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4 A b s t r a c t  

The, f e a s i b i l i t y  of u s ing  
1 

1 

mica t r a c k  d e t e c t o r s  i n  a d e t a i l e d  

lastudy of t h e  f i s s i o n  of medium mass n u c l e i  h a s  been exp lo red ,  
4 

Ext.ensive c a l i b r a t i o n  of mica a s  a  heavy i o n  d e t e c t o r  was 
/ 

achieved by hte/asuring t h e  t r a c k  l e n g t h  of heavy i o n s  w i t h  a  . 
4 i 

s e r i e s  of known mass, 'charge and energy v a l u e s .  The r e s u l t s  
\ . 

of t h e s e  s t u d i e s  were compared- w i th  t .e .convent iona l  t h e o r e t -  
? -%' 9 

' i c a l  stopp%ng models. ' 9No s a t i s f a c t o r ;  agreement cou ld  be  bb- 

t a i n e d  a n d a  semi-empi r ica l  r e l a t i o n  was d e r i v e d  which d e s c r i b e s  ' 

t h e  t r a c k  

of t h e  expe r imen ta l  
----. 

heavy i o n s  i n  mica t o  w i t h i n  t h e  accuracy  

measurements. 3 P 

Track l e n g t h  d i s t r i b u t i o n s  of  f i s s i o n  f ragments  as a  f u n c t i o n  

of t h e  ang le  of emis s ion  w i t h  r e s p e c t  t o  t h e  beam of bombarding 

p a r t i c l e s  were measured f o r  t h e  fo l lowing  sys tems:  16.7-MeV 
i 

a ' s  + Mo, I n  and AU; .  80-MeV a ' s  + Ag, ~e and Au; and 100-MeV 

and 1,20-fie~ a ' s  + Au.' The d a t a  were a n a l y s e d  i n  terms of t h e .  
. . 

v 

t o t a l k i n e t i c  pnergy r g l e a s e ,  center-of-mass  motion and t h s .  ' 

- * , '  width. of , t he  mass and/or  energy d i s t r i b u t i o n  o f  t h e  f i s s i o n  
, a 

\ a s  

f ragments .  K i n e t i c  energy r e k a s e  values-were found t o  be 

' sy~fc5mat ica*I ly  h i g h e r  t h a n  t h e o r e t i c a l  esf ima te s  . The a n a l y s i s a  . , 
\ - . . 

d i d *  n o t  ' suppor t  a d r a m d i c  i n c r d a s e  i n  t h e  wid th  .of t h 6  mass-"? 
. o  

d i s t r i b u t i o n  of ' the f ragments  from f i s s i o n i n g  systems Q•’  mass 

d e c r e a s i n g  t o  t h a t  a f  t h e  80-MeV a ' s  + Ag system,  b u t  w a s  in -  
. .  

c o n c l u s i v e  w i t h  r e s p e c t  t o  ais e f f e c t  f o r  t h e  167-MeV a ' s  + 

Mo system. 
I 



t h e  a n a l y s i s  of ' angula r  d i s t r i b u t i o n  d a t a ,  d i s t ' r i b u t i o n s  " 

t - 
angu la r  momentum and e x c i t a t i o n ,  energy of t h e  f i s s i e n i n g  - 

n u c l e i  were o b t a i n e d  by c a l c - u i a t i n g  t h e  compet i t ion .  between f 
i - 

p a r t i c l e  em$ssion,,and f i s s i o n  i n  t h e  d e - e x c i t a t i o n  o f  t h e  
/ 

- -- 
e x c i t e d  n u c l e i ,  and i n c l u d i n g  t h e  e f f e c t s  of m u l t i p l e  chance 

f i s s i o n .  Deduced va lues  o f  t h e  moments of  i n e r t i a  o f  the 

s a d d l e  p i n t  con•’ i g u r a t i o n s  were compared w i t h  t h e o r e t i c a l  

p r e d i c t i o n s .  . I  
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2.'9 The pe rcen tage  c o n t r i b u t i o n  of n u c l e a r  s t o p p i n g  

a P , * 

t o  t h e  gota.1-amopnt of nuc l ea r  s topping  

a s  ~ d f u n c t i o n  of t d e n e r g y  of t h e  de -acceJe ra t -  I .  

% i n g  i o n .  
d 
6 

2 . 1 0  F i t t e d  ( p o i n t s )  a n d  t h ? o r e t i c a l e  ( l i n e s )  b v a l u e s  as 
, 

a,-  function' - of t h e  charge  'of! .th'e ' i n c i d e n t  - i o n .  Also I 

show1 a r e  the t h & r e & a . ;  b . v a l u e s  . m u l t i p l i e d  by a  

, f a c t o r .  p f  0  ,,769, which r ep re se r l t s  t h e .  b e s t  f i t  t o  

t h e  f i t t e d  expe r imen ta l  , - d a t a .  

2.11 Terminal  t r a c k  l e n g t h  d e f i c i e n c i e s  ALf , a s  a  . .  

f u n c t i o n  62 t h e  cha rge  df t h e  i n c i d e n t  i on .  
- 

4 0  
a 

. 2.12 C r i t i c a l  energy  E f c r i t ,  below which no t r a c k s  a r e  ' 

' formed i n  mica as a f u n c t i o n ' o f  t h e  cha rge  of t h e  
b 

- 

i n c i d e n t  i o n .  The p o i n t s  were o b t a i n e d  from t h e '  
O , ,  

exper imenta l  d a t a ,  while- t h e  so- l id  l i n e s  r e ~ T e s e n t  -h 3 

t he '  energy o f  t h e  ion; f o r  a  g iven  c o n s t a n t  v a l u e  ' 

Q 
, . I 

4 of pnergy l o s s  a s  c a l c u l a t e d  from t h e  LSS theo ry .  * 41 

3 . 1  The mica s u r f  a c e  mouht6d i n  t h e  ;TAMVEC s c a t t e r i n g .  I' 
chamber from 09-60•‹ i n  t h e  l a b o r a t o r y  system. , T h e  r ' 

s a l i d  l i n e s  i n d i c a t e  t h e  r e a l  &ngles  ( r e p r e s e n t e d  
* . , 

by c o n c e n t r i c  cones  o r i g i n a t i n g f r b m  Che beam s p o t  

, oi t h s t a r g e t )  w h ' i l e  t h e  d o t t e d  l i n e s  show t h e  

approximat ion w h i ~ h  can be  made if t h e  d i s t a n c e  . . from 
0 

thewbeam s p o t  + o n  t h e  t a r g e t  t o  t h e  mica ' su r f ace  ' 

3 :  
6 

81 

i s  l a r g e .  4 8  



-- .,' 
e 

3.2 F i s s i o n  f r a g m e n t  ' t r a c k  l e n g t h - d i s t r i b u t i o n  from 

. the  167-MeV a ' s  + Au i n t e r a c t i o n  as a f u n c t i o n *  

o f  t h e  l a b o r a t o r y  a n g l e  o f  obseyva tkon .  

3 .3  F i s s i o n  f r a g m e n t  t r a c k  l e n g t h  d i s t r i b u t i o n  from - 
I F 

t h e  167-MeV a ' s  + I n  i n t d r a c t i o n  a s  a f u n c t i o n  

" bf t h e  l a b o r a t o r y  a n g l e  of  o b s e r v a t i o n a .  

3.4. ~ i s s i o n  •’ragment  t r a c k  l e n g t h  d i s t r i b u t i o n  f rom 
' 

i h e  167-MeV a ' s  + M o  i n t e r a c t i o n  a s : ' a  f u n c t i o n  
X 

of t h e  labo;a80ry a n g l e  o i  o b s e r v a t i o n .  

3 . 5  - F i s s i o n  f r a g m e n t  t r a c k  l e n g t h  d i s t r i b u t i o n  f rpm 

t h e  80-MeV a ' s  + Au j ' n t e r a c t i o n  as a  f u n c t i o n  

. of  t h e  l a b o r a t o r y  a n g l e  o f ' o b s e r v a t i o n .  
I .  

3.6  F i s s i o n  f r a g m e n t  t r a c k  l e n g t h  d i s t r i b u t i o n  from 

' -I t h e  190-MeV a ' s  + Au i n t e r a c t i o n  a s  a f u n c t i o n  ' 

o f o t h e  l a b o r a t o r y  a n g l e  o f  o b s q v a t i o n .  
< ,  I 

3.7 F i s s i o n  f r a g m e n t  t r a c k  l b n g t % - d i s t r i b u t i o n  .from 

t h e  80-MeV a ' s  + Te i n t e r a c t i o n  a s , a  f u n c t i o n  
' 

o f  t-hc l a b o r a t o r y  a n g l e  o f  o b s e r v a t i o n .  
Z 

3.8. ~ i s s i o n  .Eragment . t r a c k  l e n g t h  d i s t r i b u t i o n  from , 

t h e  80-MeV a ' %  + Ag i n t e r g e t i o n  as a  f u n c t i o n  
). ' 

9 of  t h e  l a b o r a t o r y  a n l g e ' o f  . o b s e r v a t i o n .  69 
rl 

. 4 . 1 e  c a l c u l a t e d  t r a c k  l e n g t h  d i s t r i b u t i o k  i n , m i c a  o f  
t 

, + f i s s i o n  f>agments as o b T s e r v e d . a t  a  l a b o r a t o r y  a n g l e  
i .  

of 3'0•‹ a s  a  f u n c t i o n  o f  t h e  mass o f  ;he f i S s i o n i n g  
5 - p'- 

sys tem.  

'A- 





. . . > . 
from a fissioning system wkth anaexcitation energy " / . 

2 

of 80 MeV and a mass of 104 amu. Shown are the * * N 

distributions for assumed mass widths of a, 45,% ~4 " 

: 60, 100 and 1000,amu (narrowest to broadest),and 
t 

f q r  (30•‹,. 90•‹ and 150~) for both mica and3glass ?r 

- 
detectors. ' 

* 4 . 8  Calculated variation of the shape of the track length , 
' . J 

and diameter distributions with the width of The, 

Gaussian mass distribution of the fission fragme&s 

' from a fissioning system wJth an excitation energy 
.J 

of 80 MeV and a mass of 154 amu. Shown are the, 
. -+ 

distributions for assumed mass widths of 30, 45,' - 
-60, 100 and 1000 arpu , (narrowest to broadest) and 

for 

detectors. 
t 

90•‹ and 150~) tfbr . . both mica andL' glass , 

> 
4 . 9  Calculated variation of the shape of the track length " 

, 

and diameter distributions with th I' width of the 
Gaussian,mass distribution of the fission fragments 

y from a 'fissioning system with an excitatiomenergy 

?f 801kV. and , miss of 204 m u .  Shown .a,& ;he 

distributions for assumed mass Vidths oi 30, 45, 

60, * 100 and 1000 amu   narrowest to broadest) and 
fir (30•‹, 90•‹ ah2 150~) -for both mica pnd glass 

I, 
detecfors. 
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* - . 
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a - \ 
1 

- a 1 \ 

4 . 1 0  Comparison of c a l c u l a t e d  and expe r imen ta l  average  3 
0 4 

t r a c k  l6ngeh va lues '  as a  f u n c t i o n  of t h e  l a b o r a t o r y  

a n g l e  o f  o b s e r v a t i o n  f o r  ;he 80-MeV $ ' s  + Au . 

. in t$ract*n.  The broken l i n  r ep re ' s en t s  t h e  c a l -  1 .  
c u l a t e d  ave rage  t r a c k  lengthd assuming f u l l  momen- 

, 
tum t r a n s f  er and t h e  t h e o r e f i c a l  e s t i m a t e '  of t h e  

t o t a b  k i n e f  i c  . energy r e l e a s e .  The s o l i d  l i n e .  J 

,-. 

r e p r e s e n t s ' t h e  " b e s t  f i t "  v a l u e s  of t s t a l  k i n e t i c  -- 
+ 0 

--? 

energy ceh te r -of  -mass motion,  89 3z 

' 4 . 1 1  Comparison a ', of t h e  " b g s t  f i t "  c a l c u l a t e d  ave rage  ' - 
t r a c k  l e n g t h  w i t h  t h e  expe r imen ta l  d a t a  f o r  t h e  

- 90 100-MeV a ' s  +,Au i n t e r a c t i o n .  -- - 

4 . 1 2  Comparison o f '  t h e  " b e s t  f i t "  c a l c u l a t e d  ave rage  

t r a c k  l e n g t h ' w i t h  t h e  expe r imen ta l  d a t a  f o r  t h e  

167-MeV a ' s  + Au i n t e r a c t i ' o n .  9 1  

4.13 Comparison of expe r imen ta l  t r a c k  l e n g t h  d i s t r i b u -  

t i o n  (h i s tog rams)  of t h e  100-MeV a ' s  + Au i n t e r a c t i o n  

( A )  and t h e  167-MeV a ' s  + Au i n t e r a c t i o n  (B) , w i t h  

c a l c u l a t e d  t r a c k  l e n g t h  d i s t r i b u t i o n s  assuming a 
I 

C 

width  of .a Gaussian mass d i s t r i b u t i o n  of  20, 30, 40 
C 

and 60 amu ( c u r v e s  l a b e l l e d  1 , 2 , 3 ,  and 4 r e spec -  
/ 

t i v e l y )  . 93 

4 . 1 4  Comparison of  expe r imen ta l  t r a c k  l e n g t h  d i s t r i b u -  
P) 

t i o n s  (h i s tog rams)  of t h e  ' 80 -M~V a ' s  + Ag i n t e r a c t i o n  5 

w i t h  c a l c u l a t e d  t r a c k  l e n g t h  d i s t r i b u t i o n s  assuming v 

7 a  width  of, -a ~ a u s s ' i a n  mass d i s t r i b u t i o n  of 1 5 ,  30, 60 - 



* 
. b  

3 

and 500 hmu ('curves labelled 1,2,'3 and 4 respec- 

tiwely) for laboratory angles of observation of 
. 

67. (A) and 162. So (B) . .96 - 
L 

C 

Comparison of the experimentally determined most 

probable track length and calculated values (broken 
- 

, 
, . 

and solid' curves) as a' function of the -laboratory 

angle of observation. 
P 

{he assumed values of the 

total kinetic energy release and center-of-mass 
i 

motion used in the calc~lations are indicated. ' 98 

4.16 Comparison of experimental track length distribu- 4 

ltions (histograms) of the 80-MeV a's + Te inter- 

action with calculated track length distributions 
- &- b 

assuming a width of a Gaussian mass distributioh 

of 20 and 40 amu, for laboratory angles t of obser- 

vation of 60•‹ and 120•‹. 
' - 

Comparison of experimental track length distribu-- 

tions (histograms) of the 167-MeV a's + In inter- - 
action with calculated track length distributions 

1 

assuming a width of a Gaussian mass distribution 

of 20, 40 and 1000 amu for a laboratory angle of - 
. 1 -  

0. % observation of 158 . 102 

4'.18 Comparison of experimental track length distribu- 

tions (histograms) of the 167-MeV a's + Mo inter- 

action with calculated track length distributions 
I 

assuming a. width a Gaussian mass distribution 
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The e f f e c t i v e  f ' i s s i o n  t r a n s m i s s i o n  c o e f f i c i e n t s  
Y * 

of t h e  f i s s i o n  e x i t  chanhe ls  ( a s  d e f i n e d  b y  
B 

equati 'on ( 5 . 2 4 )  ) .  ( s o l i d  l i n e s )  , and t h e  t r a n s -  

miss ion  c o e f f i c i e n t s  of t h e  e n t r a n c e  channe l s  

( b r o k e p r l i n e s )  f o r  t h e  80-, 100- and 120-MeV - - 
a ' s  + Au in t e r a . c t i ons .  . .. 134 ' % .  

-, 

The f i t t e d  center-of-mass  angu la r  d . i s t r i b u t i o n  ' 
0 .  

of t h e  f i s s i o n  f ragments  from t h e  8J0-MeV a ' s  . > 

+ Au, I n t e r a c t i o n .  

The f i t & d  ' c en t e r -o f  -mass angu la r  d i s t r i b y t i o n  
d 

of t h e  f i s s i o n  f ragments  from t h e  100-MeV a ' s  \ C - 

-I + Au i n t e r a c t i o n .  136 

The f i t t e d  center-of-mass angu la r  d i s t r i b u t i o n  7 

of t h e  f i s s i o n  f ragments  from t h e  120-MeV a ' s  

+ Au i n t e r a c t i o n .  137 

The center-of-mass a n g u l a r  d i s t r i b u t i o n  i f  t h e  

f i s s i o n  f ragments  from t h e  le7-MeV a ' s  + Mo 

i n t e r a c t i o n  f i t t e d  t o  a Legendre polynomial  

expansion.  * 140 

The center-of-mass a n g u l a r  d i s t r i b u t i o n  of t h e  

f i s s i o n  f ragments  from t h e  167-MeV a ' s  + I n  

i n t e r a c t i o n  f i t t e d  t o  a Legendre polynomial  
L .  / 

expansion.  1 

'3 
1 4 1  

/ 

The center-of-mass  angu la r  d i s t r i b u t i o n  of  t h e  

f i s s i o n  f ragments  from t h e  1.67-MeV a ' s  + AU 



f i t t e d  t o  a Legendre polynomial  i n t e r a c t i o n  
y .  

expansion.  

5.13 The r a t i o  of  t h e  r i g i d  body moment of i n e r t i a  

t o  t h e  e f f e c t i v e  moment of  i n e r t i a  c& t h e  s a d d l e  

p o i n t  shape  a s  a  f u n c t i o n  of t h e  f i s s i l i t y  param- 

e t e r .  The s o i i d  l i n e  i s  from t h e  t h e o r e t i c a l  
/ 

c a l c u l a t i o n s  o f  Cohen, ~ w i d t e c k i  and S t f u t i n s k y .  

