . T herefo re , 

i t s  subthreshold  reg io n  can be in v e s tig a te d , i^ e re a s  in  th e  case 

o f  U-235 th e  se co n d -try -f iss io n -re g io n  has to  be s tu d ied . In  both  

c a s e s ,  however, th e  observed v ib ra tio n a l  bands a re  r e la te d  to  th e  

same phenomenon.

5.5  Comparison With Previous Measurements 

As a lread y  sa id  in  chap ter I ,  a v a r ie ty  o f measurements of 

th e se  two c ro ss  sec tio n s  had been performed a t  e a r l i e r  s tag es  

by d i f f e r e n t  au th o rs . I t  would exceed th e  scope o f t h i s  th e s is  

to  d iscu ss  a l l  o r even most o f  them in  connection  w ith  th e  

p resen ted  ones. However, i t  can be sa id  th a t  both  th e  U-235 and 

U-238 neu tron  f is s io n  c ro ss  se c tio n s  as measured, and th e re fo re  

o f course a ls o  th e i r  r a t i o ,  a re  in  e x c e lle n t agreement w ith  p a s t  

pub lished  w ork, regard ing  t h e i r  p r in c ip a l  f e a tu re s .
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To compare in d iv id im l d a ta  w ith  th e  p resen ted  ones, i t  seemed 

most u se fu l to  choose an ev a lu a tio n , includ ing  a s e le c t io n  o f  the  

b e s t  p a s t  experim ents fo r  th e  ab so lu te  values o f d> ( n , f  ) o f  

U-235 and U-238 and th e  most recen t a v a ila b le  experim ental d a ta  

fo r  th e  ab so lu te  value o f d  ( n ,f )  o f  U-235 and th e  r a t i o  o f 

d  ( n ,f )  o f  U-238 to  U-235. The ev a lu a tio n  i s  th e  one by
19

M. G. Sowerby e t  a l .  > and th e  newly measured da ta  a re  "by G. S. Sidhu
63 67

and J .  B. C z irr  and J .  W. Behrens e t  a l .  r e sp e c tiv e ly . These 

d a ta  a re  p resen ted  in  com parative graphs w ith  th e  measured ones o f 

t h i s  re se a rc h  p ro je c t in  p ic t .  53,5^,55.

Comparing th e  U-235 d a ta  w ith  th e  evalua tion  shows th a t  th e re  i s  a 

d if fe re n c e  in  th e  depth o f th e  v a lle y  in  th e  c ross  s e c tio n  between 

0 .3  and 2 .0  MeV. The d iffe re n c e  i s  about 0 .3  barns a t  th e  deepest 

p o in t o f th e  v a lle y , th e  newly measured d a ta  being low er. A ll o th er 

s ig n if ic a n t  p o in ts ,  however, agree very w ell; th e  in te rm ed ia te  

maximum a t  about 2.0MeV, th e  depth o f  th e  v a lle y  in  th e  sub-second- 

t r y - f i s s io n  reg ion  and th e  second-try  maximum a t  about 8 MeV. There 

i s  a lso  no s tru c tu re  between 3 .5  and 5 MeV p resen t in  th e  ev a lu a tio n , 

as observed in  t h i s  measurement. I t  must a lso  be s a id , th a t  th e  

ev a lu a tio n  in  th e  reg io n  O.3  - 12.5 MeV i s  based on only  few d a ta  

p o in ts .

A comparison o f th e  U-235 c ro ss  sec tio n  w ith  th e  experim ental one
63

by G. 8. Sidhu and J .  B. C z irr  re v e a ls  no s ig n if ic a n t  d if fe re n c e .
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As in  th e  ev alu a tio n  a l l  maxima and minima a re  c o n s is te n t w ith  th e  

p re sen t d a ta . There i s  even a weak in d ic a tio n  of in term ed ia te  s tru c tu re  

in  th e  sub -second-try -reg ion  as observed in  th e  p resen t measurement.

The energy range in  th e  experim ental comparison da ta  does, however, 

not extend below 0 .7  MeV., The p resen t d a ta  show

e x c e lle n t agreement w ith  th e  ev a lu a tio n  and th e  o th e r experiment
i

a t  a l l  s ig n if ic a n t  p o in ts .

The ev a lu a tio n  o f th e  U-238 d a ta  i s  a lso  only based on a few da ta  

p o in ts . On th e  o th er hand, th e  p resen t d a ta  a re  o f g re a te r  s t a t i s t i c a l  

u n c e r ta in ty  than  th e  ones fo r  U-235. I t  i s  th e re fo re  not p o ss ib le  

to  in te rp r e t  th e  v a r ia tio n s  in  t h i s  c ro ss  se c tio n  as genuine s tru c tu re . 

The s t a t i s t i c s  g e t worse a t  h igher energ ies p a r t ic u la r ly  above 10 

MeV, where th e re  i s  a drop in  th e  c ross  sec tio n . A part from th e  

g enera l shape th e  f i s s io n  th re sh o ld , as i t  appears when th e  cross  

se c tio n  in c reases  a t  a c e r ta in  energy, i s  a lso  in  agreement a t  1 .3  MeV.

Much th e  same th a t  has been sa id  fo r  th e  U-238 d a ta  can be sa id  

when comparing th e  r a t io  w ith  evaluated  and measured d a ta .

Below th e  f is s io n  th re sh o ld  o f U-238 th e  value i s  in s ig n if ic a n t .

In  th e  p resen t da ta  th e  s t a t i s t i c s  a re  dominated by th e  one o f 

th e  U-238 measurement. The ev a lu a tio n , again  based on not many 

p o in ts ,  shows a more smooth behaviour than  bo th  th e  p re se n t
67

d a ta  and th e  measurement by J .  W. Behrens e t  a l .  • Both experim ental
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d a ta ,  however, agree e x c e lle n tly , p a r t ic u la r ly  a t  th e  

in te rm ed ia te  peak a t  about 6 MeV.

Concluding i t  can be s a id , th a t  p rev io u sly  observed fe a tu re s  

have been confirm ed, and th a t  some new l i g h t  i s  thrown on th e  

reg io n  0 .3  - 2 .0  MeV. The observed s tru c tu re  i s  more c le a r ly  

seen than  th e  weak in d ic a tio n s  o f  th e  same in  a most re c en t 

measurement, whereas i t  i s  m issing in  o th e r p revious d a ta .
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H . T h eo re tica l C a lcu la tio n s

5 .6  In tro d u c tio n

The th e o re t ic a l  c a lc u la tio n s  o f th e  neutron f is s io n  c ro ss  sec tio n s  fo r  

U-235 and U-238 were c a r r ie d  o u t, according to  th e  s t a t i s t i c a l  

model d iscussed  in  Chapter I ,  and th e  main p a r t  o f th e se  c a lc u la tio n s  

a re  only v a lid  between 1 and 5 MeV. The lower l im i t  i s  determ ined 

by th e  f a c t ,  th a t  below 1 MeV d e ta i l s  o f  in d iv id u a l le v e ls  o f  th e  

compound nucleus in  question  have to  be known from experim ents, 

whereas above t h i s  value le v e l  d e n s ity  d is t r ib u t io n s  can be 

employed. The upper l im i t  i s  determ ined by th e  f a c t ,  th a t  th e  

c a lc u la tio n s  do not provide fo r  se c o n d -try -f is s io n  e f fe c ts .

As main param eters th e  f is s io n  tran sm iss io n  c o e f f ic ie n ts  were

c a lc u la te d , based on tu n n e l e f fe c t  theory . Then fo r  th e  l e a s t  im portant

competing ch an n e l,th e  n e u tro n -c a p tu re -^ -ray -em ission , tran sm iss io n

c o e f f ic ie n ts  were c a lc u la te d  according to  th e  g ia n t resonance

model. The main competing re a c tio n s  a re  e la s t ic  and in e la s t ic

s c a t te r in g , fo r  which th e  t o t a l  transm ission  c o e f f ic ie n ts  were

determ ined, using th e  compound nucleus form ation p ro b a b i l i t ie s .

For th e  c a lc u la tio n  o f th e  incoming wave transm ission  c o e f f ic ie n ts

a  sep ara te  procedure was adopted, based on an o p tic a l  model c a lc u la tio n  
68

by J .  D. K e llie  . For th e  f in a l  c a lc u la tio n  o f th e  c ro ss  sec tio n s

th e  two sep ara te  f is s io n  tran sm iss io n  c o e f f ic ie n ts ,  rep re sen tin g

th e  two b a r r ie r s ,  had to  be combined in  a s u ita b le  way. The th e o re t ic a l

da ta  a re  th en  p resen ted  and d iscussed  in  comparison w ith  th e  experim ental

r e s u l t s .
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5 .7  The F is s io n  Transm ission C o e ff ic ie n ts

For th e  ex p lan a tio n  o f  OL -decay th e  theory  o f tu n n e l e f fe c t  has been

developed by Gamow. In* t h i s  i t  i s  p o s tu la te d  th a t  p a r t ic le s  may pass

through  a  p o te n t ia l  b a r r i e r ,  even when th e i r  energy s ta te s  a re  not high

enough, to  pass over i t .  This i s  explained in  o p tic a l  term s by

a ss ig n in g  o p t ic a l  q u a l i t ie s  to  th e  b a r r i e r ,  such as  r e f le c t io n  and

tra n sm iss io n . Therefore a tran sm iss io n  p ro b a b ili ty  o f a c e r ta in

p a r t i c l e  a t  a c e r ta in  s ta te  through a b a r r ie r  can be determ ined.
3

N. Bohr and J .  A. Wheeler have proposed an ad ap ta tio n  o f t h i s  

th eo ry  to  n u c lea r f is s io n  to  determ ine a f is s io n  tran sm iss io n  

c o e f f ic ie n t  through a p o te n tia l  b a r r ie r .  For a s in g le  channel th i s  

c o e f f ic ie n t  becomes:

r - L g - s J I  '
- h u f

where E i s  th e  h e ig h t o f th e  b a r re r ,  and'ficor d esc rib es  th e  shape 
f  '

c h a r a c te r is t ic  o f  t h i s  b a r r ie r .  To determ ine th e  t o t a l  tran sm iss io n

c o e f f ic ie n t  fo r  a l l  p o ss ib le  channels, one has to  in te g ra te  over

a l l  ind ividuetl channels, lead in g  to

Tjir(p/E)=Jd€/'"’( t j ^ )  j^ p ^ ^ r2 jf (E .V r .e n  - (5.7 .2)

where T ^  (s )  i s  th e  t o t a l  f i s s io n  tran sm iss io n  c o e f f ic ie n t
J (F)

fo r  t h i s  p a r t ic u la r  b a r r ie r  a t  channel sp in  J  and parity% as a fu n c tio n
(F)

of e x c ita t io n  energy^ ( £ , J ^  ) th e  le v e l  d en s ity  d is t r ib u t io n  w ith
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resp ec t to  f is s io n  s ta te s  and V the peak b a rr ie r  deformation energy.
P

This d is tr ib u tio n  can be expressed as

 ̂ (5 .7 .3)

w ith  d> c a l le d  a sp in  d isp e rs io n  c o e f f ic ie n t ,  C i s  a  co n stan t and
F

0  a tem perature  f a c to r .  cS ,C and 0  a re  a l l  energy dependent 
F F F

and can be ob ta ined  from d a ta  t a b le s ,  which summarise experim ental

measurements and l iq u id  drop c a lc u la tio n s  can a lso  be ob tained
h F

in  t h i s  way. In  t h i s  way th e  f is s io n  tran sm iss io n  c o e f f ic ie n ts  fo r  

U-236 and U-239 fo r  two b a r r ie r s  have been ca lc u la te d . The r e s u l t s  

a re  p resen ted  in  p ic t .  56.