~ h b  s o l i d  p o i n t s  show t h e  r e s u l t s  o f  p r e v i o u s  

expe r imen ta l  s t u d i e s  w h i l e  t h e  open p o i n t s  A- a r e  . 

from ' t h i s  work. 143 

The t h r e e  t y p e s  of mass d i s t r i b u t i o n s  t h a t  can  

be  used i n  t h e  RADICS c a l c u l a t i o n s .  169 

A 2 . 1  The t h r e e  d imens iona l  c o o r d i n a t e  system of  - 
s c a t t e r i n g  chambers 

A2.2 The two d imens iona l  c o o r d i n a t e  system of mica / 

d e t e c t o r s .  
0 

A3.1 O r g a n i z a t i o n a l  f low-shee t  of  t h e  FISMAP program.-^' 1 9 6  &b 



Pre face  

F i s s i o n ,  more t h a n  ahy o t h e r  t o p i c  i n ,  ~ u c l e a r  qhemistry  and 4' 
' 

* 
2 p h y s i c s ,  has  aroused g r e a t  p u b l i c  a s  w e l l  a s  s c i e n t i f i c  

4 i n t e r e s t .  I n  1939 Hahn a,nd  tia ass man d i scove red  t h a t  uranium 
e 

7 

n u c l e i ,  a f t e r  t hk  seemingly mino*,-excitation caused by t h e  
'i: 

a b s o r p t i o h  o f  a  low energy neu t ron ,  o f t e n  s p l i t  up in to 'kwo 

, l a r g e  f ragments ,  r e l e a s i n g  a  comparat ively ve ry  l a r g e  amount 
- T -. 

' of energy.  I& w a s  t h i s  excess ive  amount o f - e n e r g y  r e l e a s e d  

bymsuch a  very  sma l l  q u a n t i t y  of m a t e r i a l  fd t&ht2'&irred t h e  - 
r- . 

imag ina t ioq  of many minds and has  r e s u l t e d  i n ,  th&-grea$ b e n e f i t s .  
+ 

I 

f o r  , t o d a y ' s  s o c i e t y ;  a s  w e l l  as, t h e  e v e r  presenb.'f!ear abd h 
4 

a n x i e t y  t h a t  w i l l  l i n g e r  o n  a s  long as t h e  d e s t r u c t i v e  / 

- 1 c a p a b i l i t i e s  of t h e  f i s s i o n  p rocess  ake u t i l i z e d  by even .a few. 

I t  i s  undeniab le ,  however, t h a t  becauie  of t h e  presence  of 

o t h e r  than  j u s t  s c i e n t i f i c  mot iva t ion  t h e  knowledge of t h e  

f i s s i o n  p rocess  h a s  advanced a t  a n  enormous r a t e ,  thereby  a l s o  

i n c r e a s i n g  our  unders tanding  of  n u c l e a r  phys ics  and chemis t ry  
! 4 

i n  general,. Whether t h i s  i n c ~ e a s e *  i n  knowledge w i l l  pay o f f  - 

-. 
I - 

t h e  d e b t  t h a t  f i s s i o n  s o  obvious ly  owes u s ,  is  a  q u e s t i o n  

t h a t  w e  must answer f o r  ou r se lves .  

With t h e  r a p i d  advances be ing  made i n  the c o n s t r u c t i o n  -ef 

medium and h igh  energy p a r t i c l e  a c c e l e r a t o r s ,  f i s s i o n - c a n  now 

be  induced i n  n e a r l y  a l l  e lements  known t o  man. The f i s s i o n  
. , 

; process  of medium mass n u c l e i  ( h e r e  q u i t e  a r b i t r a r i l y  d e f i n e d  



4 

a s  t h e  f i s s i o n  of nu cslel w i t h  a mass of  a rour i~  

arnu) s t i l l  r e l e a s e s  a l a r g e  amount of  e n e r g y ,  b u t  i n  o'rder 

t o  i n d u c e  t h e  e v e n t  a n  eqh$l  ok l a r g e r  amount o f  e n e r g y  i s  

r e q u i r e d .  From an i n d u s t r i a l  p o i n t  $f view t h e n ,  t h e  
\ 

p r o c e s s  i s  n o t  ' G s e f u l .  However, a s t u d y  o f  t h e  mediuh mass 

f i s s i o n  p r o c e s s  can  i l l u m i h a t e  t h e  f i s s i o n  p r o c e s s  g e n e r a l l y  

and p a r t i c u l a r l y .  t h e  i n f l u e n c e  o f  l a r g e r  amounts 

ene rgy  and a g g u l a r  momentum. 

of e x c i t a t i o n  



, + 
49' 

Chapte r  1 I n t r o d u c t i o n  

4 

1.1 F i s s i o n  of  medium mass n u c l e i  a t  m o d e r a t e  e x c i t a t i o n s .  

$ * 

~ h e o r e t i c a l c  a s  w e l l  a s  e x p e r i m e n t a l  s t u d i e s  of  t h e  f i s s i o n  

p r o c e s s  c o n c e n t r a t e  m a i n l y  on t h e  h e a v i e r  f i s s i o n i n g  n u c l e i ,  - 
5 & * *  - 

#* a l t h o u g h  most  of  t h e  t r e a t m e n t s  h&e a l s o  been e x t e n d 2  f o r  

n u c l e i  of medium masses .  ( H e r e  -we w i l l  q u i t e  a r b i t r a r i l y  

d e f i n e  t h e  l i g h t  n u c l e i  a s  b e i n g  t h o s e  w i t h  a  m a s s  o f  less . 
t h a n  50 amu, t h e  medium mass n u c l e i  a s  t h o s e  w i t h  a mass 

between 50 and 200 arku and  t h e  h e a v i e r  n u c l e i  as t h o s e  w i t h  a  

mass h e a v i e r  t h a n  200 amd.) The e a r l i e s t  t h e o r e t i c a l  s t u a  ' 

were m a i n l y  concerned  w i t h  a d e t e r m i n a t i o n  o f  f i s s i o n  b a r r i e r s  

( M e i  3 3 ,  Eoh 3 9 ,  P r e  40, ~ ; e  46,  F r a  4 7 4 .  T ~ G  u n i f o r m l y  
0 ' 

r-' 
'-> c h a r g e d  l i q u i d  d r s p  model w a s  used  i n  a l l  s t u d i e s .  The 

r a t i o n a l e  f o r  u s i n g  t h i s  model was t h e  same a s  t h a t  f o r  u s e  of  

t h e  sartie model t o  c a l c u l a t e  masses and m a s k . d i f f e r e n c e s  v i a  t h e  

s e m i e m p i r i c a l  mass e q u a t i o n ,  a l t h o u g h  t h e  l i q u i d  d r o p  model f o r  
.I 

BP 

t h e  f i s s i o n  p r o c e s s  i s  s i m p l i f i e d  by  t h e  f a c t  t h a t  a  number'of 

t e rms  i n  t h e  mass e q u a t i o n  are i n d e p e n d e n t  of  any d i s t o r t i o n  

of t h e  n u c l e u s .  

~ t - s o o n  became e v i d e n t  t h a t  i n  o r d e r  t o  a g r e e  w i t h  t h e  e x p e r i -  

mental d a t a  t h a t  were a v a i l a b l e . f o r  some of the h e a v i e r  n u c l e i ,  
- b 

s h e l l  e f f e c t s  c o u l d  n o t  b e  e x c l u d e d .  ( M y g 6 ,  ~$r:@&. = Myers 
-.- 

and S w i a t e c k i  (Mye 6 6 )  d i d  e x t e n d  t h e i r  a a I c u l a t i o n s  t o  t h e  
P *  

r e g i o n  of  medium mass n u c l e i  a s  w e l l ,  a l t h o u g h ,  b e c a u s e  of 



\ 
a  l a c k  of e x p e r i m e n t a l  d a t a ,  i t  h a s  n o t  been hssible t o  conf i rm ., 

5 
+ 

* 

t h e i r  t h e o r e t i c a l  e s t i m a t e s .  Compl ica t ing  any d i r e c t  d e t e r -  . 

m i n a t i o n  of t h e  f i s s i o n  b a r r i e r s  of medium mass n u c l e i  i s  

t h e  f a c t  t h a t  t h e  few t h e o r e t i c a l  e s t i m a t e s  o f  t h e  s h a p e  o f  

t& f i s s i o n ,  b a r r i e r  t h a t  have  been made (Nix 67) i n d i c a t e  a  

6 r a m a t i c  n a r r o w i n g  of t h e  f i s s i o n  b a r r i e r  f o r  f i s s i l i t y  Z"- 

p a r a m e t e r s  less t h a n  0 .65 .  (The f i s s i l i t y  p a r a m e t e r  x  i s  

d e f i n e d  a s  t h e  r a t i o  o f  t h e  coulomb e n e r g y  o f  a  s p h e r i c a l  d r o p  ' 

t o  t w i c e  i t s  s u r f a c e  e n e r g : h 2 / 5 0 .  l3A,  where z  and A a r e  

./ 
t h e  c h a r g 8  and t h e  mass o f  t h e  n u c l e u s  r e s p e c t i v e l y .  ) . The 

- 
narrow f i s s i o n  b a r r i e r s  w i l l  a l l o w  a  c o n s i d e r a b l e  a n o u n t  o f '  

b a r r i e r  p e n e t r a t i o n  a s  w e l l  a s  r e f d e c t i o n .  From a n  e x p e r i m e n t a l  
'% 

p o i n t  o f  v iew,  t h i s  e f f e c t  w i l l  show up i n  a r a t h e r  s low 

v a r i a t i o n  of t h e  f i s s i o n  c r o s s  s e c t i o n ,  even i n  t h e  ne ighbor -  

hood o f  t h e  f i s s i o n  b a r r i e r .  

-'--, 
I n  t h e  p r e v i o u s l y  m e n t i k e d  t h e d r e t i c a l  s t u d i e s ,  t h 6  a n g u l a r  

momentum of  t h e  f i s ~ i o n i n c f ~ n u c ~ e u s  is  assumed to-  b e  z e r o .  
'7 

However, w i t h  t h e  f i b s i o n  b a r r i e r s  f o x  n u c l e i  w i t h  a  mass o f  

50 t o  150 amu ex$ected (Mye 66)  t o  b e  i n  t h e  o r d e r  o f  50 MeV, 

a  c o n s i d e r a b l e  amount o f  e x c i t a t i o n . e n e r g y  h a s  t o  b e  induced  

i n  t h e  n u c l e u s  i n  o r d e r  f o r  it t o  b e  a b l e  t o  f i s s i o n .  By 
a 

bombarding t h e  n u c l e u s  w i t h  60 MeY a l p h a  p a r t i c l e s  f o r  example,  
* .  

t h i s  e x c i t a t i o n  e n e r g y  c a n  b e  r e a c h e d  b u t  a  c o n ~ i d e ~ g b l e  amount . 

I 
.of a n g u l a r  momentum is  a l s o  induce$.  The t h e o r y  o f  a  r o t a t i n g  

I 
r i q u i d  d r o p  had a l r e a d y  been  c o n s i d e r e d  a round  t h e  e a r l y  

. 



1 9 6 0 ' s  ( P i k  58 ,  P i k  62 ,  P i k  62b,  B e r  61 ,  H i s  60)  b u t  a  comple te  
5 

' 4 

t r ' ea tment  of , t h i s  t h e o r y  was n o t  d e s c r i b e d  u n t i l  v e r y  r e c e n t l y  - 
., ,': 

Cohen e t .  a 1  (Coh 74)  found t h a t  t h e  f h s i o n  b a r r i e r  w i l l  

d e c r e a s e  w i t h  i n c r e a s i n g  amounts of  a n g u l a r  momentum, and 
. +  

even v a n i s h  i f  s u f f i c i e n t  a n g u l a r  momentum i s  i n d u c e d  i n  t h e  

n u c l e u s .  

* 
I n  o r d e r  t o  s i m p l i f y  t h e  t r e a t m e n t  of t h e  medium m a s s  f i s s i o n  

Z p r o c e s s ,  a  number o f  d i f f e r e n t  s t e p s  or s t a g e s  re assumed t o  ?e 
t a k e  p l a c e  i n  t h e  f o l l o w i n g  o r d e r  ( a l s o  see F' ig.  \l. 1) : 

. I  

1. The i n c i d e n t  p a r t i c l e  e i t h e r  forms a  "comp.osi te"  sys tem 

(Coh 74) w i t h  t h e  t a r g e t  n u c l e u s ,  ( i n  t h i s  s y s t e m  t h e  

If! 
* 

t a r g e t  and o j e c t i l e  have  more o r  less amalgamated,  b u t  

/ e q u i l i b r i u m  i n  a l l  d e g r e e s  o f  freedom h a s  n o t  b e e n -  

a c h i e v e d )  o r  a n  e l a s t i c  or i n e l a s t i c  s c a t t e r i n g ,  s t r i p p i n g  
f 

or s i m p l e  n u c l e o n  t r a n s f e r  p r o c e s s  o c c u r s .   ere w e  w i l l  

assume t h a t  t h e  r e s i d u a l  n u c l e u s  o f  any o f  t h e s e  l a t t e r  

i n t e r a c t i o n s  w i l l  h a v e , a  much lower e x c i t a t i o n  e n e r g y  

t h a n  t h e  r e s u l t  of comple te  amalgamation,  r e l a t i v e  t o  

G t h e  e x p e c t e d  (Mye 66,  Coh 7 4 )  f i s s i o n  b a r r i e r  and hence  

w i l l  n o t  l e a d  t o  a n  a p p r e c i a b l e  c o n t r i b u t i o n  t o  t h e  t o t a l  
1 
i 

probabf  l i t y  ' f o r  any typep o f  f i s s i 6 n  r e a c t i o n .  

e m i s s i o n  ( G r i  6 6 ,  B l a  6 8 ,  B l a  70, B l a  7 1 ) ,  or it can  undergo  

" d i r e c t "  o r  p r e - e q u i l i b r i u m  f i s s i o n .  I f  t h e  compos i t e  



n u c l e u s  s u r v i v e s  l o n g  enough to a t t a % n  equ i l i b r f u p  i n  a l l  

d e g r e e s  o f  f reedom,  t h e  compound, n u c l e u s  i s  formed.  

R e s i d u a l  n u c l e i  f rom t h e  p r e - e q u i l i b a i u m  d e c a y  p r o c e s s  may 
A 

a l s o  e v e n t u a l l y  a t t a i n  a n  equi l ib ; ium st:te, a& i f  
sg 

s u f f i c i e n t  e x c i t a t i o n  e n e r g y  r e m a i n s ,  t h e  n u c i e l  c a n  s t i l l  . 

d e - e x c i t e  v i a  t h e  f i s s i o n  p r o c e s s .  
i 

& 
4 

' L 
3 .  The compound n u c l e u s  c a n  decay  by a  c o m p e t i t i o n  between 

&= p a r t i c l e  e v a p o r a t i o n  and f i s s i o n .  The slower gamma de-  

e x c i t a t i o n - h a s  been  n e g l e c t e d  i n  t h i s  scheme. 
4 

Most  of t h e  ear l ier  e x p e r i m e n t a l  " s u d i e s  o f  t h e  medium mass "q 

f i s s i o n  p r o c e s s  were f o r  n u c l e i  w i t h  masses  close kto 200 amu. 

I - 

B 

s t e p  1' I s t e p  2 1 s t e p  3 1 

F i g u r e  1.1 Sequence '  o f  e v e n t s  f o r  a moderake erkrgy i n c i d e n t  
0 a 

p a r t i c l e  i n t e r a c t i n g  w i t h  medium mass nucleus. 



F i s s i o n  b a r r i e r s  i n  t h i s  reg*ion a r e  o n l y  i-n t h e  o r d e r  o f  

. 20 MeV, and'  c o n s e q u e n t l y ,  .the e x c i t a t i o n  e n e r g i e s .  employed 
I 

were,&mnonly no more t h a n  5 0  ~ e p .  (Cha 62, Hui 62,  Bur 6 4 ) .  
* .  

- e 

The r e a c t i o n  scheme of  f i g u r e  1.1 was s i n p l i $ i e d  c o n s i d e r a b l y  
-661. 

i n  a p p l i c a t i o n  t'o t h o s e  c a s e s .  Compound n u c l e u s  f o r m a t i o n  . 
I _ 

was a l w a y s  assumed,  w h i l e  i n  t h e  d e - e x c i t a t i o n  of tKe' compound * 
n u c l e u s ,  oBly f i r s t  chance  f i s s i o n  was t a k e n  i n t o  a c c o u n t .  

r .  * 'p 
k 

? l u l t i p f e  chance  f i s s i o n  a s  w e l l  as a n g u l a r  momentum e f f e c t s  

were  c o n s i d e r e d  f rom a n  e x p e r i m e n t a l  p o i n t  of v iew i n  t h e  , . . - 

mid s i x t i e s  (Kho 6 6 ) ,  . b u t  n o t  u n t i l  t h e  s e v e n t i e ;  w e r e  t h e s e  

e f f e c t s  p r o p e r l y  t a k e n  i n t o  a c c o u n t . ( B l a  73, P l a  73 ,  F e r  7 3 ) .  
' 

Although t h e  t h e o r y  o f  p r e - e q u i l i b r i u m  p a r t i c l e  e m i s s i o n  h a s  

p e e n  d e v e l o p e d  t~ some e x t e n t  ( B l a  7 1 )  , i t  h a s  n o t  b e e n  quan- 
f 

t i t a t i v % l y  a p p l i e d  towards  t h e -  i n t e r p r e t a t i o n  of  any e x p e r i -  

m e n t a l  d a t a  on t h e  f i s s i o n  o f  medium mass n u c l e i .  Hence, 

a l t h o u g h  scone t h e o r e t i c a l  models  e x i s t  t o  d e s c r i b e  11 t h r e e .  
0 \ 4 a, 

s t e p s  i n  f i g u r e  1.1, t h e  i n t e r p r e t a t i o n  o f  exper ime  t a l  d a t a  

s t i l l  b a s i c a l l y  assumes t h a t  a  compound ( o r  a t  1 e a s t . e q u i l i -  

b r a t e d )  s y s t e m  i s  formed whit t h e n  d e c a y s  v i a  p a r t i c l e  evap- f 
o r a t i o n  o r  f i s s i o n .  The i n h e b e n t  d i f f i c u l t y  i n -  i n c l u d i n g  

I 

p r e -equ@ibr ium d e c a y  i s  t h a t  i n  o r d e r  t o  a n a l y s e  t h e  a n g u l a r  

d i s t r i b u t i o n s  of f i s s i o n  f r a g m e n t s ,  one  needs  t o  know t h e  

d i s t r i b u t i o n  i n  a n g u l a r  momentum df t h e . f i s s i o n i n g  n u c l e i ,  and 
- 

3 

a l l  B r e - e q u i l i b r i u m  d e c a y  models  i n  e x i s t e n c e  t o d a y  d o  n o t  
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e 
* 

vance of various theories describing entrance and exit channels 
P 

of the process are discussed. Particular attention is paid to - f 
the applicability of the evaporation theory to the de-excitation 

t ok an equilibrated nucleus when a fission mode of decay is 

. e  
I 3' included. 