5 .8  The Neutron-C^pture- -Ray-Buission Transmission C oeffic ien ts

The transm ission c o e ff ic ien t fo r the  emission of a sing le  ^ - ra y  

o f energy from e x c ita tio n  E can be described as

(5.8. 1)

in  dependence of J  and , where P  and D are  as usual and f  (E, )

i s  c a lled  the  sp ec tra l fa c to r , containing inform ation about the  

energy dependence of the  t ra n s it io n  on the  s tru c tu re  o f the  g ian t 

resonance. The to ta l  ra d ia tiv e  transm ission c o e ff ic ien t can 

f in a l ly  be w ritten  as
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/ c l
L̂ f̂ Joî) ^  ^ 2  /  <̂j[ **/r̂  / (5'G"

0 - /̂=l-^“/l
(c)

where ^  i s  th e  le v e l  d e n s ity  d is t r ib u t io n  o f th e  compound

nucleus again  and can be expressed as

w ith  d , C and 0 again  energy dependent. To e s ta b lis h  th e  s p e c tra l  

f a c to r ,  two models a re  a v a ila b le , th e  Weisskopf Strong Coupling 

Dipole Model and th e  G iant Resonance Model, th e  l a t t e r  o f  which 

has been adopted here . I t  i s  based on th e  g ia n t resonance in  

photonuclear ab so rp tio n . Here f  i s

f(E t  Y ( L  _______
'  ̂ 3  A f ic  r n c 2 j^ 3

( 5 .8 .k)

Where E = 11 MeV, P  = 2 .9  MeV ( 5 .8 .4 . l )
IG IG

E = 14 MeV, r  = 4 .5  MeV (5 -8 .4 .2 )
2G 2G
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denoting th e  param eters o f  th e  two d ip o le  components. In  th e  

c a lc u la tio n  o f  th e se  tran sm iss io n  c o e f f ic ie n ts  i t  was shown 

th a t  t h e i r  c o n tr ib u tio n  was sm all, decreasing  in  im portance, 

when going from 1 MeV up to  h igher en e rg ie s , w ith  re sp e c t 

to  th e  o th e r tran sm iss io n  c o e f f ic ie n ts .

5 .9  The T o ta l S c a tte r in g  Transm ission C o e ffic ien ts  

These have been c a lc u la te d  to  include both  e la s t i c  and in e la s t ic  

s c a t te r in g ,  and a re  based on th e  compound nucleus form ation 

c ro ss  se c tio n  in  th e  o p tic a l  model;

, ( 5. 9. 1)

where c i s  th e  neutron  energy, a i s  th e  de Broglie-w avelength o f 

th e  incoming neutron and T ( £ ) i s  th e  incoming wave transm ission
(1 )

c o e f f ic ie n t  as a fu n c tio n  o f th e  neutron o r b i ta l  angular momentum 1 

and i t s  energy £ . The t o t a l  s c a tte r in g  tran sm iss io n  c o e f f ic ie n t  

can then  be w ritte n  as

f -S n  00

0

where S i s  th e  neutron  sep a ra tio n  energy o f th e  compound nucleus and 
n

again  a le v e l  d e n s ity  d is t r ib u t io n

fJI)̂ (E)=Ĉ ê /QR (5. 9 . 3)
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w ith  C and 0  as  u su a l, tak in g  th e  e f fe c t iv e  angular momentum 
R R

a s  be ing  ze ro .

The c a lc u la t io n  o f  th e se  tran sm iss io n  c o e f f ic ie n ts  re q u ire s  th e

knowledge o f  T ( £ ) which were req u ired  a lso  fo r  th e  f in a l  
(1)

c ro ss  s e c tio n  c a lc u la tio n . How th i s  was done, i s  described  in  

th e  fo llo w in g  subsection .

5.10 The Incoming Wave Transm ission C o e ff ic ie n ts

Whereas th e  p rev ious tran sm iss io n  c o e f f ic ie n ts  a re  a l l  based on th e
9

p u b lic a tio n  by J .  E. Lynn , th e  c a lc u la tio n  o f  th e  incoming wave

tra n sm iss io n  c o e f f ic ie n ts  i s  based on a programme, c a lle d  THEO,
68

by J .  D. K e ll ie  . Here th e  o p t ic a l  model i s  used, to  c a lc u la te  

th e  t o t a l  c ro ss  se c tio n  o f th e  ta r g e t  nucleus, from which th e  

tra n sm iss io n  c o e f f ic ie n ts  can be deduced. In  chap ter I  th e  

tran sm iss io n  c o e f f ic ie n t  was defined  as

^r^’ hJ , (5.10.1)

where nrj i s  c a lle d  th e  r e f le c t io n  c o e f f ic ie n t ,  and th e  t o t a l  c ro ss  

se c tio n  as

( 2 h l } ( l  • 'R e  yj^) ( 5. 10. 2)
I

in  o p tic a l  model term s. T herefo re , from knowing cS as a fu n c tio n  o f
t o t
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1 , then  7) and hence T can he ob ta ined . I t  has a lso  been shown 
‘ 1 1

a lre ad y , how d  depends on th e  t o t a l  s c a tte r in g  am plitude in  
t o t

g en era l. To produce p a r t ic u la r  c a lc u la tio n s  fo r  t h i s  am plitude 

and a sso c ia te d  o p tic a l  model param eters, i t  i s  neccessary  to  

s t a r t  w ith  a  d i s t in c t  o p t ic a l  p o te n t ia l .  This has been done
69,70

in  th e  p a s t by v arious au tho rs  > on which THEO i s  based. These 

au thors propose a  p o te n tia l

where V ( r )  i s  th e  Coulomb, V ( r )  th e  nuclear and V ( r )  i s  th e  
c N S

s p in -o rb it  p a r t .  Both V ( r )  and V ( r )  a re  composed ou t o f  r e a l
N S

and im aginary p a r t s ,  where th e  r e a l  p a r t  determ ines s c a tte r in g  

p rocesses and th e  im aginary p a r t  acounts fo r  ab so rp tio n . The 

in s e r t io n  o f t h i s  combined p o te n t ia l  in to  th e  Schroedinger 

equation  and i t s  successive  so lu tio n , as o u tlin ed  in  chap ter I ,  

le a d s  to  th e  determ ination  o f th e  s c a tte r in g  anm litudes and a s so c ia te d  

o p tic a l  model param eters. From th e re  th e  t o t a l  c ro ss  se c tio n  i s  

c a lc u la te d , and th e  incoming wave tran sm iss io n  c o e f f ic ie n ts  from i t .

5 .1 1 .F in a l T h eo re tica l C a lcu la tio n  and P re sen ta tio n  o f R esu lts  

The form ula, to  combine th e  tran sm iss io n  c o e f f ic ie n ts ,  to  c a lc u la te  

th e  f i s s io n  c ro ss  sec tio n s  o f  U-235 and U-238, has a lso  been 

p resen ted  e a r l i e r  in  a more g en era l form, which le a d s  to  th e  p e ir ticu la r  

one

----------------------------------( 5. 11. 1 )
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where

71
i s  c a l le d  th e  s t a t i s t i c a l  weighing f a c to r .  , w ith

Vp . (5 .1 1 .2 .1 )

The i n ^ r t a n t  th in g  in  t h i s  c a lc u la tio n  was th e  way o f  com bii^^ 

th e  two f i s s io n  tran sm iss io n  c o e f f ic ie n ts  fo r  th e  two in d iv id u a l 

b a r r i e r s  in to  a common one. I t  can be shown, th a t

( 5 .H .3 )  
'(A)* 1(B)

w ith  T and 1 th e  In d iv id u a l and T th e  combined f is s io n
(A) (B) (e f f ,F )

tra n sm iss io n  c o e f f ic ie n t .  This i s ,  however, only t ru e ,  i f  e i th e r  T
(A)

o r T o r  bo th  a re  c lo se  to  o r above u n ity . I f  one o f them i s  
(B)

co n sid e rab ly  l e s s ,  th e  f is s io n  p ro b a b ili ty

(5 .1 1 .4 )

has to  be c a lc u la te d  in  a d i f f e r e n t  way;

. (5 .1 1 .5 )

where c ’ r e fe r s  to  channels o th e r than  f is s io n .  This co n d itio n  was 

re sp e c ted  and th e  th e o re t ic a l  neutron f is s io n  c ro ss  sec tio n s  fo r  

U-235 and U-238 c a lc u la te d  between 1 and 5 MeV. The r e s u l t s  a re
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p re se n t ed in  p ic t .  57 and 58.

5.12 Comparison With Experim ental R esu lts  and Conclusions 

P ic t .  59 and 60 show com parative graphs o f  th e  th e o re t ic a l  and 

experim ental d a ta  o f  U-235 and U-238 between 1 and 5 MeV. Two 

fe a tu re s  can be seen im m ediately: f i r s t l y ,  th e  general shape 

o f  th e  th e o re t ic a l  c a lc u la tio n s  agrees e x c e lle n tly  w ith  th e  

experim ental one. Both fo llow  th e  same r i s e  and f a l l  p a t te rn  o f  

th e  measured d a ta . For U-235 th e  th e o re t ic a l  cross se c tio n  

peaks a t  ex ac tly  th e  same energy as th e  experim ental one, and 

fo r  U-238 th e  r i s e  above th e  f is s io n  th re sh o ld  in  th e  c a lc u la te d  

d a ta  fo llow s th e  experim ental one alm ost in  l in e .  The o th e r 

p o in t th a t  can be observed, i s  th a t  both  th e o re t ic a l  curves a re  

h igher than  th e  experim ental curve by 30 ^  to  50

A c lo se r  in v e s tig a tio n  o f  th e  in d iv id u a l co n trib u tin g  f a c to rs  reveals

th a t  th e  n eu tro n -cap tu re- ^ -ray -em iss io n  transm ission  c o e f f ic ie n t

p lays not such a dominant p a r t ,  as to  account fo r  t h i s  s h i f t ,  and

th a t  th e  f is s io n  tran sm iss io n  c o e f f ic ie n ts  were in  e x c e llen t
9

agreement w ith o th e r au thors . The rem aining u n c e r ta in tie s  were 

th e re fo re  due to  th e  incoming wave transm ission  c o e f f ic ie n ts ,  

from which th e  t o t a l  s c a tte r in g  tran sm iss io n  c o e f f ic ie n ts  were 

a lso  c a lc u la te d . P ic t .  6 l  shows a con^arison o f th e  experim ental
72

w ith  th e  th e o re t ic a l  t o t a l  c ross  sec tio n  o f U-238 j from th e  

l a t t e r  one o f which th e  incoming wave tran sm iss io n  c o e f f ic ie n ts  

were derived . I t  i s  obvious, th a t  th e  agreement i s  not very  good.