* 



Chapter  2 Track l e n g t h  of  heavy i o n s  i n  m i c a .  

,a, 

2:1 D i e l e c t r i c  n u c l e a r  t r a c k  d e t e c t o r s .  

S ince  i t s  de-velopment i n  h e  e a r l y  1960 's t h e  d i e l e c t r i c  
> 

n u c l e a r  tr 'ack d e t e c t o r  h a s  been employed i n  numerous s t u d i e s  

( F l e  6 5 ,  P r i  71) . E n e r g e t i c  charged  p a r t i c l e s  l e a v e  a s e m i -  

permanent damage t r a i l  i n  t h e  l a t t i c e  of  non-metals .  These 

damage t r a i l s  can o f t e n  be  observed u s i n g  a n  e l e c t r o n  micro- 

s c o p e ,  ( S e l  5 9 )  . A p p l i c a t i o n  of s u f f i c i e n t  energy  t o  the 

l a t t i c e  u s u a l l y  r e s t o r e s  t h e  arrangement  of t h e  atoms t o  i t s  

o r i g i n a l  s ta te . .  I n  a  number of cases it i s  p o s s i b l e ,  however, 

t o  " f i x "  t h e  dameqe t r a i l s ,  u s u a l l y  by a p p l y i n g  a chemica l  

e t c h i n g  s o l u t i o n ,  i n  which case u s e  i s  made of t h e  f a c t  t h a t  

t h e  e t c h i n g  ra te  o f  a  damaged r e g i o n  i n  a l a t t i c e  i s  much 

g r e a t e r  t h a n  t h a t  of t h e  su r round ing  r e g i o n .  T h e - s e n s i t i v i t y  

o r  t h r e s h 0  d  of t h e s e  d e t e c t o r s  i s  d e f i n e d  as t h e  minimum $- 
-mass and/o energy  of i n c i d e n t  i o n s  which i s  d e t e c t a b l e ,  and 

\ 
hence d e p o s i t s  a  c e r t a i n  c r i t i c a l  amount of e'nergy p e r  u n i t  

C 

p a t h  l e n g t h  i n t o  t h e  l a t t i ce ,  Po as t o  create enough damage 

t o  l e a v e  an e t c h a b l e  track. .  The c h a r a c t e r i s t i c s  of  t h e  l a t t i ce  

and ' i n '  p a r t i c u l a r  i t s  r e sponse  t o  t h e  passage  o f  t h e  i n c i d e n t  

p a r t i c l e  w i l l  t h e r e f o r e  de te rmine  t h e  s e n s i t i v i t y  of t h e  

g iven  d e t e c t o r  m a t e r i a l .  Some p l a s t i c s  w i l l  r e c o r d  p r o t o n  

trac!ks (Var 70), whereas o t h e r  ,media l i k e  mica,. w i l l  on ly  

d e t e c t  much h e a v i e r  p a r t i c l e s  ( F l e  65) . 



For t h e  s tudy  of t h e  f i s s i o n  p r o c e s s  of medium mass e lements  

a d e t e c t o r  was needed which,would n g t  register t h  h igh  f l u x  4 
of  s c a t t e r e d  i n c i d e n t  p a r t i c l e s  and t h e  l a r g e  number of evap- 

f- 
o r a t i o n  p roduc t s  whlch r e s u l t  from medium energy 1=100 ~ e v )  
i n t f k a c t i o n s  w i t h  t h e s e  n u c l e i .  Y e t ,  t h e  d e t e c t o r  should 

> 

have a  ve ry  h igh  e f f i c i e n c y  f o r  t h e  r e g i s t r a - t i o n  of f i s s i o n  

f ragments .  Fur thermore t h e  damage t r a i l s  must be  permanent. 

' S i n c e  one i s  a l s o  i n t e r e s t e d  i n  r e l a ' t i n g  t h e  l e n g t h  of damage 

t r a i l s - t o  t h e  e n e r g i e s  and masses of t h e  f ragments  caus ing  

them, t h e  c a l i b r a t i o n  d a t a  .on t h e  response  df t h e  d e t e c t o r  

m a t e r i a l  t o  heavy charged p a r t i c l e s  must be a v a i l a b l e .  

C a l i b r a t i o n  s t u d i e s  of t h e  k ind  mentioned above have on ly  been 

done on a  l i m i t e d  s c a l e  f o r  a  f e w - d e t e c t o r  m a t e r i a l s  (Lee 71, * 

~ a l  69, Ben 69, ~6~ 69, R a l  7 1 ) .  Ra la rosy  e t  a1 (Ral  69, Ral  

71) s t u d i e d  t t r a c k  l e n g t h  of chargedu p a r t i c l e s  i n  makrofol .  T 9 

Thi s  p l a s t i c  ects n e a r l y  a l l  charged p a r t i c l e s ,  Lncluding 

a - p a r t i c l e s  even neu t rons  ( Joz  7 1 ) .  I t  i s  t h e r e f o r e ,  

n o t  s u i t a b l e  f o r  o u r  purpose.  Benton and Henke (Ben 69) 

developed s e m i ~ e m p i r i c a l  rangeLenergy r e l a t i o n s  f o r  d i e l e c t r i c  

nuc l ea r  t r a c k  d e t e c t o r s  and compared t h e i r  c a l c u l a t i d n s  w i th  

some measurements i n  c e l l u l o s e  n i t r a t e ,  They found goad 

agreement a t  h igh  e n e r g i e s ,  b u t  s i g n i f i c a n t  d i s c r e p a n c i e s  

i n  t h e  energy r ange  of f i s s i  d n  f ragments .  H6ppner e t  a 1  
\ 

(H6p 69) t r i e d  t o  c o r r e l a t e  t h e  d iameter  of  t r a c k s  i n  p l a s t i c s  

w i th  t h e  mass and energy of he i n c i d e n t  f ragments .  The i r  4 



-- 8 

c a l i b r a t i o n .  d a t a ,  however, are based  on ly  on t h e  "heaSy and 

l i g h t "  mass peaks of t h e  f i s s i o n  f ragments  o f .  2 3 5 ~ .  ~ e c e r f  

(Lec 71 )  measured t h e  diameter-energy r e l a t i o n s h i p  of v a r i o u s  \, ! f 

e n e r g e t i c  heavy i o n s  i'n g l a s s  d e t e c t o r s ,  the work proceeding  
- 

a t  t h e  same t ime t h a t  t h e  p r e s e n t  s t u d y  w a s  u n d e r t a k e n . '  For E 
t 

;F 

t h e  p r e s e n t  purpose i t  w a s  f e l t  d e s i r a b l e  t o  measure t r a c k  
-. - 

l e n g t h  v a l u e s  r a t h e r  t han  d i a m e t e r s ,  s i n c e  t h e  e a r l i e r  s t u d y  
J 

by ~ 6 p p n e r  ( H B ~  6 9 )  had i n d i c a t e d  t h a t  t h e r e  was on ly  a w s l i g h t  ! 
mass dependence f o r  t h e  d i ame te r  of f i s s i o n  f ragment  t r a c k s  

i n  p l a s t i c s .  I 

Only i f  t h e  geometry of t h e  t r a c k s  can be r e l a t e d  t o  t h e  
/' 

p a t h  of t h e  i o n  p e n e t r a t i n g  t h e  d e t e c t o r  material, can  u s e f u l  
\ - # 

i n fo rma t ion  be o b t a i n e d  from t h e  measurement of t r a c k  l e n g t h s .  

Hehke and Benton (Hen 71) made a d e t a i l e d  ' s t udy  of  t h e  geomdtry 

of t r a c k s  i n  p l a s t i c  d e t e c t o r s ,  w i th  s p e c i a l  a t t e n t i o n  t o  t h e  

d e t e r m i n a t i o n  of  t h e  range  o f  t h e  f ragment  i n  t h e  d k t e c t o r  
% . 

m a t e r i a l  *from t h e  f i n a l  shape  o f  t h e  e t c h e d  t r a c k .  Because o f  
B 

t h e  s m a l l  d i f f e r e n c e  between t h e  e t c h i n g  ra te  o f  t h e  damaged 

and non-damaged h g i o n s ,  t h e  shape  o f  t h e  e t c h e d  t r a c k s  i n  

p l a s t i c s  i s  c r i t i c a l ,  and t h e  r ange  o f  t h e  f ragment  e n t e y i n g  
' 

'1 

t h e  p l a s t i c  cannot  be de te rmined  'by m e a s u r i n q  t h e  l e n g t h  of 

t h e  t r a c k  a lone .  For  a  d e t e c t o r  m a t e r i a l  w i t h  a much g r e a t e r .  * 3 

d i f f e r e n c e  i n  t h e  e t c h i n g  rate between t h e  damaged and non- f - 
I 

damaged r e g i o n s ,  t h e  shape of  t h e  t r a c k s  w i l l  be more c y l i n -  

d r i c a l ,  and hence t r a c k  l e n g t h  and range  w i l l  be  more c l o s e l y  



r e l - a t e d .  No a d e q u a t e  t h e o r e s i c a l  mode 
%' 

1 h a s  b e e n  developedL 

which w i l l  p r e d i c t  t h e  s h a p e  of  t h e  e t c h e d  t r a c k  ( B e c  6 8 ) , '  - . b 

and an  e m p i r i c a l  method must  be  f o l l o w e d  t o  d e t e r m i n e  t h e  - 
s h a p e  o f  t h e  t r a c k s  and t o  c o r r e l a t e  them t o  t h e  o r i g i n a l  

damage t r a i  1. 

Muscovi te  mica w i t h  a r e p o r t e d  ( F l e  6 4 )  d e t e c t i o n  t h r e s h o l d  - 

2 -1 o f  around 1 0  MeV.  c m  m g  (which t r a n s l a t e s  t o  t h e  a b i l i t y  of 
1 

mica t o  d e t e c t  o n l y  t h o s e  f r a g m e n t s  t h a t  c a n  lose more t h a n  
P 

;O MeV of e n e r g y  p e r  mg/crn2 w h i l e  t r a v e l l i n g  t h r o u g h  t h e  m i c a ,  
P 

, i. e. f r a g m e n t s  h e a v i e r  t h a n  neon) , and i n  which - t h e  t r a c k s  a r e  

c y l i n d r i c a l  i n  s h a p e  ( F l e  6 4 ) ,  s a t i s f i e s  t h e  r e q u i r e m e n t s  of  a  

f i s s i o n  f r a g m e n t  d 2 t e c t o r .  %- 

I n  t h e  f  l l o w i n g  the .  " c a l i b r a t i o n "   relation .of t h e  s h a p e  P 
5 'L  9 o f  t h e  t r a ~ $ ' ~ t a  t h e  mass and c h a r g e  o f  t h e  i n c i d e n t  

0 > 
'L - 

i o n )  o f  mica i s  d e s c r i b e d .  

2 . 2  .Exper imenta l  t e c h n i q u e s  

The o b j e c t i v e  o f  t h e  c a l i b r a t i o n  e x p e r i m e n t s  was t o  o b t a i n  

s u f f i c i e n t  d a t a  on  t h e  t r a c k  l e n g t h  i n  mica  o f  heavy i o n s  
Z 

* o f  g i v e n  masses  and e n e r g i e s ,  i n  order t o  be a b l e  t o  e x t r a p o -  

l a t e  a n d b i n t e r p o l a t e  t h e s e  d a t a  w i t h  enough c o n f i d e n c e  o v e r  

t h e  e n t i r e  s p e c t r u m  o f  f i s s i o n  f r a g m e n t s  masses  and e n e r g i e s  - 1 

P c o v e r e d  i n  t h i s  s t u d y .  e main problem i n  s u c h  a n  e x p e r i m e n t  

i s  t o  o b t a i n , v a r i o u s  heavy i o n s  i n  t h a t  mass r a n g e  t h a t  have  
I 

e n e r g i e s  r a n g i n g  f rom 0 . 1  t o ' - J . 5  - MeV/amu. 
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, 2.2.2 Etch ing  c o n d i t i o n s  and t h e  measurement of t r a c k  l e n q t h  

The c o n d i t i o n s  r e q u i r e d  f o r  fo rmat ion  of t h e  optimum t r a c k  

. p r o f i l e  were s t u d i e d  v i a  some of  t h e  mica d e t e c t o r s  on which 

were i n c i d e n t ,  t h e  p roduc t s  from an i r r a d i a t i o n  of t h e  

aluminum t a r g e t  w i t h  a  beam of N e  i o n s .  The micas w e r e  e t c h e d  ' 

i n  a 4 8 %  H F  s o l u t i o n  a t  20•‹c f o r  t o t a l  t i m e s  of  10 ,  15 ,  20, 40 

and 6 0  minutes ,  and scanned w i t h  a  Zeiss s t a n d a r d  IWL r e s e a r c h  

Microscope wEth a  t o t a l  magnFficat ion of  1008X. The t o t a l  
/ 

p r o j e c t e d  l e n g t h  o f  each  t r a c k  w i t h i n  a  g iven  - area - o f  d e t e c t o r  

was measured!using an e y e p i e c e  g r a t i c u l e  c a l i b r a t e d  v i a  a 

Bauch and Lornb 0  .Olrnm s t a g e  micrometer. F i g .  2.2 shows t h e  

t r a c k  l e n g t h  d i s t r i b u t i o n s  of t h e  t r a c k s  measured a t  a  lab- 

o r a t o r y  ang le  of 27O t o  t h e  N e  beam. . The t o t a l  area scanned 



figure 2.2 
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. - j ec ted  l e n g t h  of t h e  t r a c k  a s  seen i n  a  microscope. For most 

2 
t r a c k s  t h e  d iameter  d is iess than  0 . 1  mg/cn and t h e  two 

c o r r e c t i o n  f a c t o r s  tend t o  cance l  each o t h e r  o u t .  

\ 

Prom t h e s e  r e s u l t s . i t  was decided t o  e t c h  a l l  mica d e t e c t o r s  

f o r  20 minutes i n  4 8 %  hydrof l u o f i c  a c i d  a t  20•‹c. Under t h e s e  
b 

cond i t ions  t h e  ' r e a l  t r a c k  l e n g t h '  L i s  de f ined  by equat ion  
7C 

( 2 . 1 )  and w i l l  be  i d e n t i c a l  to- t h e  l eng th  of t h e  e t c h a b l e  

damage t r a i l  t h a t  a  fragment w i l l  l eave  i n  t h e  mica d e t e c t o r .  , \ 
C - t 

Ten d i f f e r e n t  fragment masses (7 t a r g e t s  p l u s  3 p r o j e c t i l e s l  

were a v a i l a b l e  f o r  t h e  c a l i b r a t i o n  s t u d i e s .  Typ ica l ly  strips 
b 

of de. tector  s u r f a c e  corresponding t o  a  l a b o r a t o r y  angu la r  i n t e r -  ' *  
v a l  of lo with  r e s p e c t  t o  t h e  beam d i r e c t i o n  were scanned s o  

t h a t  t h e  u n c e r t a i n t y  i n ' t h e  i n c i d e n t  energy of t h e  f r a g q e n t s .  

forming t h e  t r a c k s  scanned was a s  smal l  a s  p o s s i b l e .  The d a t a  

were p l o t t e d  i n  t h e  form of his tograms of t h e  number of t r a c k s  

of a  g iven  measured t r a c k  l eng th .  Some examples of t h e s e  h i s t o -  

grams a r e  shown i n  f i g u r e  2 ;  5. 

"I 

2.3 Data Analysis  

Conversion of t h e  t r a c k  l e n g t h  histograms t o  energy-mass-track 

l e n g t h  d a t a  was accomplished'by c a l c u l a t i o n  of t h e  e n e r g i e s  of . 
t h e  i n c i d e n t  p a r t i c l e s  a s  a  f u n c t i o n  of t h e  ang le  of observat ion ,  

and c o r r e l a t i o n  of t h e s e  t o  t h e  average o r  most probable t r a c k  

l eng th  a s  measured a t  t h a t  angle .  Energy c a l c u l a t i o n s  were 
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\ 

Where Z is t h e  charge 05 t h e  fragment,  p t h e  reduced mass and 

e t h e  e l e c t r o n i c  chavge. , 

The l abora to ry  e n e r g i e s  of t h e  fragments were c o r r e c t e d  f o r  t h e  
\.- 

energy l o s s  which they  s u f f e r e d  whi le  t r a v e l l i n g  through a l l '  

( p r o j e c k i l e s )  o r ,  on an average h a l f  ( t a r g e t  n u c l e i )  of t h e  

t a r g e t  f i l m  and b a c k i n g - m a t e r i a l  ( i f  p r e s e n t ) . '  S p e c i f i c  energy 

l o s s  va lues  were obta ined  f o r  t h i s  purpose from t h e  t a b u l a t i o n  

due t o  N o r t h c l i f f e  and S c h i l l i n g  (Nor 7 0 ) .  (An i n t e r p o l a t i o n  

prockdure f o r  t h e s e  t a b l e s  is  d iscussed  i n  s e c t i o n  4 . 1  and 

appendix 1.) 