To improve th e  th e o re t ic a l  c ro ss  se c tio n , th e re fo re , i t  i s
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P ic t .57 :  Theoretical N e u t ro n  F ission Cross Section  
of U-235
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neccessary  to  use a model fo r  c a lc u la tin g  th e  t o t a l  c ross  s e c tio n , 

which i s  more su ccessfu l in  t h i s  energy reg io n . This would be a 

problem fo r  fu tu re  th e o r e t ic a l  in v e s tig a tio n s .

The main l im i t  on th e  experim ent i t s e l f  was th e  r e la t iv e ly  low 

count r a t e ,  concerning f is s io n  events in  th e  gas s c in t i l l a to r .

This not only  p resen ted  d i f f i c u l t i e s  to  achieve optimum s t a t i s t i c s ,  

b u t l im ite d  th e  range o f p o s s ib i l i t i e s  in  th e se  experim ents even 

fu r th e r .  The b i-d im ensional mode o f  d a ta  tak ing  would have been 

id e a l ,  to  allow  an in v e s tig a tio n  o f th e  dependence o f fragment 

mass d is t r ib u t io n  on th e  energy o f  th e  f is s io n  inducing neutron .

In  t h i s  way i t  could have been c la r i f i e d ,  whether th e re  Eire p re fe r e n t ia l  

reg io n s  in  th e  c ro ss  se c tio n , which might be a sso c ia ted  w ith  e i th e r  

symmetrical or asymm etrical f i s s io n ,  e sp e c ia lly  in  connection w ith 

s tr u c tu re ,  a sso c ia ted  to  one or th e  o th e r p o te n tia l  w e ll. To id e n tify  

t h i s  s tru c tu re  more p o s i t iv e ly ,  an a d d itio n a l measurement o f th e  

angular d is t r ib u t io n  o f th e  f i s s io n  fragm ents would have been 

neccessary . F in a l ly ,  much b e t te r  s t a t i s t i c s  should provide a 

s p li t -u p  o f th e  v ib ra tio n a l  s tru c tu re  between 3*5 and 5*0 MeV in to  

narrow r o ta t io n a l  resonances as has been attem pted in  experim ents
64,65,66

w ith  o th e r iso topes

There a re  b a s ic a l ly  two so lu tio n s  to  th e  count r a te  problem. One 

p o s s ib i l i ty  i s ,  to  in c rease  th e  ta r g e t  mass by designing a gas 

s c in t i l l a t o r  which in co rp o ra tes  more than  one s in g le  ta rg e t  f o i l .

The second p o s s ib i l i ty  i s  to  use an a c c e le ra to r  w ith a much h igher
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beam c u rre n t,  to  produce more neutrons in  th e  brem sstrahlung 

t a r g e t .  Such a machine i s  c u rre n tly  under co n s tru c tio n  in  th e  

K elvin Laboratory.



APPENDDC A

Influence of Magnetic F ie lds on the  F ission  Detector

I t  i s  a well-known fa c t ,  th a t  magnetic f ie ld s  have an influence 

on the  c o llec tio n  e ffic iency  and therefo re  on the gain of a photo

m u ltip lie r . Even such weak f ie ld s  as the  e a r th ’s can have a 

s ig n if ic a n t e f fe c t ,  depending on the  type of phototube under 

in v es tig a tio n . Although these e ffe c ts  on phototubes a re  w ell- 

known, th e i r  magnitude can be d if fe re n t,  when a tube i s  

attached  to  the  metal framework of a gas s c in t i l la to r .

The main influence of a magnetic disturbance takes p lace in  the 

c r i t i c a l  p a rt o f the  photom ultip lier between the  photocathode 

and the c o llec tio n  e lec trode , the  f i r s t  dynode. Here, where the 

e lec tro n s , re leased  from the photocathode by the incoming photons, 

a re  focused onto the c o llec tio n  e lec trode , the impact of a 

magnetic f ie ld  i s  f e l t  most strongly . This i s  because even a 

minute dev ia tion , of the  en tering  e lec tron  bunch from the  

optimum p o sitio n  on the f i r s t  dynode, w ill  r e s u lt  in  a lo ss  of 

secondary e lectrons and th e re fo re  has a s ig n ific an t e ffe c t on the 

m u ltip lic a tio n  through the  whole se t of dynodes. The magnetic f i e ld ,  

to  be most e ffe c tiv e , has to  be perpendicular to  the  e lec tron  bunch 

or a t  le a s t  to  an id ea l beam of e lectrons from the cen tre  o f the 

photocathode to  the f i r s t  dynode. To in v estig a te  the  q u an tita tiv e  

e ffe c t of magnetic f ie ld s ,  a se r ie s  of te s ts  was c a rried  out.

The setup  i s  shown in  p ic t .  62.
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A s e t  o f  H elm holtz-co ils was in troduced w ith - th e ir  ax is- 

p e rp en d icu la r to  th e  p h o to m u ltip lie r  a x is  near th e  c r i t i c a l  

reg io n  o f  th e  58 UVP p h o to m u ltip lie r , a ttach ed  to  th e  gas 

s c in t i l l a t o r .  When th e  d is ta n c e  between th e  c o i ls  i s  approx i

m ately equal to  th e i r  ra d iu s , t h e i r  magnetic f i e ld ,  c rea ted  

by th e  c u r re n t,  flow ing through th e  c o i l s ,  i s  n ea rly  uniform . 

C urrent and v o ltag e  on th e  c o i ls  were measured, th e  photom ulti

p l i e r  was a t  1 800 V, and th e  Of-252 source was fac in g  i t  

in s id e  th e  gas s c in t i l l a t o r .  For d if f e r e n t  c u r re n ts ,  c re a tin g  

d i f f e r e n t  magnetic f i e ld s ,  p u lse  am plitude sp ec tra  o f th e  

Of-252 decay products were taken .

The magnetic f i e ld  s tre n g th  was c a lc u la te d  as fo llow s;

g _ . / W V / c r f _  (A .i)

where

= 4 j r - / 0 ‘ ^ H / m  .  (A.2)

a i s  th e  ra d iu s  o f th e  c o i l s ,  x th e  d is ta n ce  between them, N th e  

number o f tu rn s  and I  th e  c u rre n t.

In  t h i s  way a s e r ie s  o f p u lse  am plitude sp ec tra  was ob ta ined . They
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a re  shown in  p i c t .  63.As can c le a r ly  be seen, an in c rea se  in  

th e  s tre n g th  o f  th e  magnetic f i e ld  r e s u l t s  in  a decrease  o f 

p h o to m u ltip lie r  ag a in , u n t i l  f in a l ly  a l l  p u lses  a re  moved up 

to  th e  low er end o f  th e  spectrum , and no d is t in c t io n ,  as to  what 

i s  t h e i r  n a tu re , can be made any lo n g er. A f i e ld  s tre n g th  of

1 .25  G seemed th e  maximum accep tab le , w ithout d is tu rb in g  th e  

l i n e a r  r e s o lu t io n  to o  much. Since th e  magnetic f i e ld s ,  used in  

th e  t e s t s ,  a re  o f  th e  o rder o f magnitude o f th e  earth*s 

m agnetic f i e l d ,  i t  appeared neccessetry to  use a Mu-metal sh ie ld  

a n  over th e  p h o to m u ltip lie r , to  ensure s ta b le  working co n d itio n s  

during  th e  experim ents.
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APPENDDC B

In v e s t ig a t io n  o f  Wave Length S h if te rs

E a r l ie r  on during  th e  development o f th e  gas s c in t i l l a t o r  th e  

p o s s ib i l i t y  o f using  wave len g th  s h i f t e r s ,  to  avoid working in
25

th e  UV-region, was in v e s tig a te d . P relim inary  l i t e r a t u r e  s tu d ie s  

s in g led  o u t th re e  p o ss ib le  cand ida tes; D ipheny lstilbene (DPS), 

p-Q uarterphenyl and Diphenylbenzene. A ll a re  a v a ila b le  as  powders, 

b u t in so lu b le  in  commonly used media, such as w ater, various a c id s , 

benzene, e tc .

The t e s t s ,  concerning th e  u sefu ln ess  o f th e  s h i f t e r s ,  were done 

in  two p a r t s .  F i r s t l y ,  i t  was decided q u a l i ta t iv e ly ,  which was th e  

most e f f i c i e n t  s h i f t e r ,  and secondly, th e  e f fe c t  o f i t  on Cf-252 

sp ec tra  was in v e s tig a te d .

For th e  t e s t s ,  th e  powders were mixed w ith  M ethylalcohol, and th ese  

m ixtures were app lied  in  tu rn  to  th e  quartz  window in  a th in  la y e r .  

A fte r  th e  evaporation  o f th e  a lcoho l th e  powder remained evenly d i s t r i 

bu ted  on th e  d isc . To make i t  s t ic k ,  a m icroscop ica lly  th in  f ilm  o f 

lacq u er was sprayed over i t .  Each s h i f te r  was then  illu m in a ted  by a 

UV-lan^ from d if f e r e n t  d is ta n c e s  and a t  d i f f e r e n t  in te n s i t i e s .

The v isu a l impact o f th e  s h if te d  l i g h t  was observed and a q u a l i ta t iv e  

d ec is io n  made, th a t  DPS was by f a r  th e  most e f fe c tiv e  wave len g th  

s h i f te r  in  th ese  t e s t s .
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This was then  used on th e  o u te r  su rface  o f th e  q uartz  window o f 

th e  gas s c in t i l l a t o r ,  between window and p h o to m u ltip lie r fa c e , 

to  in v e s tig a te  i t s  e f f e c t  on th e  Cf-252 spectrum, recorded  by th e  

gas s c in t i l l a t o r .  A success could not be achieved, s in ce  th e re  

was no t a c le a r  re so lu tio n  o f two sep ara te  f is s io n  peaks o b ta in ab le . 

This i s  m ainly due to  th e  d i f f i c u l ty  o f  c re a tin g  a  th in  enough, 

evenly d is t r ib u te d  la y e r  o f wavelength s h i f te r  on th e  window.

Because o f i t s  r e l a t iv e  in s o lu b i l i ty  th e re  were bound to  be c lu s te r s  

in  th e  m ix tu re , th ic k  enough, to  absorb p a r t  o f th e  s c in t i l l a t i o n  

p u lse , and thus worsening th e  re so lu tio n . For t h i s  reason  and fo r  

reasons o f sh o rt response tim es th e  use o f wavelength s h i f te r s  in  

th e  experim ents was decided a g a in s t.
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APPENDIX C

D eterm ination  o f  Target Mass

I t  has to  be p o in ted  out in  advance th a t  th e  method, described  

in  th e  fo llo w in g , i s  only su ite d  to  g ive an estim ate  o f  th e  

ta r g e t  m ass. Since th e  th ic k n e ss , quoted fo r  th e  U-235 mass 

by th e  s u p p lie r ,  was only  defined  as approxim ate, i t  was 

decided  to  check t h i s  by a measurement o f th e  t o t a l  (X - a c t iv i ty  

o f  th e  t a r g e t  f o i l .  The setup  fo r  t h i s  measurement i s  shown in  

p i c t .  64.