The average o r  m i s t  probable  t r a c k  l eng th  was determined by f i t -  
2 

t i n g  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n  t o  an a p p r o p r i a t e  a n a l y t i c a l  

func t ion .  S ince  t r a c k  l e n g t h  d i s t r i b u t i o n s  are' c l o s e l y  r e l a t e d  
, 

t o  t h e  range d i s t r i b u t i o n s  of t h e  fragments ,  t h e  t r a c k  l eng th  

d i s t r i b u t i o n s  show a c e r t a i n  amount of " t a i l i n g "  towards lower 
P 

l eng th  va lues .  The a n a l y t i c a l  funct ion-  used f o r  f i t t i n g  ta 

t h e  d a t a  was chosen , the re fo re ,  t o  be gauss ian  wi th  excess  proba- 

b i l i t y  towards lower value; of t r a c k  l eng th :  

P(L) = P- 2 exp T (ZL - 2i; + T ~ )  / zp21 



P ( L )  = pMAX e x p  { - ( L - E ) ~ /  2 p Z }  

where P- i s  t h e  maximum h e i g h t  of t h e  d i s t , r i b u t i o n ,  i s  t h e  

c o r r e s p o n d i ~ o s t  probable t r a c k  l e n g t h ,  T i s  a " t a i l i n g "  

parameter and p d e f i n e s  the 'wid th  of t h e  gauss ian  part '  of 

t h e  d i s t r i b u t i o n  ( p = FWHM/2.355) . 
r 

Some of  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  were measured t o  r a t h e r  

poor s t a t i s t i c a l  p r e c i s i o n .  I f  t h e  shape parameters  p and 

T a r e ,  however, known from o t h e r  experiments ,  a  'meaningful 

f i t  t o  t h e s e  d a t a  can s t i l l  be obta ined .  The g e n e r a l  shape 

of t h e  d i s t r i b u t i o n  was examined by f i t t i n g  some s i x t e e n  t r a c k  

l e n g t h  d i s t r i b u t i o n s  of good s t a t i s t i c a l  p r e c i s i o n  t o  equat ion  

(2 .6 ) .  These s i x t e e n  d i s t r i b u t i o n s  were chosen s o  as t o  rep- 

r e s e n t  t h e  e n t i r e  range of masses and e n e r g i e s .  Table 1 1 . 2  
v 

shows t h e  r e s u l t s .  Also i n d i c a t e d  i n  t h i s  t a b l e  i s  t h e  energy 

1;ss i n  MeV which t h e  fragments w i l l  s u f f e r  whi le  t r a v e l l i n g  

through, 50% of t h e  t a r g e t  and, i f  p r e s e n t ,  & t h e  backing m a t e r i a l .  

These v a l u e s  aga in  were obta ined  from t h e  d a t a  due t o  North- 

c l i f f e  (Nor '70) .  It i s  t o  'be expected t h a t  t h e  width param- 

e t e r  P would vary -some what wi th  t h e  &ergy l o s s  of  t h e  pene- 

t r a t i n g  i o n s  i n  the'  t a r g e t  m a t e r i a l .  I n  ~ i g .  2.6 t h e  width 

parameter  P i s  given a s  a f u n c t i o n  of  t h e  es t imated  energy 

l o s s  and i t  can be seen  t h a t  any such dependence l i e s  o u t s i d e  

t h e  accuracy of t h e  p r e s e n t  experiment. S i m i l a r l y  no depen- 
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dence of  t h e  w id th  parameter  on t h e  t o t a l  t r a c k  l e n g t h  o f - t h e  

p e n e t r a t i n g  i o n s  i s  observed ( F i g . 2 . 6 ) .  I t  would a l s o  be ex- 

pec ted  t h a t .  l2 would d e c r e a s e  som&what w i t h  i n c r e a s i n g  t r a c k  

l e n g t h .  From F i g .  2.7 it can  be  seen  t h a t  such an  e f f e c t  can 

a l s o  n o t  be  observed i n  t h i s  &cperiment.  From bo th  f i g u r e s  

2.6 and 9 . 7 -  it appea r s  t h a t  average  v a l u e s  f o r  p and T~ of 
&-- 

0.066f.  011 and 0.062f.017 mg/Lm2 a r e  good ave rages  f o r  t h e  

shape pa rame te r s ,  f o r  a l l  i o n  masses and e n e r g i e s ,  ~ a t  least  
,-' 

t o  t h e  e x t e n t  of t h e  accuracy  i n  t h e  p r e s e n t  exper iment .  

A l l  t r a c k  l e n g t h  d i s t r i b u t i o n s ,  i n c l u d i n g  t h o s e  w i t h  poore r  

s t a t i s t i c a l  p r e c i s i o n  were r e f i t t e d  w i t h  t h e s e  f i x e d  v a l u e s  f o r  - 

t h e  shape parameters .  The s o l i d  l i n e s  i n  f i g u r e  2.5 g i v e  an 

ind i ca t io -  t h e  q u a l i t y  of t h e s e  f i t s .  The most  p robab le  

t r a c k  l e n g t h s  d e r i v e d  from t h e  f i t t e d  h i s tog rams  a r e  p l o t t e d  

i n  f i g u r e  2.8 as a f u n c t i o n  of  t h e  co r r e spond ing  e n e r g i e s  

f o r  a l l  i o n  masses s t u d i e d .  The e r r o r  b a r s  r e p r e s e n t  t h e  

u n c e r t a i n t i e s  due t o  t h e  s t a t i s t i c a l  p r e c i s i o n  of t h e  f i t t e d  

t r a c k  l e n g t h  d i s t r i b u t i o n s  on)y . 

Comparison of  t r a c k  l e n g t h  d a t a  with t h e o r e t i c a l  s t o p p i n g  

Models. 

Before  any comparison i s  made-with  t h e o r e t i c a l  models f o r  t h e  

s topp ing  p r o c e s s  of heavy i o n s  . i n  matter, it shou ld  be  po in t ed  

o u t  t h a t  u s i n g  t h e s e  models one u s u a l l y  c a l c u l a t e s  t h e  energy 

. . loss  of  t h e  i o n  p e r  u n i t  p a t h  l e n g t h  5s a f u n c t i o n  of  t h e  energy 
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of t h e  i o n .  I n t e g r a t i o n  ove r  energy w i l l  y i e l d  t h e  range  of 

t h e  i o n ,  and t o  a good approximat ion t h e  mean r ange  E i s  
A - 

r e l a t e d  t o  t h e  t r a c k  l e n g t h  by: 
0 

where A L i s  t h e  sum of t h e  two c o r r e c t i o n  f a c t o r s  i n  
S 

e q u a t i o n  2 . 1  and AL ,which we s h a l l  c a l l  t h e  " t e r m i n a l  t r a c k  t 

l e n g t h  d e f i c i e n c y " ,  i s  t h a t  p a r t  of t h e  mean r ange  R, f o r  

which t h e  i o n  does  n o t  l o s e  s u f f i c i e n t  energy  p e r  u n i t  p a t h  

l e n g t h  t o  l e a v e  a permanent darna 7 e  trail. A s  was shown i n  

S e c t i o n  2.2.2 AL i s  u s u a l l y  n e g l i g i b l e  w h i l e  it i s  t o  be 
S 

expec ted  t h a t  ALt w i l l  depend on t h e  mass of t h e  i o n ,  s i n c e  . 
-. 

t h e  energy l o s s  p e r  u n i t  p a t h  l e n g t h  is a l s o  mass dependent.  

I n  o r d e r  t o  compare t h e o r e t i c a l  e s t i m a t e s  of E w i t h  t r a c k  

l e n g t h  d a t a ,  ALt v a l u e s  can be e i t h e r  e s t i m a t e d  i n d e p e n d ~ n t l y  
0 

o r ,  t hey  could  b e  e x t r a c t e d  from t h e  e ~ p e r i m e n t a l ~ d a t a  
P 7 ~ 

Independent  e s t i m a t e s  of A L would i n v o l v e  e s t a b l i s h i n g  t 
f l  

t h e  c r i t i c a l  energy l o s s  . r a t e  of  i n c i d e n t  i o n s ,  and t h e  u se  

of a  s t o p p i n g  model t o  c a l c u l a t e  t h e  r e s i d u a l  r ange  of t h e  

i n c i d e n t  i o n s  a f t e r  t h e y  have slowed down t o  v e l o c i t i e s  where 

t h e  c r i t i c a l  energy l o s s  ra te  i s  no longe r  exceeded.  

E x t r a c t i o n  of A L v a l u e s  from t h e  expe r imen ta l  d a t a  would t 

i n v o l v e  t h e  e x t r a p o l a t i o n  of t h e  t r a c k  l e n g t h  d a t a  t o  ze ro  

energy.  I n s p e c t i o n  of t h e  d a t a  i n  f igure .  2.8 r e v e a l s  t h a t  

such an e x t r a p o l a t i o n  would be  q u i t e  a r b i t r a r y  w i t h o u t  more 



C * d a t a  a t  even lower energy v a l u e s ,  o r  w i t h o u t  any knowledge 

of t h e  f u n c t i o n a l  fbrm of t h e  t r a c k  l e n g t h  v e r s u s  energy 

k v a r i a t i o n .  E i t h e r  method of de t e rmin ing  A4 t v a l u e s ,  t h e r e -  
h 

f o r e ,  a l r e a d y f r e l i e s  on a n  a - p r i o r i  knowledge of t h e  i n t e r -  
I L- 

a c t i o n  of t h e  inc$dent  i o n s  w i t h  t h e  s t o p p i n g  medium, ren-  

d e r i n g  any cgmparison of t h e o r e t i c a l  e s t i m a t e s  of w i t h  
, i 

L+AL, n o t  ve ry  meaningful .  However t h e  o b j e c t i v e  of t h e  
C 

c a l i b r a t i o n  exper iments  

s t o p p i n g  models,  b u t  t o  

of any f i s s i o n  f ragment  

r e t i c a l  s topp ing  models 

a s  a f u n c t i o n  of energy  

w a s  n o t  s o  much t o  check t h e o r e t i c a l  

be  a b l e  t o  de t e rmine  t h e  t r a c k  l e n g t h  

i n  mica. comparison w i t h  theo-  

of  t h e  l e n g t h  
I 

c a n  be  used t o  t h i s  a i m .  1 
The model which has  been s u c e s s f u l  i n  d e s c r i b i n g  t h e  s t o p p i n g  

of heavy i o n s  a t  energy  v a l u e s  embracing th-ose of f i s s i o n  
- 1 

f ragments  has  been fo rmula t ed  by Lindhard,  Scha r f f  and S c h i b t t  

(L in  6 3 )  ( h e r e a f t e r  r e f e r e d  t o  a s  LSS). The f ~ n c t i o n a l ~ f o r m  of  

t h e  r e l a t i o n s h i p  of  t r a c k  l e n g t h  t o  energy can  be  d e r i v e d  

from t h e i r  model. The LSS t h e o r y  t h e  s t o p p i n g  

p roces s  of heavy i o n s  i n  a  mediumrin d s  of a c o m p e t i t i o n .  

between two d i s t i n c t  modes of i n t e r a c t i o n  between t h e  pene- 

t r a t i n g  i o n  and t h e  s t o p p i n g  medium. The f i r s t  mode (eloc- 

t r o n i c  s t o p p i n g )  i s  t h e  i n t e r a c t i o n  of t h e  i o n  w i t h  t h e  

e l e c t r o n s  of t h e  s t o p p i n g  medium. The second mode ( n u c l e a r  

s t o p p i n g )  o c c u r s  when t h e  i o n  undergoes e las t ic  c o l l i s i o n s  

w i t h  t h e  atoms of t h e  medium. The second mode w i l l  b e  pre- 
d 



dominant a t  low i o n  v e l o c i t i e s ,  while  t h e  f i r s t  w i l l  be 

predominant a t  h igher  v e l o c i t i e s .  I n  F ig .  2 . 9  t h e  r e l a t i v e  

of nuclear  s topping  i s  i l l u s t r a t e d  f o r  t h e  case  of 

down i n  a  mica medium. Shown is  t h e  nuclear  

s topping  power a t  a  given energy r e l a t i v e  t o  t h e  i n t e g r a t e d  , .. 

nuc lea r  s topping  power ( t o t a l  nuclear  s topping  power of an 

i o n  slowing down t o  r e s t  from an i n f i d t e  v e l o c i t y ) .  The 

curve was generated by i n t e r p o l a t i o n  of t h e  g r a p h i c a l  repre-  

a , ,  s e n t a t i o n  of t h e  nuc lea r  s topping  a s  a  f u n c t i o n  of an  energy 

c parameter and a  parameter which d e s c r i b e s  t h e  t a r g e t - i o n  

system i n  terms of t h e i r  mass and charge numbers (Lin 63) .  Also 
. I  ' 

i n d i c a t e d  i n  f i g u r e  2 . 9 ,  by t h e  dot ted .ar row,  i s  t h e  energy 

below which no permanent damage t r a i l  can be formed ( s e e  a  o v e ) ,  /g 
assuming t h e  c r i t i c a l  energy l o s s  r a t e  f o r  mica i s  10 ~ e v j  . 

2 
(mg/cm ) .  I t  is  c l e a r  from t h i s  f i g u r e  t h a t  f o r  energy va lues  

over wfiich a  permanent damage t r a i l  is  c r e a t e d ,  r e l a t i v e l y  l i t t l e  

of t h e  t o t a l  nuc lea r  s topping  occurs ,  and s i n c e  e l e c t r o n i c  

s topping  c o n t r i b u t e s  more than  nuclear  t o  t h e  o v e r a l l  s topping 
I ' 

process  i n  t h i s  energy range t h e  nuclear  s topping  i s  of n e g l i g i -  

b l e  importance.  The observed t r a c k  l eng th  may, t h e r e f o r e ,  g r e -  
C 

sumably be i n t e r p r e t e d  i n  terms of e l e c t r o n i c  s t5pping  a lone .  
/ 

I 

The energy l o s s  due t o  e l e c t r o n i c  s topping  i s  g iven  by  in 63) :  
, . 



energy ( ~ e ~ / a r n u )  



where N i s  t h e  number of s c a t t e r i n g  c e n t r e s  p e r  u n i t  volume, 

a  t h e  r a d i u s  of t h e  f i r s t  Bohr o r b i t  o f  hydrogen,  vo i s  t h e  
0 

v e l o c i t y  o f  t h e  e l e c t r o n  i n  t h a t  o r b i t ,  v  i s  t h e  i o n i c  v e l o c i t y ,  

e i s  t h e  e l e c t r o n i c  cha rge ,  wh i l e  5 has  been g i v e n  a s  Z e 
1/6 
1 

(Lin 6 3 ) .  The s u b s c r i p t s  1 and 2  deno te  t h e  p e n e t r a t i n g  i o n  

and t h e  s t o p p i n g  medium atoms r e s p e c t i v e l y .  The mass q d  charge 
0 

of t h e ' s t o p p i n g  medium atoms i s  u s u a l l y  t aken  as t h e  weighted 
P 

average f o r  t h e  v a r i o u s  k i n d s  of atoms p r e s e n t .  I n  t h e  c a s e  

of muscovi te  mica,  KA12 (Si3A1010 1. (OH ,F) 2 ,  t h e  u n c e r t a i n t y  

i n  t h e  r e l a t i v e  number of  hydroxy and f l u o r i d e  groups p r e s e n t ,  

compl ica tes  such a procedure .  Also ,  t h e  i n c l u s i o n  o f  t h e  con- 
3 - \ 

3 . t ,  t r i b u t i o n  from t h e  p r o t o n  s t o p p i n g  p roces s  i s  q u e s t i o n a b l e  

(Sau 65, P a r  6 3 ) .  A s  a  nominal average  t h e  v a l u e s  of  20 and 

1 0  were chosen t o  r e p r e s e n t  t h e  mass and cha rge  number of 

t h e  mica s t o p p i n g  medium. 
@ 

The t r a c k  l e n g t h  L i s  c a l c u l a t e d  through e q u a t i o n s  2.7 and 

The f u n c t i o n a l  form of  t h e  r e l a t i o n s h i p  between t r a c k  l e n g t h  and 

energy can ,  t h e r e f o r e ,  be  r e p r e s e n t e d  by: 

L = b ~ l '  - AL (2.10) 



/ 

d 
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I 

i a 
where E' i s  t h e  energy  o f . t h e  pene t r a t i ng ,  i o n  i n  MeV/amu, and i - 
AL = AL + A L ~  = > A L ~ ,  t s i n c e  AL i s  n e g l i g i b l e .  The exponent 

S 

c  is expec ted ,  from e q u a t i o n  2 .9 ,  t o  have a v a l u e  of 0 .5 ,  and 

from t h e  same e q u a t i o n )  t h e  c o n s t a n t  b  should  v a r y  w i t h  t h e  

mass and charge  af t h e  p e n e t r a t i n g  i o n  a s :  

'In o r d e r  t o  check t h i s  f u n c t i o n a l  form t h e  d a t a  of f i g u r e  2 .8  

(w i th  t h e  excep t ion  of t h o s e  f o r  go ld  i o n s  f o r  which t h e  energy 

r e g i o n  covered was i n s u f f i c i e n t )  w e r e  f i t t e d  t o  e q u a t i o n  2.10. 
- 

A l l  pa rameters  were l e f t  f r e e ,  and t h e  r e s u l t s  a r e  shown i n  

t a b l e  11.3 .  5 

The s t a n d a r d  d e v i a t i o n s  from t h e  mean a r e  l a r g e  f o r  a l l  param- - r- i 

e t e r s ,  s o  t h a t  a  d i r e c t  cornpariaon wi th  t h e  t h e o r e t i c a l  b  and 
l 
P 

c v a l u e s  i s  d i f f i c u l t  t o  make. The c v a l u e s ,  w i t h  t h e  excep t ion  

of t h a t  f o r  s i l v e r ,  a l l  f a l l  w i t h i n  t h e  r ange  of 0.64k0.15. The 

low v a l u e  f o r  s i l v e r  cou ld  be  due t o  t h e  l i m i t e d  energy  i n t e r v a l  
. -5 

over  which t r a c k  l e n g t h  d a t a  are a v a i l a b l e ,  and a  v a l u e  of 0,64 

f o r  t h e  exponent i n  t h i s  c a s e  a l s o  g i v e s  a  r e a s o n a b l e  f i t  t o  t h e  
1 

d a t a .  Although t h e  t h e o r e t i c a l  (Lin  63) v a l u e  of 0.5 f o r  t h e  

exponent does  f a l l  w i t h i n  t h e  spread. quoted  f o r  t h e  mean expe r i -  

menta l  v a l u e ,  t h e k e  h a s  been p rev ious  ev idence  ( ~ i e  60) t h a t  a 

v a l u e  of 2/3 o f t e n  g i v e s  a  b e t t e r  f i t  t o  expe r imen ta l  d a t a .  
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Tab le  11.3 The f i t t e d  parametersAL, b  and c  of t h e  r e l a t i o n s h i p  

L = b ~ ' ~  -DL and heir s t a n d a r d  d e v i a t i o n  from t h e  
C 1. 

mean'; where E' i s  \ i n  MeV/arnu and L i n  mg./cm2 (based 

3 
on a  d c n s i t y  f o r ' m i c a  of  2.91 gm/cm ) .  

I n c i d e n t  
i o n  AL 

By f i t t i n g  t h e  exponent t o  t h e  mean v a l u e  of 0.64 t h e  remaining '  

two parameters  b and L can be  re-determined w i t h  g r e a t e r  

accuracy .  In t a b l e  11.4 t h e  r e s u l t  of t h i s  i s  shown i n  
3 

columns 2  and 3 ,  The s t a n d a r d  d e v i a t i o n s  from t h e  mean are 

much s m a l l e r ,  b u t  t hey  do  n o t ,  of course?, r e f l e c t  t h e  un- 

c e r t a i n t y  a s s o c i a t e d  w i t h _ c h o o s i n g  a mean v a l u e  f o r  exponent c .  

I n  column 4 of t h e  same t a b l e  t h e  t h e o r e t i c a l  e s t i m a t e  of b  



%. 
# 

r 

v a l u e s ,  a s  * c a l c u l a t e d  u s i n g  e i u a t i o n  2.11 a r e  sh0wn.r They ' 
fo l low t h e  t r e n d  o f  t h e  ' exper imenta l  d a t a  very  w e l l ,  b u t  

1 

a r e  s y s t e m a t i c a l l y  h i g h e r ,  a s  can a l s o  be  s een  from Fig .  2.10 

A f t e r  m u l t i p l y i n g  w i t h  a  c o n s t a n t  f a c t o r  of 0.,769, r ea sonab le  

agreement i s  o b t a i n e d  w i t h  t h e  exper imenta l  d a t a .  

\ .  
, A s  s t a t e d  above, t h e  aim of  t h i s  p rocedure  w a s Y t o  e s k a b l i s h  

shape parameters  f o r  t h e  f u n c t i o n a l  form of e q u a t i o n  2.10, 

d e s c r i b i n g  t h e  t r a c k  leng th-energy  r e l a t i o n s h i p s .  I n  o r d e r  

t o  g e n e r a l i z e  t e s e  parameters  f o r  a l l  p o s s i b l e  i n c i d e n t  i o n s ,  7 
t h e  b  parameter  was f i x e d  a t  0.769 t i m e s  t h e  t h e o r e t i c a l  v a l u e .  

The d i sc repancy  from t h e  t h e o r e t i c a l  v a l u e  i s  n o t  t o o  d i s t u r b i n g  

\ i n  view of t h e  d i f f i c u l t y  i n  choosing t h e  p rope r  average  mass 

and charge  numbers f o r  t h e  m i c a  s t o p p i n g  medium. Furthermore 

t h e  parameter  was chosen t o  be z:'~, a l though  v a r i o u s  

) o t h e r  v a l u e s  have been used ( ~ r a  65,  Kak 69, Hon 2 1 )  w i t h  e q u a l  

o r  b e t t e r  r e s u l t s  i n  r e s p e c t  t o  o t h e r  expe r imen ta l  d a t a . . ,  

With bo th  shape  parameters  b  and c f i x e d  a t  t h e  above va lues  

t h e  d a t a  were f i t t e d  once more w i t h  AL as t h e  on ly  v a r i a b l e .  

The r e s u l t s  of t h i s  a r e  a l s o  shown i n  Tab le  1 1 . 4  a s  w e l l  as 

F igu re  2.11. From t h e s e  v a l u e s ,  t h e  c r i t i c a l  energy (below 

which no permanent damage t r a i l  i s  produced) can be deduced 

f o r  each of t h e  i n c i d e n t  i o n s .  These v a l u e s  a r e  g iven  i n  t h e  

l a s t  column of Table  1 1 . 4  and i n  f i g u r e  2.12. The s o l i d  curves  

i n  t h i s  f i g u r e  r e p r e s e n t  l i n e s  of c o n s t a n t  dE/dX as c a l c u l a t e d  
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using t h e  LSS theory .    he d a t a  do n o t  show t h e  monotonic 

v a r i a t i o n  with t h e  charge of t h e  i n c i d e n t  i o n  which would 

have been expected i f  twq assumptions w e r e  c o r r e c t :  1) t h a t  

t h e r e  i s  indeed a  unique c r i t i c a l  amount of energy l o s s  re- 

qu i red  t o  produce an e t c h a b l e  t r a c k  and 2 )  t h a t  t h e  LSS 
\ 

theory p r e d i c t s  t h e  c o r r e c t  v a r i a t i o n  of t h e  energy l o s s  a s  
% 

a  func t ion  o f  t h e  mass, charge and energy of t h e  i n c i d e n t  i o n .  
€ 

Since t h e .  AL va lues  r e p r e s e n t  t h e  r e s i d u a l  range of t h e  

i n c i d e n t  i o n s  a t  very low e n e r g i e s ,  t h e  second assumption 

i s  probably no t  v a l i d .  Ormrod and Duckworth ( O r m  63)  as w e l l  e 

as  o t h e r  i n v e s t i g a t o r s  (Fas 66, Dar 65, Tep 62) have shown 
- 

t h a t  a t  such low v e l o c i t i e s  t h e  elec&c5nic s topp ing  c r o s s  
f' 

s e c t i o n ,  measured f o r  a  s e r i e s  of i o n s ,  o s c i l l a t e s  axound t h e  

va lues  p red ic ted  by t h e  LSS theory.  The d a t a  as g iven  i n  

Figure 2.12 a r e  c o n s i s t e n t  wi th  t h i s .  S ince  t h e  e l e c t r o n i c  

s topping  c r o s s  s e c t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  dE/dX, - 
t h e  v e l o c i t i e s  a t  which a  c o n s t a n t ' v a l u e  of dE/dX i s  s u f f e r e d  

should a l s o  o s c i l l a t e  around t h e  c a l c u l a t e d  v a l u e s ,  bclt wi th  

maxima i n  t h e  p l a c e  of minima and v i c e  ve r sa .  This  would then  

sug,gest ,a  low s topping  power f o r  ions  nea r  Z = 13 and a high 

s topping  power f o r  i o n s  near  Z = 2C which i s  i n - e x c e l l e n t  

agreement wi th  t h e  r e s u l t s  of Ormrod and Duckworth ( O m  63) .  
, 

However, it s ould be poin ted  o u t  t h a t  by f i x i n g  t h e  shape 4 
.parameters b  and c ,  w e  have a r , t i f i c i a l l y  removed t h e  uncer- , 

t a i n t y  i n ' t h e  AL va lues ,  s o  t h a t  no abso lu te  conclusions 

can be drawn frbm t h e  above. 



\ 

- This  p o i n t  i s  f u r t h e r  exposed i n  f i g u r e  2 .8  where t h e  s o l i d  
4 

l i n e s  r e p r e s e n t  t h e  f i t t e d  cu rves  w i t h  t h e ' s h a p e  pa rame te r s  

b and c f i x e d ,  w h i l e  t h e  d o t t e d  l i n e  r e p r e s e n t s  t h e  i n i t i a l  

f i t s  w i t h  a l l  pa rame te r s  t r e a t e d  as independent  v a r i a b l e s :  

B,y f i x i n g  t h e  shape pa rame te r s ,  ;e have n e v e r t h e l e s s  c r e a t e d  - 
an e a s i l y  used t o o l  f o r  t h e  i n t e r p o l a t i o n  of t r a c k  length-mass- 

energy d a t d o  mass v a l u e s  f o r  o t h e r  i n c i d e n t  i o n s .  u s i n g  

e q u a t i o n s  2.10 and 2. ll', t h e  t r a c k  l e n g t h  L of any i n c i d e n t  

' ion  of mass A and c h a r g e  Z can  be  expressed  t o  a good approx- 

ima t ion  a s  

where L i s  i n  mg/cm2 and E '  i s  t h e  energy of  t h e  i n c i d e n t  
\ 

i o n  i n  MeV/amu. The A L ( Z )  v a l u e s  a r e  o b t a i n e d  from f i g u r e  

2.11,  where t h e  d o t t e d  l i n e  r e p r e s e n t s  a  g r a p h i c a l  i n t e r p o l a t i o n  
- .  

of  t h e  a v a i l a b l e  d a t a .  



Chap'ter 3 Tra& l e n g t h  o f  f i s s i o n  f ragments  i n  mica. 

3 . 1  Exper imental  t echn iques .  

F i s s i o n  was induced by a lpha  p a r t i c l e s  w i t h  e n e r g i e s  Panging 

from 80 t o  167 MeV, i n t e r a c t i n g  wi th  Mo, Ag, I n ,  Te and Au 
I 

n u c l e i .  The t a r g e t s  w e r e  p r epa red  w i t h  t h e i r  p u r i t y  be ing  a 

major concern. F i s s i o n  c r o s s - s e c t i o n s  o f  t h e  l i g h t e r  n u c l e i  

a r e  i n  t h e  microbarn r e g i o n ,  whereas p o s s i b l e  h e a v i e r  n u c l e i  

contaminants  may have f i s s i o n  c r o s s - s e c t i o n s  i n  t h e  range  of 

.one, t o  two ba rns .  

T a r g e t  p r e & r a t i o n  w a s  accomplished by f r a c t i o n a l  d i s t i l l a t i o n  

s t a r t i n g  wi th  m a t e r i a l  of 99.999% t o  99.9999% p u r i t y .  Sources  

f o r  t h e s e  m a t e r i a l s  have been g iven  e l sewhere  ( P a t  7 1 ) .  I n  

t h e  c a s e  of Ag and Au t a r g e t s ,  t h e  me ta l  l a y e r  was d e p o s i t e d  

on a . c l e a n  g l a s s  s u r f a c e ,  and f l o a t e d  o f f  on d i s t i l l e d  wate r .  

From t h e r e  t h e  t a r g e t s  w e r e  t r a n s f e r r e d  t o  copper  mounting 

r i n g s  w i t h  a nominal d i ame te r  of one inch .  A l l  o t h e r  t a r g e t  

m a t e r i a l s  were evapora t ed  o n t o  t h i n  f i l m s  on W N S  ( p a t  551, 

which were t hen  t r a n s f e r r e d  t o g e t h e r  w i t h  t h e  t a r g e t  m a t e r i a l  

t o  the copper mounting r i n g s .  Some of t h e  Au targets  as w e l l .  - 

, . 

a s  t h e  Mo and I n  t a r g e t s  *ere prepared  by L. Lecerf  and J.  P e t e r  
I 

a t  Orsay,  France.  Table  111.1 l i s t s  a l l  t a r g e t s  by t h e i r  

t h i c k n e s s  and o r i g i n  and g i v e s  t h e  energy of t h e  a l p h a  p a r t i c l e s  

used i n  t ge  subsequent  i r r a d i a t i o n s ,  a s  w e l l  as t h e  i n t e g r a t e d  

beam i n t e n s i t i e s ,  measured us ing  a Faraday cup. 
- 



Table  T a r g e t s  used i n  t h e  f i s s i o n  exper iments .  

t h i c k n e s s  o r i g i n  energy o f  i n t e g r a t e d  ' 
t a r g e t  ( i n c l u d i n g  VYNS o f  a - p a r t i c l e s  beam 

m a t e r i a l  i f  p r e s e n t )  t a r g e t  used i n t e n s i t y  

( w / c m 2 )  N e V )  (coulomb) 

Au - ,140 ORSAY ~ 6 7 ~  3.5 X 

S FU 

SFU 

SFU 

Te 442 + 70 VYNS SFU 8ob 3 . 8 3  X 

I n  175 + 15 VYNS ORSAY 167a 4 . 7  

A g 513 SFU 8ob 5.12 X l o e 2  
MO 360 + 70 VYNS ORSAY 167a -4  4 . 4  X 10 

a ORSAY synchrocyc lo t ron  

b  Texas A & M v a r i a b l e  energy  c y c l o t r o n  
J 

A s  i n d i c a t e d  i n  t h e  f o u r t h  column of  Table  111.1, t h e  i r r a d i a -  

I t i o n s  took  p l a c e  a t  two d i f f e r e n t  i n s t i t u t i o n s ;  t h e  167 MeV 

a l p h a  bombardments w i t h  t h e  synchrocyc lo t ron  a t  1 ' I n s t i t u t  

d e  Physique Nuc l6a i r e ,  Orsay,  France and a l l  o t h e r  bombardments 

were performed u s i n g  t h e  v a r i a b l e  energy c y c l o t r o n  of  t h e  Texas 

A & M U n i v e r s i t y ,  Co l l ege  S t a t i o n ,  Texas. A d i f f e r e n t  scatter- 

i n g  chamber was used  a t  each  l o c a l e .  A t  Orsay t h e  same chamber 

used f o r  t h e  c a l i b r a t i o n  exper iments  d e s c r i b e d  i n  Chapter  2.  

was employed, w h i l e  a t  Texas A & M a  chamber was used ,  c o u r t e s y  

of D r .  J.B. Natowitz ,  which had a d i ame te r  o f  1 l O m m .  and i n  



which t h e  mica s u r f a c e  wa r e s p e c t  t o  t h e  beam 

d i r e c t i o n  from which t h e  f i s s i o n  fragments were i n c i d e n t .  /' 
Mica a s  we l l  a s  g l a s s  d e t e c t o r s ,  were mounted f o r  each i r r a d i a -  

" t ion .  The g l a s s  d e t e c t o r s  were e i t h e r  l e f t  a t  Orsay o r ,  i n  t h e  

case  of t h e  TAEWEC (Texas A & M Var iable  Energy Cyclotron)  

bombardments, were s e n t  t o  Orsay f o r  development and scanning. 

The mica d e t e c t o r s  were e tched a t  Simon F r a s e r  Univers i ty  and 

scanned f o r  t r a c k s  s i m i l a r l y  t o  t h e  technique desc r ibed  i n  

Chapter 2 .  I n  t h e  case  of t h e  mica d e t e c t o r s  from t h e  TAMVEC 

experiments,  n o t  only  was t h e  p ro jec ted  l eng th  of each t r a c k  

recorded,  but  a l s o  t h e  p o s i t i o n  of t h a t  t r a c k  on t h e  mica 

su r face .  The l a r g e  d e t e c t o r  a r e a s  scanned i n  t h e s e  exper i -  

ments, fol lowing from t h e  low ~~+;ack d e n s i t y ,  no longer  j u s t i -  

f i e d  t h e  use of an average ang le  of inc idence  f o r  each of t h e  

f i s s i o n  fragments measured w i t h i n  a given angular  i n t e r v a l ,  a s  

had been t h e  case  i n  t h e  c a l i b r a t i o n  experiments desc r ibed  - 
e a r l i e r .  

3 . 2  Conversion of t h e  ravqexperimental  d a t a  t o  t r a c k  l eng th  

d i s t r i b u t i o n s .  

A s  long a s  the  d e t e c t o r  s u r f a c e ,  t h a t  i s  scanned f o r  f i s s i o n  
a 

t r a c k s ,  l i e s  i n  t h e  same h o r i z o n t a l  p lane  a s  t h e  beam of i n c i -  

den t  p a r t i c l e s ,  t h e  angle  of emission of t h e  f i s s i o n  fragments 

i-s simply determined by t h e  angle  a t  which t h a t  p a r t i c u l a r  

p iece  of mica s u r f a c e  i s  o r i e n t e d  wi th  r e s p e c t  t o  t h e  beam 

d i r e c t i o n .  I f  t h e  d e t e c t o r  s u r f a c e  extends w e l l  beyond t h e  



p l a n e  of t h e  beam, t h i s  a n g l e  can be de te rmined  from t h e  

r e l a t i v e  p o s i t i o n  of  t h e  t r a c k  w i t h  r e s p e c t  t o  a  r e f e r e n c e  

p o i n t .  An added compl i ca t ion ,  however, i s  t h e  f a c t  t h a t  t h e  

c o n i c a l  mica s u r f a c e  from t h e  s c a t t e r i n g  chamber is  f l a t t e n e d  

o u t  f o r  scanning  under t h e  microscope.  , This  n e c e s s i t a t e s  t h e  

conve r s ion  of  t h e  c o o r d i n a t e s  from t h e  two d imens iona l  p l a n e .  

of  t h e  mica s u r f a c e  t o  t h e  c o o r d i n a t e  system o f  t h e  

s c a t t e r i n g  chamber. I n  appendix 2 the t r a n s f o r m a t i o n  opera-  

t o r s  t o  gef  from one t o  t h e  o t h e r  c o o r d i n a t e  system a r e  g iven .  

TO i l l u s t r a t e  t h e  importance of  t h i s  p rocedure  of a n g l e  d e t e r -  

mina t ion ,  f i g u r e  3 . 1  shows a  t y p i c a l  d e t e c t o r  s u r f a c e  from t h e  

T ~ E C  exper iments .  Superimposed a r e  l i n e s  i n d i c a t i n g  a  g iven  

a n g l e  of  emiss ion  of t h e  f i s s i o n  f ragments  i n  s te .ps  of t e n  

degrees .  The approximat ion  t h a t  can  be  made ' i f  t h e  h e i g h t  o f  

, t h e  d e t e c t o r  s u r f a c e  is  much smaller t h a n  t h e  d i ame te r  of t h e  

s c a t t e r i n g  chamber i s  i n d i c a t e d  by t h e  d o t t e d  l i n e s  i n  t h e  same - i 
f i g u r e .  ? 0 

L 

The raw expe r imen ta l  t r a c k  l e n g t h  d a t a  w e r e  a l l  t r e a t e d  w i t h  . 
e i t h e r  t h i s  approximat ion  (Orsay d a t a )  o r  t h e  above c a l c u l a t i o n s  

(TAMVEC d a t a )  and t h e n  grouped by a n g l e  of  emis s ion ,  s o  as  

t o  y i e l d  d i s t r i b u t i o n s  of t r a c k  l e n g t h  each  f o r  a  known i n t e r v a l  

of emiss ion  a n g l e s .  
' ,  

S i n c e  t h e  mica s u r f a c e  w a s  s l ' an ted  i n  t h e  s c a t t e r i y l g  chamber, 

u n i t  a r e a s  i n  some l o c a t i o n s  on t h e  mica s u r f a c e  r e p t e s e n t e d  



1 

figure 3.1 



a  d i f f e r e n t  s o l i d  a n g l e  ( i n t o  which t h e  d e t e c t e d  number of 

f ragments  had been e m i t t e d )  t h a n  a t  o t h e r  l o c a t i o n s .  This  

s o l i d  a n g l e  d i f f e r e n c e  w a s  c o r r e c t e d  f o r  bvia t h e  t a r g e t  mica 

d i s t a n c e )  when c o n v e r t i n g  t r a c k  d e n s l  t ies  t o  d i f f e r e n t i a l  

c r o s s - s e c t i o n s .  

- .  

3.3 Data f r o m 3 t h e  167-MeV a l p h a  p a r t i c l e  induced f i s s i o n  

of  Mo, I n  and Au. 