The t a r g e t  was p laced  in  a chamber, about 10 cm in  diam eter and 

5 cm h ig h . I t  was faced  by a su rface  b a r r ie r  semiconductur d e te c to r
73

o f  100 % CL -d e te c tio n -e f f ic ie n c y  . The chamber was evacuated, 

and th e  O t-p a r t ic le s ,  leav in g  th e  f o i l ,  d e tec ted  by th e  su rface  

b a r r i e r  co u n te r. The counter was powered by a low v o ltag e  power 

supply and i t s  ou tpu t fed  through a low noise p re -a m p lif ie r , 

b e fo re  reach ing  a main a m p lif ie r . The output was d isp layed  on 

a  p u lse  h e ig h t an a ly se r, which gave out i t s  co n ten ts  on a te le ty p e . 

In  t h i s  way a spectrum o f th e  CL - a c t iv i ty  o f th e  U-235 f o i l  was 

o b ta in ed . I t  i s  shown in  p ic t .  65.

As one n o tic e s ,  th e  Ct-peak i s  in  r e a l i t y  a double peak, both  peaks 

having about equal h e ig h t. This i s  because n ea rly  50 % o f th e  t o t a l  

a c t iv i ty  o f  th e  f o i l  comes from U-234, which although o f a n a tu ra l  

abundance o f  0.0055 i t s  p ro p o rtio n  i s  o f course increased  during
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th e  enrichm ent p rocess o f U-235 a g a in s t U-238, which r e l ie s - s o le ly  

on an enrichm ent o f  th e  l i g h t  component in  n a tu ra l Uranium in  

t o t a l  «

Because th e . en erg ies  o f  th e  Qt - p a r t ic le s  from U-234 and U-235 a re  very 

c lo s e ,  and th e  f o i l  i t s e l f  has a f i n i t e  th ic k n ess , th u s  widening 

th e  energy d is t r ib u t io n  o f both  due to  s tra g g lin g , th e  peaks a re  

no t sep a rab le  by using fo r  example a Jiigher q u a li ty  d e te c to r .

To determ ine th e  number o f counts fo r  U-235, i t  was th e re fo re  

decided  to  a ss ig n  about 50 ^  o f  i t s  a c t iv i ty  to  U-235 on th e  b a s is  

o f  th e  r e l a t iv e  peak h e ig h ts .

T h is , however, was not th e  t o t a l  a c t iv i ty  o f th e  f o i l ,  f i r s t l y ,

because o f  th e  s o lid  angle o f th e  d e te c to r  to  th e  f o i l ,  and

secondly , because th e  f o i l  was not a p o in t source. Therefore

Huygen's p r in c ip le  was ap p lied  to  th e  f o i l ,  d iv id in g  i t  in to  a

very  f in e  mesh and assign ing  a p o in t source to  each square o f  th e

mesh in  a computer code, c a lle d  HYGEN. Each p o in t source co n trib u ted

to  th e  t o t a l  a c t iv i ty ,  according to  i t s  p o s itio n  r e la t iv e  to

th e  d e te c to r  face  and was thus asso c ia ted  w ith  a w eighting

fac to ri-  Taking care  o f  th e  s o lid  ang le , subtended by th e  d e te c to r

a t  th e  d i f f e r e n t  p o in t sources, th e  t o t a l  a c t iv i ty  o f th e  f o i l

could now be c a lc u la te d , and from i t  th e  estim ated  mass o f th e
2

ta r g e t  derived  as 0 .75 mg/cm .
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This was 25 % lower than  th e  quoted one, and two fa c to rs  can 

account fo r  t h i s ;  f i r s t l y ,  th e  symmetrical s p li tu p  o f  th e  

(X -spectrum  i s  probably no t accu ra te  enough, and secondly, 

p a r t  o f  th e  a - p a r t i c l e s  i s  l o s t  due to  s tra g g lin g  and 

ab so rp tio n  in  th e  f o i l  i t s e l f ,  thus reducing th e  

measured a c t iv i ty  by th i s  p o r tio n  w ith  re sp e c t to  th e  tru e  one.
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L is tin g  of th e  Neutron F ission  Cross Sections and Errors

E CSnyU-235 Cj U-238  A  E/E A ô /6 j5  A <V 6,«
(MeV) (barns) (barns)_______

0.300 0 .9 1  ’ 4 .30  16.60
0.309 0 .79  4.36 17.00
0.319 1 .16  4 .43  13.93
0.329 0 .84  4.50 1 6 .4l

 ̂ A OP 4.58 14.670.340 0.92

0.545 0.70
0.568

0.351 0.87  4.65  15.55
0.363 0.75 4.73 16.4l
0.375 0.66 4.81 15.71
0.388 0.97 4.89 12.82
0.402 0.87
0.417 0.73