A q  167-MeV a l p h a  p a r t i c l e  bombardments took p l a c e  a t  t h e  
'B 

synchocyc lo t ron ,  and were s u p e r v i s e d  by J. P e t e r  and 

C 
3 . 3 . 1  167-MeV a l p h a  p a r t i c l e s  on g a d .  

The d i s t r i b u t i o n s  of  t r a c k  l e n g t h ,  f o r  f i v e  deg ree  i n t e r v a l s  of  

l a b o r a t o r y  a n g l e  of  o b s e r v a t i o n ,  a r e  shown i n  f i g u r e  3 . 2 .  I n  
I 

Table  111.2 t h e  d a t a  a r e  summarized. For some a n g u l a r  i n t e r v a l s  

t h e  average  peak p o s i t i o n  i s  no t . shown. -  For  t h e s e  i n t e r v a l s  

on ly  a  count  was made of t h e  t o t a l  number of  t r a c k s .  Track 
a 

7 d e n s i t i e s  were o b t a i n e d  by measur ing t h e  a r e a s  o f  t h e  mica su r -  

f a c e  t h a t  was scanned ' fb r  each a n g l e  of o b s e r v a t i o n .  C a l i b r a t e d  

d i a l  type  s t a g e  micrometers  were used f o r  t h i s  purpose.  Track 

2 
d e n s i t i e s  were low ( - 2 0  tracks/mm ) f r  p ~ i n t  of 

view, b u t  s u f f i c i e n t  d a t a  cou ld  b e  c o l l e c t e d  s o  as t o  o b t a i n  a  

s t a t i s t i c a l l y  s i g n i f i c a n t  t r a c k  l e n g t h  d i s t r i b u t i o n  f o r  each 

f i v e  deg ree  i n t e r v a l .  T o t a l  a r e a  scanned i n  t h i s  exper iment  

was 212 mm2, i n  which approximately  5000 t r a c k s  w i r e '  counted ,  





T a b l e .  1 1 1 . 2  167-MeV a l p h a  p a r t i c l e s  o n  g o l d .  

Summarv o f  - e x ~ e r i m e r i t a l  d a t a .  

. 
l a b o r a t o w  xbarea number a v e r a g e  n o r m a l i z e d *  

a n g u l a r  i n t e r v a l  c a n n e d  o f  p e a k  p o s i t i o n  t r a c k  d e n s i t y  
s c a n n e d  2  t r a c k s  

( d e g r e e s )  (mm ) (mg /cm ( t r / m m 2 )  2  

15-20 6 . 0 0  279 n/a + 4 3 . 5  + 2.6 
20-25 2 .37  1 0 1  2 .87 4 0 . 5  + 4 .0  
25-30 6 .00  278 n/a + 4 1 . 1  f 2.5 
25-30 2 . 3 7  90 2.98 25 .0  f 3.7 
30-35 6 . 0 0  233  n/a + 37 .4  f 2.4 
35-40 3 . 5 6  1 2 5  2 .79 3 3 . 3  + 3.0 
40-45 4 .74  1 8 3  2 .87  35 .6  + 
45-50 6 .00  1 7 2  n/a + w 25.4 f 1 .9  
50-55 4 .74  116  2 .84 21 .8  f 2 .0  ' 
55-60 6 . 0 0  136  n/a + 2 0 . 5  f 1 . 8  
60-65 . 4 .74  130  2.69 2 5 . 3  + 2 .2  
65-70 6 .00  1 2 3  'n/a + 1 8 . 8  f 1 . 7  
70-75 9 . 6 3  169  2.59 1 6 . 4  + 1 . 3  
75:80 1 0 . 3 8  203  2 . 5 1  1 8 . 0  + 1 . 3  
8  0- 85  1 0 . 8 5  1 9 7  2 . 5 1  1 6 . 7  + 1 . 2  
85-90 9 . 8 8  1 7 7  n / a  + 16 .4  f 1 . 2  
90-95 8 .37  1 2 7  2 .42  1 4 . 9  + 1 . 3  

' 95-100 9 . 7 3  170  2.49 1 5 . 6  f 1 . 2  
100-105 1 0 . 0 5  1 6 3  2 .39 1 5 . 4  + 1 . 2  
105-110 9 . 6 4  1 4 1  2 .37  1 3 . 8  k 1 . 2  
110-115 1 1 . 4 7  213 - 2 .33  1 6 . 5  f 1.1 
115-120 1 0 . 6 9  1 7 7  2 .29 1 5 . 0  + 1.1 
120-125 7 . 2 7  136  ' 2 .32  1 6 . 7  5 1 . 4  
125-130 8 . 5 3  1 6 2  2 .30  1 6 . 9  + 1 . 3  
130-135 6 .88  1 4 7  2 .27 1 9 . 4  + 1 . 6  
135-140 - 7 . 1 3  ' 1 4 8  2 .26  1 8 . 8  f 1 . 5  
140-145 4 .46  116  2.24 21 .6  + 2 .0  . 
145-150 4 .70 1 2 8  2 .25  25 .7  + 2 . 3  
150-155 3 .48  10  6  2 .26 27 .0  + 2.6 
155-160 3 .65  1 3 8  2 . 2 3  33 .3  ? 2 .8  
160-165 3 .56  1 3 8  2 .26 34.4  f 2.9 
165-170 2 .96  10  4 2 .22 31.4  f 3 . 1  < 

?p 

* n o r m a l i z e d  t o  a common t r a c k - t a r g e t  d i s t a n c e  o f  5 5  mm. 

+ f o r  t h e s e  d a t a  o n l y  t h e  number o f  t r a c k s  w a s  c o u n t e d  



about  4000 of which were a l s o  measured f o r  t r a c k  l e n g t h .  

3.3.2 167-MeV a l p h a  p a r t i c l e s -  on indium. 

The t r a c k  d e n s i t y  i n  t h i s  exper iment  w a s  ex t remely  poor ( -5  

t r a c k s / m 2 )  . Consequent ly ,  ev-canning p r a c t i c a l l y  a l l  of 

t h e  a v a i l a b l e  d e t e c t o r  a r e a  ( abou t  2 5  mrn p e r t f i v e  deg ree  */ 
i n t e r v a l )  i n s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  t o  c o n s t r u c t  t r a c k  

l e n g t h  d i s t r i b u t i o n s  w i t h  more t h a n  minimal s t a t i s t i c a l  accu- _-_ / 

r acy .  I n  f i g u r e  3.'3 t r a c k  l e n g t h  d i s t r i b u t i o n s  are shown f o r  

seven ang le s  .of o b s e r v a t i o n .  A t  a n g l e s  less .than 1 1 0  deg rees  

a  l a r g e  number of  sma l l  p i t s  and t r a c k s  are p r e s e n t .  These 

sma l l  t r a c k s  are presumably due t o  t h e  s c a t t e r i n g  of t a r g e t  
-. 

n u c l e i  by t h e  a lpha  p a r t i c l e s ,  a s  w e l l  a s  t o  t h e  s c a t t e r i n g  

o r  i n t e r a c t i o n  of the a l p h a  p a r t i c l e s  w i t h  some o f  t h e  heav- 
7 

ie r  n u c l e i  i n  *he s u r f a c e  1a)er of t h e  d e t e c t o r  m a t e r i a l .  

a 

I n  o r d e r  t o  d i s t i n g u i s h  t h e  t r acks '  due t o - f i s s i o n  and the ' above  

s c a t t e r i n g  e f f e c t s ,  q u i t e  a r b i t r a r i l y  on ly  t h o s e  t r a c k s  were 
7 

counted w i t h  a  t r a c k  l e n g t h  g r e a t e r  t h a n  t h e  v a l u e  i n d i c a t e d  by 

t h e  d o t t e d  arrows i n  f i g .  3.2. For l a b o r a t o r y  a n g l e s  of obser -  

bl 
v a t i o n  of more than  1 1 0 ~ ~  a l l  t r a c k i  were t aken  i ~ t o  account .  

Table  111.3 summarizes t h e  d a t a .  when no average  peak p o s i t i o n  

i s  i n d i c a t e d ,  on ly  t h e  number of t r a c k s  were counted  which 

s a t i s f i e d  t h e  above mentioned 3 i s s i o n  t r a c k  c r i t e r i a .  The 

concept  of an average  t r a c k  l e n g t h  i n  t h i s  exper iment  has  t o  

be  t r e a t e d  ve ry  c a u t i o u s l y  i n  view of t h e  poor s t a t i s t i c a l  
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Tab le  111.3 967-MeV a l p h a  p a r t i c l e s  on indium. Siimmary of 

e x p e r i m e n t a l  d a t a .  

l a b o r a t o r y  a r e a  number a v e r a g e  t r a c k  
a n g u l a r  i n t e r v a l  scanned of peak p o s i t i o n  d e n s i t y  

scanned 2 t r a c k s ,  mg-/cm 
2 t r / m m  2 

(mm 



' A  ,r/ P- . - 
accuracy of t h e  d i s t r i b u t i o n  i n  f i g u r e  3 . 2 .  

3 .3.3.  167-MeV a l p h a  p a r t i c l e s  on molybdenum., 

A s  i n  t h e  c a s g  of t h e  indium exper iment ,  t h e  t r a c k  d e n s i t y  was " 

2 
very poor ( z . 2  tracks/rnm ) . The l i g h t e r  mass of molybdenum a s  , 

compared t o  indium a l s o  worsened t h e  problem of  d i f f e r e n t i a t i n g  

f i s s i o n  fragment t r a c k s  from s m a l l  t r a c k s  a t  fo rward  a n g l e s  of 

o b s e r v a t i o n .  Track l e n g t h  d i s t r i b u t i o n s , .  a s  measured a t  e i g h t  

ang le s  f o b s e r v a t i o n ,  a r e  shown i n  f i g u r e  3 . 4 .  Determina t ion  

of an  I' verage t r a c k  l e n g t h  from , these  d a t a  i s  n o t  f e a s i b l e .  A 

1 - d l s t i n c t  'hump' i n  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  occu r s  a t  

extreme backward a n g l e s  of  o b s e r v a t i o n .  S ince  i n s t i n c t i v e l y ,  

one would assume t h a t  t h e  average t r a c k  l e n g t h  i n  t h e  c a s e  of 
' 6  

t h e  molybdenum bombardments , w i l l  be  s h o r t e r  thari t h a t  of  t h e  

indium bombardments, i t  i s  tempting t o  assume t h a t  t h i s "  h G p  

r e p r e s e n t s  t h e  f i s s i o n  f ragments  from the molybdenum p l u s  a l p h a  
". 

system,  wh i l e  th"e t r a c k s  w i t h  l a r g e r  l e n g t h s  cou ld  be  due t o  

i m p u r i t i e s  i n  the t a r g e t  material.  Such an a n a l y s i s ,  however, 

w i l l  be l e f t  t o  Chapter  4 .  Table  1 1 1 . 4  summarizes t h e  d a t a  of 

each d i s t r i b u t i o n ,  a s  w e l l  a s  t h e ' d a t a  o b t a i n e d  f o r  a n g u l a r  
1 > 

i n f e r v a l s ' o t h e r  t h a n  t h o s e  i n d i c a t e d  i n  f i g u r e  3 . 4 :  Only t h o s e  
I 

t r a b  were taken  i n t o  account  which had a  l e n g t h  g r e a t e r  t h a n .  
> 

t h a t  i n d i c a t e d  by t h e  d o t t e d  arrows ( f i g u r e  3 . 4 )  . 
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T a b l e  111. 4 16.7-MeV a l p h a  par tgc les  o n  Mglybdenum.  Summary 
C; 

o f  e x p e r i m e n t a l  d a t a .  

l a b o r a t o r y  
a n g u l a r  i n t e r v a l  

s c a n n e d  

area 
s c a n n e d  

2  
(mm 

2 7 . 6 0  
1 8 . 2 2  
1 4 . 8 0  
2 0 . 0 0  
2 0 . 0 0  
1 4 . 3 2  
2 0 . 0 0  
1 2  . 0.0 
1 5 . 0 0  
2 0 . 0 0  
2 3 . 0 0  
2 0 . 0 0  
2 0 . 0 0  
1 5 . 0 0  
1 5 . 0 0  
2 3 . 2 6  
2 0 . 0 0  
2 0 ;  0 0  
1 6 . 0 0  
1 5 . 0 0  
li. 6 2  
1 2 . 0 0  
2 4 . 0 0  
2 2 . 7 2  
2 0 . 0 0  
2 4 . 0 0  
1 5 . 4 2  
1 5 . 0 0  

r .  

'7 

n u m b e r  
of 

t r a c k s  

7 3  
44 
4 1  
3 6  
35 
3 1  
3 8  
20  
2 9  
3 6  . 
65 
52 

$42: 
6 9  
6 0  
5 3  
49 
4 3  
4 0  
4 0  
8 6  
9 7  - 
8 0  

1 0 3  
6 2  
5 4  

/ 

t r a c k  
d e n s i t y  

tr/mm 
2  



3 . 4  Data from t h e  8 0 -  t o  120-MeV a l p h a - p a r t i c l e - i n d u c e d  

f i s s i o n  o f  A g ,  Te and  A u .  

The v a r i a b l e  e n e r g y  c y c l o t r o n  of t h e  Texas A & M U n i v e r s i t y  

was used  t o  o b t a i n  d a t a  on t h e  a l p h a - p a r t i c l e - i n d u c e d  f i s s i o n  

of go ld  a t  80 , 100 and 120 MeV (120 MeV b e i n g  t h e  maximum 
3 

a t t a i n a b l e  ene rgy  a t  t h i s  i n s t a l l a t i o n ) .  S i m i l a r  d a t a  would 

have been c o l l e c t e d  f o r  t h e  l i g h t e r  t a r g e f  s y s t e m s ,  b u t  t h e  

poor c o u n t i n g  r a t e s  o b t a i n e d  i n  t h e  Orsay exper imen. ts  w i t h  
- 

beam i n t e n s i t i e s  i n  t h e  o r d e r  of  5 X Coulomb i R d i c a t e d  -.- t h a t  

e x c e s s i v e  amounts o f  beam t i m e  would have  been r e q u i r e d .  I n s t e a d  

an e f f o r t  was made t o  o b t a i n  a  1 a r g e r . n u m b e r  of  f i s s i o n  e v e n t s  

a t  one energy  (80-MeV) by i n c r e a s i n g  t h e  t a r g e t  ' t h t c k n e s s  by a .  

f a c t o r  of  l.3- and t h e  beam i n t e n s i t i e s  by a  f a c t o r  o f  10  t o  100.  



3.4.1 80-, 100- and 120-MeV alpha particles on Gold. 

Track length distributions as a function of the laboratow 

angle.of observation are shown in.figures 3.5 and 3.6 for 

the fission fragments from the 80- and 100-MeV alpha par- 

ticle bombardments. Track densities in all cases varied 
L, 

between 1000 and 7000 tracks per square millimeter. Conse- 

quentially the area scanned for each distribution was very 
2 

small (0.02 to 0.08 mrn ) ,  and the average angle of observation 

has a well defined value. For track densities greater than 

2 
3000 tracks/mm , a significant amount of overlapping of 

fragment tracks occurs. It becomes difficult, if not rather 

arbitrary, to assign track length values in such cases. Only 

for the 80 MeV alpha particle bombardment the track density 

was so high, that by omitting overlapping tracks, the track 

density was underestimated outside the statistical limits of 

the measurement. For this case a separate determination of 
/ 

the angular distribution was made by only counting the total +, 

number of tracks in a given area of the mica surface. Table 

111.5 lists the results of this procedure and summarizes the 
P' 

data derived from the track length distributions. Table 111.6 'f 

f m  

gives the results of the 100-MeV alpha-particle-bombardments, - 
9 
" ; 

while Table 111.7 lists the angular distribution data obtained 
- 

- 

i from the 120-MeV alpha-particle-bdardment. No track length V 
$2 

distributions were measured in this case. 







et
. 

T
a
b
l
e
 
1
1
1
.
5
 

8
0
-
M
e
V
 a
l
p
h
a
 p
a
r
 

le
,s
 o
n
 G
o
l
d
;
 s
u
m
m
a
r
y
 o
f
 
e
x
p
e
r
i
m
e
n
t
a
l
 d
a
t
a
.
 

l
a
b
o
r
a
t
o
r
y
 

a
n
g
l
e
 

I 
(
d
e
g
r
e
e
s
)
 

s
c
a
n
n
e
d
 

a
r
e
a
 

(
p
2
-
)
 

0: 
0
2
0
 

0
.
0
2
0
 

0.
04
0.
 

0.
.0
40
 

0
.
0
4
0
 

0
.
0
4
0
 

0.
05
5 

0
 . 0
 4,
O.
 

0.
,0
40
 

0
.
0
7
9
 

0
.
0
4
0
 

0
.
0
4
0
 

0.
04
0 

0
.
0
4
0
 

l
r
.
 

# 
of
ei
."
 

t
r
a
c
k
s
 

1
0
8
 

9
6
 

- 
1
5
 3'
 

1
2
9
 

1
1
0
 

9
9
 

1
1
6
 

7
6
 

7
6
 

1
5
7
 

8
1
 

9
 2
 

1
0
1
 

1
1
9
 

' 
* 
n
o
r
m
a
l
i
z
e
d
 
t
o
 

a
v
e
r
a
g
e
 

n
o
r
m
a
l
i
z
e
d
*
 

l
a
b
o
r
a
t
o
r
y
 

p
e
a
k
 
p
o
s
i
t
i
o
n
 
t
r
a
c
k
 
d
e
n
s
i
t
y
 

a
n
g
l
e
 

(
t
r
/
m
m
2
)
 

(
d
e
g
r
e
e
s
)
 

C 
a 

5
9
7
4
 

+ 
9
7
5
 

9
.
2
 

5
1
5
4
 
f 
5
2
6
 

14
,l
 

4
2
1
0
 

_+
 
3
4
0
 

2
0
.
2
 

3
4
6
7
 

+,
 
3
0
5
 

28
.2
 

2
9
5
3
 

_+
 
2
8
2
 

3
1
.
8
 

2
8
0
1
 

f 
2
8
2
 

3
9
.
8
 

2
2
6
4
 
f
 
2
1
0
 

4
9
.
9
 

2
0
9
4
 
f
 
2
4
0
 

3
9
.
2
 

2
0
4
0
 

+ 
2
3
4
 

69
.7
 

2
0
6
5
 

2 
1
6
5
 

7
9
.
7
 

2
1
1
5
 

+,
 
2
3
5
 

9
0
.
9
 

2
4
5
6
 
f: 
2
5
6
 

1
0
0
.
0
 

2
7
0
7
 

+ 
-2
69
 

1
1
0
.
2
 

3
1
8
6
 
f
 
2
9
2
 

1
1
8
.
2
 

3
1
3
6
 

-+ 
3
0
6
 

13
0.
4'
 

3
4
3
1
 f
: 
3
0
6
 

1
4
0
.
5
 

3
8
0
0
 
f
 
31
9 

1
5
2
.
3
.
 