o -bt

i I 11
: ::  : : :0.592 0.79 V.v^

0.618 0.82'. 6.18 7.83
0.646 0.71 6.31 8.55
0.676 0.73
0.708 0.87

6.46 8.11
6.61 7.19

0.700 0.82 0.0105 3.28 10.43 88.88
0.716 0.92 0.0289 3.32 9.93 54.42
0.733 0.81 0.00493 3.36 10.12 125.69
0.751 0.92 0.0126 3.40 9.30 76.97
0.769 0.88 0 .0  3.44-, 9.39
0.788 0.74 0.0144 3.48 9.85 76.97
0.808 0.84 0.0177 3.52 9.42 62.84
0.829 0.71 0.0335 3.57 9.93 44.44
0.850 0.84 0.0204 3.61 9.07 56.21
0.872 0.80 0.0206 3.66 9.04 54.42
0.695 0.87 0.0241 3.71 8.14 47.50
0.919 0.93 0.0360 3.76 7.83 38.48
0.944 0.93 0.0394 3.81 7.70 36.28
0.970 0.98 0.0323 3.86 7.44 39.74
0.997 1.03 0.00913 3.92 7.49 76.97
1.026 0.85 0.0329 3.97 8.08 39.74
1.055 0.88 0.0283 4.03 7.60 4l . l 4
1.086 0.90 0.0260 4.09 7.35 41.89
1.118 1.01 0.0562 4.15 7.08 29.09
1.151 0.83 0.0324 4.21 7.38 36.28
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E
(MeV)

dL .U-235
•^(barns) 4 . ' S ,

A  e/ e 
(%)

1.187 0 .99 0.0580 4.27 6 .58 26.40
1.223 1.00 0.0330 4.34 6.53 34.86
1.262 1.02 0.0528 4.40 6.4o 27.21
1.302 0.95 ' 0.0383 4.47 6.72 32.45
1.3k4 0.97 0.0795 4.55 6.69 22.69
1.389 1.05 0.124 4.62 6.29 17.77
1.435 1.02 0.161 4.70 6.20 15.09
1.484 0.96 0.258 4.78 6.18 11.57
1.536 1.03 0.304 4.86 5.81 10.37
1.590 1.11 0.350 4.94 5.54 9.55
1.647 0 . 9 8 ' 0 .336 5.03 5.78 9.58
1.707 1.05 0.428 5.12 5.65 8.57
1.771 i .o 4 0.384 5.22 5.53 8.82
1.838 1.08 0.361 5.32 5.16 8.66
1.910 1 .17 : 0.464 5.42 5.07 7.79
1.985 1.20 . 0.489 5.52 4.86 7.38
2.065 1.23 0.445 5.64 4.84 7.81
2.150 1.24 0.483 5.75 4.79 7.44
2.240 1.30 0.547 5.87 4.75 7.09
2.336 1.29 0.558 5.99 4.80 7.08
2.439 1.26 0.546 6.12 4.82 7.10
2 . 51*8 1.29 0.460 6.26 4.78 7.75

2.500 1.32 0.514 2.19 6.69 10.40
2.555 . 1.28 0.423 2.21 6.74 11.38
2.613 1.21 0.481 2.24 7.05 10.85
2.673 1.35 0.603 2.26 6.84 9.90
2.734 1.28 0.636 2.29 7.06 9.71
2.798 1.21 0.537 2.31 7.31 10.62
2.865 1.35 0.506 2.34 7.10 11.24
2.933 1.25 0.581 2.37 7.60 10.80
3.004 1.30 0.485 2.4o 7.40 11.721
3.078 1.34 0.541 2.43 7.38 11.24
3.154 1.18 0.616 2.46 7.99 10.73
3.234 1.20 0.513 2.49 8.02 11.87
3.316 I . l 4 0.469 2.52 8.18 12.32
3.402 1.08 0.492 2.55 8.45 12.15
3.491 1.16 0.597 2.58 8.39 11.33
3.583 1.08 0.501 2.62 8.64 12.28
3.679 1.01 0.476 2.65 9.19 12.96
3.779 1.19 0.495 2.69 8.67 13.03
3.884 1.29 0.558 2.73 8.37 12.32
3.992 1.16 0.577 2.76 8.97 12.32
4.105 1.16 0.609 2.80 9.19 12.26
4.224 1.22 0.643 2.84 9.09 12.15
4.347 1.11 0.576 2.88 9.55 12.82
4.476 1.08 0.518 2.93 9.69 13.55
4.611 1.06 0.575 2.97 9.69 12.76
4.751 1.12 0.582 3.02 9.36 12.56
4.899 1.04 0.540 3.06 9.81 13.20
5.053 1.01 0.581 . 3.11 10.16 12.96
5.215 1.06 0.675 3.16 10.06 12.20
5.385 i.o 4 0.598 3.21 10.12 12.96
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E
(MeV) '  (barns)

6o f' -̂238 
'  (barns)

A e/ e
($) 15

5.563
5.751
5.948
6.155
6.373
6.6o4
6.847
7.103
7.375
7.662
7.967
8.290
8.633
8.999
9.388
9.803

10.246
10.720
11.228
11.774
12.360
12.992

1.01
1.09
1.17
1.26
1.4o
1.60 
1.51
1.61 
1.68
1.64 
1.86 
1.86
1.59
1.60 
1.69
1.79
1.83
1.78
1.64 
1.76 
1.74 
1.67

0.509
0.529
0.607
0.671
0.664
0.834
0.915
0.961
0.914
0.896
0.949
0.950
0.899
0.973
0.898
0.732
0.720
0.763
0.697
0.768
0.859
0.912

3.26
3.32 
3.38
3.43 
3.49
3.56
3.62
2.69
3.76
3.83
3.91
3.99 
4.07 
4.15
4.24
4.33
4.43 
4.53
4.64
4.75
4.87
4.99

10.35 
10.09

9.75
9.75 
9.65

9 .34 
9.78 
9.52 
9.54 
10.22  
9.99
10.28
11.33
11.62
11.82 
11.98 
12.15
12.82 
13.71
14.05
14.81
15.35

14.11 
14.05 
13.10 
12.96
13.55 
12.50 
12.15
11.93 
12.52
13.39
13.55
13.93
l4 .6 l
l4 .4 l
15.71
18.14
18.73
18.94
20.39 
20.57
20.39
20.12
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