1
6
0
.
0
 

1
6
6
.
0
 

1
7
2
.
0
 

a
 c
o
m
m
o
n
 
t
r
a
c
k
-
t
a
r
g
e
t
 d
i
s
t
a
n
c
e
 o
f
 
5
5
m
m
 

2 
+ 
f
o
r
 a
l
l
 
a
n
g
l
e
s
 a
n
 
a
r
e
a
 o
f
 
0
.
2
0
0
 
m
m
 
w
a
s
 
s
c
a
n
n
e
d
 

$>
 

# 
o
f
 

+ 
n
o
r
m
a
l
i
z
e
d
*
 

t
r
a
c
k
s
 

1
2
4
7
 

1
1
5
0
 

9
9
9
 

8
0
0
 

7
3
1
 

6
1
6
 

5
6
6
 

5
0
1
 

4
7
5
 

39
 3
 

4
 1
8
 

4
1
9
 

4
4
8
 

4
0
4
 

4
8
6
 

5
3
0
 

5
5
3
 

7
1
6
 

7
6
9
 

8
3
0
 

t
r
a
c
k
 
d
e
n
s
i
t
y
 

2
 

(
t
r
/
m
m
 

) 



"., 

Table  111.6 1 0 0 - M e V  a l p h a  p a r t i c l e s  of Gold; summary o f  - 

expe r imen ta l  d a t a .  

l a b o r a t o r y  scanned 
a n g l e  . a r e a  

(deg rees  ) 2 
(mm 

d 

# o f  
t r a c k s  

75 
9 4  

118 
8 1  
68 

1 0 4 .  
89 
8  3 .  

1 0  2 
9  8  
9  4 
86 

10 1 
- 97 

97 
95 

111 
lil 
1 4 1  
1 2 1  

62 

average  
.peak p o s i t i o n  

normalized* 
t r a c k  d e n s i t y  

-5 * normal ized t o  a  Fomrnon t r a c k - t a r g e t  d i s t a n c e  
of 55mrn. 



CB 9 

Table 111.7 120-MeV alpha p a r t i c l e s  on GgJ.d; summary of 

e x p e r i m e n t a l  d a t a .  



9, 
3 . 4 . 2  80 -MeV a l p h a  p a r t i c l e s  on t e l l u r i u m .  ' 

  he t e l l u r i u m  t a r g e t  was n e a r l y  t h r e e  t imes  t h i c k e r  t han  t h e  

indium t a r g e t ,  and approximately  n i n e  t imes  more a l p h a  pa r -  
0 

t i c l e s  were i n c i d e n t  ,on t h e  t e l l u r i u m  t a r g e t  t h a n  on t h e  

indium t a r g e t  ( s e e  Table  111.1) , b u t  Because of t h e  decreased  
d 

- e n e r g y  of  t h e  a l p h a  p a r t i c l e s ,  t h e  t r a c k  d e n s i t y  i n  t g i s +  
0 

experiment'  was on ly  tw ice  t h a t  of t h e  167-MeV a l p h a  p a r t i c l e s  

on indium exper iment .  F? 

By scanning a  r e l a t i v e l y  l a r g e  a r e a  of  around 10 m m L  f o r  each 

f i v e  degree  i n t e r v a l ,  s u f f i c i e n t  d a t a  w e r e  o b t a i n e d  t o  d e t e r L  
v 

mine t h e  d i s t r i b u t i o n  i n  t r a c k  l e n g t h  of t h e  f i s s i o n  f ragments  

a s  a  f i n c t i o n  o f  t h e  l a b o r a t o r y  a n g l e  of o b s e r v a t i o n .  No d a t a  

could  be  o b t a i n e d  f o r  a n g l e s  l e s s  t han  4 0  d e g r e e s ,  due t o  t h e .  - 
', 

veSy l a r g e  c o n c e n t r a t i o n  of  s m a l l  p i t s ,  i n  t h e  mica s u r f a c e .  

For a n g l e s  of around 30 degrees. ,  f i s s i o n  t r a c k s  can  sometimes 

be s een  embedded i n  t h e  background of p i t s ;  b u t  measurement of  

t h e  l e n g t h  of t h e s e  t r a c k s  becomes a r b i t r a r y .  A t  a n  a n g l e  of  

o b s e r v a t i o n  of 20 d e g r e e s ,  t h e s e  t r a c k s  can no l o n g e r  be  r e -  
. , 

Solved from t h e  g e n e r a l  background. The i n t e r a c t i o n  of scat- 

t e r e d  a lpha  p a r t i c l e s  w i t h  h e a v i e r ' f i u c l e i  i n  t h e  mica a r e  

thought  - t o  be  t h e  most : l i k e l y  e x p l a n a t i o n  of  t h e i e  s m a l l  p i t s  

a s  was d i s c u s s e d  i n  s e c t i o n  3 . 3 . 2 .  



1 ,  

Figure 3.7 shows the ength distributions as a function 

of the angle of observation, while Table'111.8 summarizes 

the data. The mean laboratory angle was determined by 
k 

calculating the arithmetical average-of the laboratory angle 

of all tracks measured in each five degree interval. L 
3.4.3 80-M~V alpha-particles on silver. 

. ", 

The number of 80-MeV alpha-particles incident on the silver 

target was very large - (see Table. III.l), resulting in track 

2 densities of around 50 tracks/mm . Track length distributions 
B 

were measured for laboratory angles of observation from 50 

to 170 degrees. Measurements of tracks could not be made for 

small a r angles of o 6' servation for the same reasons as discussed 
in the previous section. Figure 3.8 and Table 111.9 summarize 

the experimental data. 





Table 111.8 80-MeV a lpha  p a r t i c l e s  on t e l l u r i u m :  

Summary of e x p e r i ~ e n t a l  d a t a .  

\\ 

* normalized t o  a  common t r a c k - t a r g e t  d i s t a n c e  of  55 mm. 

angular  mean , a r e a  number average  normalized*. 
i n t e r v a l  l a b o r a t o r y  scanned of peak t r a c k  d e n s i t y  

scanned ang le  t r a c k s  p o s i t i o n  - 

(degrees )  (degrees )  (mm2) 





T a b l e  111.9 80-MeV a l p h a  p a r t i c l e s  on  s i l v e r :  

7 Summary o f  e x p e r i m e n t a l  d a t a .  

a n g u l a r  mean 
i n t e r v a l  l a b o r a t o r y  

scanned  a n g l e  

( d e g r e e s )  ( d e g r e e s )  

area 
scanned  

2  
(mm 1 

4.882 
4.718 
4.389 
4.755 
4.735 - 

4.752 
4.805 
4.164 
3.810 
4.785 
4.744 
4.739 
4 .771  
4.537 
3.202 
3.849 
3 .821 
3.822 
3 .853  
3 .453 
2.277 
2.872 
2.872 
0.578 

number avercage  n o r m a l i z e d *  
o f  peak  t r a c k  d e n s i t y  

t r a c k s  p o s i t i o n  

(mg /cm2  
2  ' ( t i / m m  

* n o r m a l i z e d  t o  a'corninon t r a c k - t a r g e t  d i s t a n c e  o f  55 rnm. 



. 
Ghapter 4 1 n t e r p r e t a t i o n L o 4  f i s s i o n  f ragment  t r a c k  l e n g t h  

\ 

d i s t r i b u t i o n s .  
3 1 

C 

I n  n e a r l y  a l l  p r e v i o u s  expe r imen ta l  s t u d i e s ' o f  t h e  f i s s i o n  

, p r o c e s s ,  uLing d i e l e c t r i c  t r a c k  d e t e c t o r s ,  t h e  aim h a s  been 
C 

s imply ' t b  r e g i s t e r  a  f i s s i o n  e,vent. P o s i t i v e  i d e n t i f i c a t i o n  

of a f i s s i b R  e v e n t  c o u l d  on ly  b e  made<-.in a "sandwich" e x p e r i -  
. 

ment, where t h e  . t a r g e t  was sandwiched between t w o  d e t ~ t o r s ,  

' a n d  t h e  two c o i n c i d e n t  f i s s i o n  f ragments  c o u l d  be  observed 
I '  . 

(Hud 6 9 ,  Bra 71,  Kie. '73). I n  a s c a t t e r i n g  chamber t ype  of  

experiment,  t,he co inc idenqe  c r i t e r i o n  i s  l o s t ,  an&hence,  $he 

o r i g i n  of t h e  t r a c k s  can  on ly  b e  deduced from t r a c k  l e n g t h  
7 

and angu la r  d i s t r i b u t i o n  d a t a .  By choos ing  a  d e t e c t o r  which 

w i l l  d i s c r i m i n a t e  a g a i n s t  l i g h t  (2 < 1 0 )  p a r t i c l e s  as w e l l  
-, 

- 
a s  l o w  energy ( E  < 1 M e V )  p a r t i c l e s ,  t h e  t r a c k s  t h a t  a r e  formed 

a r e  t h o s e  of e n e r g e t i c  h e a ~ i e r ~ f r a g m e n t s ,  i n c l u d i n g  t h o s e  from 
I 

G 

a f i s s i o n  p roces s .  ~ f a s s ,  Makrofol  and mica have been used 

e x t e n s i v e l y  towards t h i s  end ( M e t  71 ,  IQon 6 5 ,  Ral  73, B r a  67 ,*  - - 

KasJ2,  I t k  72, Bur 6 4 ,  Zeb 7 4 ) .  . t 
e 

3 * 
, . - "r 

Nbt u n t j h t h e  work o f  ~ h o d a i - ~ o o p a r i  (Kho 66) w a s  mention 
. .  b d  , 

made o_. t h e  p o s s i b i l i t y  .of d i s t i n g h i s h i n g  i m p u r i t i e s '  by t h e i r -  
> 

shor teY o r  l o n g e r  average  t r a c k  l e n g t h  as compared t o  t h e  
* .  

I L 

t r a c k s  of i n t e r e s t .  However, t h i s  w a s  o n l y  a n  e x p e c t a t i o n  

' . ' , - s ince  no d a t a  on t h e  response  o f  h e a v y . i o n s  i n  mica were 

a v a i l a b l e .  P a t e  and ~ Q t e r  ( P a t  71) d i d  a rough c a l i b r a t i p q  
4 

, o f  t h e  t r a c k  l e n g t h  o f  aluminum, a rgon  and k ryp ton  -ions i n  
* 



m m
 

3
 

a
 

'
0
 

%
 
a
 

0
 

7
 

r
l

 
4
 

C
,
 

U
 

.s
 

r: 
.4

 
0
 

.rl 
*
 
U
 

k
 

c, 
- 

m 
G
 

-
4

 
0
 

a
 

-r( 
c, 
3
 

5 b-l 
-rl 

G
 

k
 

Q
) 

c, 
r
l 

m
 

-
4

 
A 

a
 

U
 

m
 

m
 

k
 

m
 

" 
Fi 

a, 

" 3
 

a
*

 
0
 

5
 

c, 
r
(
 

C
 

a
 

0
 

C
 

-
4

 
0
 

c, 
-
4

 
a
,
.
 c, k

 
5 

0
 

m
 
,
a
 

m
 
6
 

r
b

Y
k

 
a
 

a, 
C

 
h
 

c, 
4
 

c, 
k

 
O
 

a, 
a, 

a
 
,
k
 

C
 

-d
 

9
 -
,
*
a
 

,.m
 

t 0 
'a, 

a
 

.
m

 



I but ion;  can then  be compared w i t h  measured d i s tk ' i bu t ions ,  and 

some , a s p e c t s  o f  t h e  calenkm-s modi f ied  toe o b t a i n  b e t t e r  
' #  

agreement w i t h  t h e  expe r imen ta l  d a t a .  The model which w i l l  

, r e q u l t  i n  an  optimum " f i t "  t o  t h e  expe r imen ta l  d a t a  i s  assumed 

t b  be. t h e  c l o s e s t  f e p r e s e n t a t i o n  of t h e  r e a l  f i s s i o n  p r o c e s s  

under c o n s i d e r a t i o n .  T h i s  approach was chosen because  t h e  . 

h i g h ~ d e g r e e  of complexi ty  of bo th  t h e  f i s s i o n  p r o c e s s  and t h q  -. 
.I 

1 

s topp ing  p r o c e s s  a f  .heavy i o n s  i n  mica , ,  p l u s  t h e  . f a c t  t h a t  a 

t r a c k  l e n g t h  on ly  r e p r e s e n t s  a  whole s e t  $f p o s s i b l e  mass and 
1 , 

energy combina t ions ,  r e n d e r s  d i r e c t  e x t r a c t i o n  of  f i s s i o n  - 
paramete'rs from t r a c k  l e n g t h  d i s t r i b u t i o n s  imposs ib l e .  

A computer program RADICS ( f o r  RAnge Distribution C a l c u l a t i o n s )  

' 
was w = i  t t e n  ,- which s i m u l a t e s  t h e  f  i s s i o n d  p r o c e s s  o f  medium 

r .  
mass ( 5 0 ~  A < 200)  n u c l e i ,  induce+d- by any k i n d  o f  p a r t i c l e ,  

and t h e  subseguent  s t o p p i n g  p r o c e s s  of  t h e . f i s s i o n  f ragments  

i n  e i t h e r  mica o r  g l a s s  d e t e c t o r s .  G la s s  d e t e c t o r s  werg 

inc luded  because somef e x t e n s i v e  c a l i b r a t i o n  d a t a  on t h e  

response  of heavy i o n s  i n  g l a s s  a r e  now a v a i l a b l e  (Lec 72) .  8 

The aim of t h e  method was a b l e  t o  reproduce  expe r imen ta l  

f i s s i o n  f ragment  t r a c k  l e n g t h  o r  d i a m e t e r  d i s t r i b u t i o n s  
< 

by v a j i n g ' a s .  s m a l l  a   umber of  pa rame te r s  as p o s s i b l e .  Hence, 

i t  was neces sa ry  t o  make a number of s i m p l i f i c a t i o n s  and 

assumptions  about  some of  t h e  p a s m e t e r s  as w e l l  as t o  e n t e r  

accep ted  expe r imen ta l  v a l u e s  f o r  some o t  r pa rame te r s  t h a t  - P 
were n o t  v a r i e d  i n  the c a l c u l a t i c m s .  Q u a n t i t i e s  t h a t  w e r e  



, f .  
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I .  

i" 

+ 
left free to vary were: a) the shape of the mass distribution 

I 

of the fission fragments; b) the total kinetic energy release 

in the case of symmetric fission and c )  the center-of-mass 

motion of the fissioning system. , , 

, b 

Appendix 1 gives a complete description of the mathematical 

procedure as wall as the use of this program. Basically the 

track length or diameter distribution at a given laboratory , i 
r l. 

angle of observation in considered ko be a summation over all 

the individual track length or diameter distributions of each 

possible fragment mass, each we'ighted by the probability of % 

emitting that particular'fragrnent mass at that angle of sbser- 

'% vation. The problem is then reduced to finding the energy 

distribution associated with each possible frapgnt %ass and 

the conversion of this tb a track length or diameter distri- 
& 

bution. If the energy distributions are relatively narrow, a 

linear transformation from energy to -track length or diameter 

can be performed under theassumption of local ?Linejtrity of the 
, X 

track length .or diameter versus-energy ckves. 
\ 

/ Y 

. In the calculations it is assumed &at the energy distribdtion 

of the fragments of a given mass is of a gaussian nature. 

Dispersion effects due to such effects as target thickness and 

angular resolution can then be more easily included (see appen- 

dix 1). 
t 

The code can be hsed as a tool to investigate the sensitivity 



of  f i s s i o n  pa rame te r s  t o  t h e  shape, of t h e  t r a c k  l e n g t h  o r  

d i ame te r  d i s t r i b u t i o n s  of  f i s s i o n  i ragments .  One of  t h e  
' I 

i n t e r e s t i n g  q u e s t i o n s  i s  how t h e  t r a c k  l e n g t h  o r  d i ame te r  

d i s t r i b u t i o n s  w i l l  v a ry  w i t h  t h e  mass of t h e  f i s s i o n i n g  - 
. sys tem.  I n  a  sample c a l c u l a t i o n ,  f i s s i o n  w a s  assumed i n -  . 

duced by 80-MeV a l p h a - p a r t i c l e s  i n  t a r g e t  n u c l e i  w i t h  mass 

v a l u e s  ranging  from 100 t o  200 amu. The mass d i s t r i b u t i o n  of 

t h e  f i s s i o n  f ragments  was assumed t o  be  g a u s s i a n  w i t h  a f u l l  

+ width  a t  h a l f  maximup o f  50 &mu. ( L a t e r  i t  w i l l  be  shown 

t h a t  t h e  width  o f  t h e  m a s s  d i s t r i b u t i o n  i s  r e l a t i v e l y  insen-  

s i t i v e  t o  t h e  outcome o f  the c a l c u l a t i o n s . )  F i s s i o n  b a r r i e r  

v a l u e s  were t a k e n  from t h e  work 05 Myers and Swia t eck i  (Mye 

66), whi1d:the t o t a l  k i n e t i c  energy  release w a s  t a k e n  from t h e  

c a l c u l a t i o n s  of Nix (Nix 6 9 ) .  

The t r a c k  l e n g t h  d i s t r i b u t i o n s ,  a s  they  wou ld -be  observed  i n  
U- 

mica d e t e c t o r s  a t  l a b o r a t o r y  a n g l e s  of  o b s e r v a t i o n  of 30 and 
t 

150 d e g r e e s ,  are shown i n  f i g u r e s  4 . 1  and 4 . 2 .  Using g l a s s  

d e t e p t o r s ,  t h e  d i a m e t e r  d i s t r i b u t i o n s  t h a t  would be  observed 

a t  t h e s e  s,ame a'ngles oz  o b s e r v a t i o n ,  are shown i n  f i g u r e s  

' 4 . 3  and 4 . 4 .  The most i n t e r e s t i n g  f e a t u r e ,  i n r t h e  case of 
L 

>. 
mica d e t e c t o r s ,  is t h a t  t h e  wid th  of  t h e  t r ack  l e n g t h  istri- 

, ' - f 
b y t i o n  i s  n o t  a c o n s t a n t  v a l u e ,  or even a monotonic f$ctipn" 

o f  t h e  mass of t h e  f i s s i o n i n g  system. 
- d. . ' 

I n  f i g u r e  4 .5  t h e  f u l l -  w id th  a t  h a l f ,  maximum of  t h e  t r a c k  * .d 

l e n g t h  o r  diam'eter d i s t r i b u t i o n  is g iven  as a f u n c t i o n  of  t h e  



Figure 4.1 



M I C A  





Figure 4 . 4  



fw
h

m
 d

ia
m

e
te

r 
d

is
tr

ib
u

ti
o

n
 (

p
m

) 
fw

h
m

 
tr

a
c

k
 
le

n
g

th
 

d
is

tr
ib

u
ti

o
n

 (
m

g
 c

m
2

) 
I 



L i m a s s  of t h e  f i s s i o n i n g  system f o r  t h e  t a n g l e s  of o b s e r v a t i o n ;  

30•‹ ( s o l i d  l i n e )  and 150•‹ (broken l i n e ) .  The e f f e c t i v e  broad- 
\ + 

e n i n g  o f  t h e  d i s t r i b u t i o n s  around a f i s s i o n i n g  mass of 130 amu 

is many t i m e s  s t r o n g e r  i n  t h e  c a s e  of mica t h a n  i n  t h e  c a s e  of  

d e t e c t o r s .  De f in ing  t h e  e f f e c t i v e  broadening  as FWHM/ 

Xprob, where Xpr b  i s  t h e  most  p robag le  t r a c k  l e n g t h  o r  diam- K 
e t e r  va lue  of  the d i s t r i b u t i o n ,  t h i s  v a r i a b l e  w i l l  r ange  from 

0.3 t o  T. 0 i n  t h e  c a s e  of mica and from 0.07 t o  0.18 i n  t h e  

c a s e  of g l a s s .  The comparable e f f e c t i v e  o p t i c a l  r e s d l u t i o n  i n  
0 

measur ing t r a c k  l e n g t h  and diameter i s  i n  t h e  o r d e r  of  0.03 and 

0.05 r e s p e c t i v e l y .  The broadening of t h e  t r a c k  l e n g t h  d i s t r i -  

- b u t i o n  around a  f i s s i o n i n g  system mass of 130 amu shou ld  t h e r e -  

f o r e ,  be  q u i t e  n o t i c e a b l e , w h e r e a s  t h e  broadening  of  t h e  d i ame te r  

d i s t r i b u t i o n  i s  o n l y  j u s t  o u t s i d e  t h e  expe r imen ta l  accuracy .  
\ 

I n  f i g u r e  4 . 6  the c a l c u l a t e d  most p robab le  t r a c k  l e n g t h  and 

d i a m e t e r  ( s o l i d  l i n e s )  i s  compared wi th  t h e  t r a c k  l e n g t h  and 

d i ame te r  of t h e  f ragments  from a symmetric f i s s i o n  e v e n t  
L 

1 

(broken l i n e s ) .  Again,  whereas i n  t h e  case o f  g l a s s  d e t e c t o r s ,  

e s p e c i a l l y  a t  backward a n g l e s ,  t h e  d i f f e r e n c e  between t h e s e  

two q u a n t i t i e s  is less t h a n  53, i n  t h e  case of  mjca d e t e c t o r s  

largq d i s c r e p a n c i e s  ex is t .  This  e f f e c t  i d y  due t o  a  i 

\\ 
" b ~ n c h " n g ~ , ~ o f  the t r a c k  length-energy c u r v e s  i n  r e g i o n s  around t 
a f r a g n k n t  mass of 45 amu and 80 amu. For  a f i s s i o n i n g  system 

m a s s  of around 130 amu, t h e s e  t w o  r e g i o n s  of f ragment  mass ar.e 

c 
p r e s e n t  s imu l t aneous ly ,  r e s u l t i n g  i n  a q u a s i  "double  humped" 
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figure 4-6A,  , , 

figure 4.6B 

mass of fissioning system (amu) 



- 
, t r a c k  l eng th  d i s t r i b u t i o n  .kee  f i g u r e s  4'.1 and 4.2) . The 

* .  

s l i g h t  s h i f t  towards h igher  more probable diame'ter va lues  
- .  - .  

a t  backward $angles  of obse rva t ion  i s  t h e  d i y e c t  r e s u l t  o f -  t h e  
' 

f a c t  t h a t  t h e  m a s s  d i s t r i b u t i o n  a s  seen  a t  such l a b a r a t o r y  

angles  of 'observa t ion  c o n t a i n s  r e l a t i v e l y  mor; l i g h t  fragments 

than heavy fragmdnts ( see  appendix 1, s e c t i o n  1 .6 )  . Since 
* 

t h e  l i g h t  fragments have h igher  energy and d iameter  va lues  
7 

a s s o c i a t e d  wi th  them, t h e  most probable d iameter  va lue  w i l l  

a l s o  s h i f t  towards h igher  va lues .  

5 L The v a r i a t i o n '  of t h e  t r a c k  l e n g t h  and diameter  d i s t r i b u t i o n s  
iT * 

with t h e  shape of t h e  mass d i s t r i b u t i o n  of t h e  f i s s i o n  
--. 

fr-ents in.examined i n  f i g u r e s  4.7,  4f.8 and 4.9  f o r  f i s s i d n -  

i n g  s y s t e q s  with a  mass of 104, 1 5 4  and '204 m u  r e s p e c t i v e l y .  ' 
B *' 

I n  each c a l c u l a t i o n  it was assumed t h a t  t h e  f i s s i o n  fragment 
'i 

m a s s  d i s t r i b u t i o n  was o i  a s i n g l e  gauss ian  t y p e  wi th  a  f u l l  
L 

w i d t h  a t  h a l f  maximum. b f  30 ,  4 5 ,  60, 100 and 1000 amu. 

- ~ i s s i o n  was aga in  induced by 80 MeV a lpha  p a r t i c l e s  and 

compound nucleus formation was taken t o  precede t h e  f i s s i o n  

s t e p .  The r e s u l t i n g  t r a c k  l e n g t h  and d iameter  d i s t r i b u t i o n s  

were c a l c u l a t e d  f o r  t h r e e  ang les  of  T s e r v a t i o n :  30, 90 and 
0 

150 wi th  r e s p e c t  t o  t h e  beam d i ~ e c t i o n .  From f i g u r e s  4.7 
, 

iJ t o  4 . 9  &me g e n e r a l  characteristics a r e  immediately obvious; 

a )  mica d e t e c t o r s  a r e  more s e n s i t i v e  t o  t h e  shape of  t h e  

f i s s i o n  'fragment mass d i s t r i b u t i o n  than  g l a s s  d e t e c t o r s  and 

b) t h e  t r a c k  l e n g t h  and diameter  d i s t r i b u t i o n s  a t  forward 

ang les  of obse rva t ion  a s  w e l l  a s  from h e a v i e r  masses of t h e ,  
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f f i s s i o n i n g  system a r e  a l s o  more s e n s i t i v e  t o  t h e  shape of - 4 

t h e  mass d i s t r i b u t i o n .  Since any s i g n i f i c a n t  broadening 

o f  the+mass  d i s t r i b u t i o n  i s  only  expected (Nix 6 9 )  t o  occur  

f o r  t h e  l i g h t e r  f i s s i o n i n g  n u c l e i , ' s u c h  an e f f e c t  w i l i l  be 

very d i f f i c u l t  t o  observe us ing  mica o r  g l a s s  d e t e c t o r s .  

From a l l  of t h e  above c a l c u l a t i o n s  it can be seen  t h a t  t h e  
\ 

assumption of v a r i o u s  a u t h o r s  (Kho 6 6 ,  P a t  71). t h a t  i m p u r i t i e s  

i n  t h e i r  f i s s i o n i n g  t a r g e t  n u c l e i  could be d i s t i n g u i s h e d  
e- 

by t h e i r  average s h o r t e r  o r  longer  t r a c k  l e n g t h ,  have t o  
9 

- be t r e a t e d  c8u t ious ly .  Furthermore,  t h e  ,conclu,sion drawn by 

Pa te  and ~ 6 t e r  ( P a t  71), t h a t  t h e  absence of any s i g n i f i c a n t  

broadening o f  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  wi th  dec reas ing  

mass of the  f i s s i o n i n g  system indicaFed no s u b s t a n t i a l  . 

broadening of  t h e  f i s s i o n  fragment mass d i s t r i b u t i o n s r ,  i s  no t  

a t  a l l  s u b s t a n t i a t e d  by t h e  r e s u l t s  shown i n  f i g u r e s  4 . 7  

through 4 . 9 .  



Comparison w i t h  expe r imen ta l  d a t a .  

80 - ,  100- and 167-MeV a l p h a  p a r t i c l e s  on go ld .  

The f i s s i o n  f ragment  t r a c k  l e n g t h  d i s t r i b u t i o n s  p r e s e n t e d  i n  

Chapter  3 can  be compared w i t h  c a l c u l a t e d  d i s t r i b u t i o n s  -+ -\ 
The d a t a  which a r e  most e a s i l y  i n t e r p r e t e d  a r e  t h o s e  t r ack .  

I 
l e n g t h  d i s t r i b u t i o n s  f o r  which t h e  most p robab le  t r a c k  l e n g t h  

r 

is provided by f ragments  w i th  t h e  m o s t  p robab le  mass va lue .  

Of t h e  a v a i l a b l e  d a t a  o n l y  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  

from t h e  a lpha  p l u s  g o l d  systems c o n t a i n  t h i s  s i m p l i f i c a t i o n  

. ( s e e  F i g .  4 . 6 ) .  For  t h e s e  c a s e s  t h e  a n a l y s i s  i n  t e r m s  o f  * 

t o t a l  k i n e t i c  energy  r e l e a s e  and c e n t e r  o f  mass mot ion can  be 

made independent ly  of  t h e  c h o i c e  of  t h e  w id th  of t h e  mass 

d i s t r i b u t i o n .  

I n  f i g u r e s  4 . 1 0 ,  4 . 1 1  and 4.12 t h e  e x p e r i m e n t a l l y  de te rmined  
- 

average  t r a c k  l e n g t h ,  a s  a  f u n c t i o n  of  t h e ,  l a b o r a t o r y  a n g l e  

of  o b s e r v a t i o n ,  i s  compared w i t h  t h e  c a l c u l a t e d  ave rage  t r a c k  

* l e n g t h  f o r  t h e  80- ,  100-  and 167-MeV a l p h a  p a r t i c l e s  on go ld  

bombar,&ents. Var ious  combina t ions  of t o t a l  k i n e t i c  en-ergy 

r e l e a s e  and center-of-mass  

t i o n s .  The optimum v a l u e s  

\ 

motion were used i n  t h e  c a l c u l a -  
f 

f o r  t h e s e  two pa 'rameters w e r e  

ob t a ined  by a n  i n t e r a t i v e  procedure  i n  which t h e  t o t a l  k i n e t i c  

energy r e l e a s e  v a l u e  was • ’ + s t  a d j u s t e d  from t h e  t h e o r e t i c a l  , 
d 

v a l u e  (Nix 69 1 ,to , g i v e  agreement between t h e  c%lcula ted  and 

expe r imen ta l  ave rage  t r a c k  l e n g t h  at $0' ( l a b o r a t o r y  a n g l e ) .  



average track length (mg/cm2) 
2.2 2.4 2.6 2-8 - 3-0 

I I I I I 







I I 
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ii 

e x t  t h e  amount of  cen te r -o f -mass  m a u n  w a s  a d j u s t e d  from -. 

t h e  c o m p o u n d ~ u c l e u s  v a l u e  t o  a v a l u e  which more a c c u r a t e l y  

r e f l e c t e d  t h e  t r e n d  of t h e  expe r imen ta l  data , .  I f  neces sa ry  

t h e  whole procedure  was r e p e a t e d  t o  o b t a i n  a  b e t t e r  " f i t "  t o  

t h e  exper imenta l  d a t a .  

Using t h e s e  " f i t t e d "  v a l u e s  of t o t a l  k i n e t i c  energy  r e l e a s e  
t 

and c e n t e r  of motion t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  are 

- compared wi th  c a l c u l a t e d  d i s t r i b u t i o n s  assuming a range  o f  
\ 

v a l u e s  f o r  t h e  wid th  of t h e  mass d i s t r i b u t i o n  o f  t h e  f i s s i o n  g 
I 

f ragments .  F igu re  4.13 shows some o f  t h e  r e s u l t s  from these 

comparisons.  I t  i s  o n l y  p o s s i b l e  t o  a s s i g n  an  upper  and 
. - 

lower l i m i t  on t h e  wid th  of  t h e  mass d i s t r i b u t i o n  i n  each 
% 

c a s e ,  and-even t h e s e  v a l u e s  a r e  l i m i t e d  by t h e  assumption of  

a  known d i s t r i b u t i o n  i n  k i n e t i c  energy  of  t h e  f ragments  ( t aken -  
\ 

t o  be t h e  t h e o r e t i c a l  (Nix 6,9) v a l u e )  . I V .  1 summarizes 

parameter  v a l u e s  d e r i v e d  from t h e  expe d a t a  on t h e  

go ld  bombardments u s i n g  t h e  RADICS code.  The e r r o r s  i n d i c a t e  

T o t a l  k i n e t i c  energy  r e l e a s e  v a l u e s  are i n  agreement w i t h  t h e  

v a l u e  o b t a i n e d  by o t h e r  methods ( P l a  6 6 ) .  With i n c r e a s i n g  

e x c i t a t i o n  energy one would e x p e c t  t h e  compound nuc leus  t o  

e m i t  more p a r t i c l e s ,  t he reby  d e c r e a s i n g  t h e  average  mass of  

he f i s s i o n i n g  n u c l e i  (see Chapte r  5 ) .  Consequent ly  t h e  

t o t a l  k i n e t i c  energy r e l e a s e  of  t h e  system is  expec t ed  t o  show 

a d e c r e a s e  w i th  i n c r e a s i n g  e x c i t a t i 6 n  energy.  For t h e  167-MeV 





.- %. .. 
Table  I V .  1 T o t a l  k i n e t i c  energy  release, center-of-mass 

mot ion and t h e  wid th  of  t h e  f i s s i o n  f ragment  mass 

d i s t r i b u t i o n  a s  d e r i v e d  from t h e  t r a b k  l e n g t h  

d i s t r i b u t i o n  o f  t h e  f i s s i o n  f ragments  from t h e  

8O-,lOO- and 167-MeV a l p h a  bombardments o f  go ld .  

i n c i d e n t  
a lpha  

p a r t  
ene  

average  t o t a l  
k i n e t i c  

. i c l e  energy r e l e a s e  
rgy  

(MeV) .(MeV) 

c e n t e r L o f  - f u l l  wid th  a t  h a l f  
mass motion maximum o f  t h e  

( 3  of  compound mass d i s t r i b u t i o n  
nuc l eus  v a l u e )  (Emu) d 

-7 

lower upper  I.1 

l i m i t  l i m i t  2 B 
7" 

3 

100 + 10 30 45 
T 

- 
a lpha  bombardment a d e v i a t i o n  from compound nuc leus  c e n t e r -  

of-mass motion i s  observed.  Th i s  can  be  due t o  e i t h e r  a  con- 

t r i b u t i o n  from f i s s i o n  f o l l o w i n g  incomple te  momentum t r a n s f e r  

o r  t o  p re -equ i l i b r ium p a ' r t i c l e  emiss ion .  The l i m i t s  on t h e  

v a l u e  f o r  t h e  wid th  o f  t h e  mass d i s t r i b u t i o n  a g r e e  w i t h  pre -  

v ious  measurements ( P l a  66). 
P 

Due t o  t h e  i n s e n s i t i v i t y  of  t h e  
p 

t r a c k  l e n g t h  d i s t r i b u t i o n s - f r o m  go ld  f i s s i o n  f ragments  t o  t h e  
P 

width  of t h e i r  mass d i s t r i b u t i o n ,  any broadening  o f  t h i s  wid th  fi - 
& 

V 
-8 with  i n c r e a s i n g  e x c i t a t i o n  energy l ies  o u t s i d e  t h e  deduc t ion  -it 
4 

c a p a b i l i t i e s  o f  t h i s  a n a l y s i s .  
7 

# 



- -  

4.2.2 80-M~V alpha-particles on silver and tellurium. 

In the case of the lighter silver and tellurium targets the 

shape of the mass distribution can no longer be treated as 

an independent variable. Although the overall shape of the 

track length distribution is relatively insensitive to the /' 
/ 

width of the fragment mass distribution, the average,track 

length does show a small variation with this parameter. 

In principlesthen one would have to fit the set of track - .  :. 
, . 

I d  

- length distributions as a function of the angle of observation, 

to similar calculated set of distributions. In practice the 
0 

track length distributions were first calculated for a 

forward and backward angle of observation and the total kinetic 

energy release and center-of-mass motion were adjusted and the 

width of the mass distribution varied so as to obtain the best 

possible agreement with the experimental data . In figure 4.14 

the measured track length distributions frombthe 80-MeV alpha 

particle bornbarhent of silver at laboratory angles of obser- 

vation of 67.5 and 162.5 degrees are compared with the calcu- 

lated distributions assuming a total kinetic energy release 

value of 80 MeV and center-of-mass motion corresponding to 

compound nucleus formation. The calculated curves labelled 

1, 2, 3 and 4 represent an assumed Gaussian mass distribution 

width ofs15, 30, 60 and 500 mu. The calculated distributions 

show a pronounced peak at high track length vadues with a 

gradual "tailing off" towards lower values. The experimental 





A 

d 

d a t a  show a s imi lar  t r e n d .  By i n c r e a s i n g  t h e  , t o t a l  k i n e t i c  

energy r e l e a s e  by a n o t h e r  10 MeV, a " f i t "  can  be o b t a i n e d  w i t h  
, - 

ed c u r v e  assuming t h e  narrow mass d i s t r i b u t i o n  of 
the calcult 
15 aTu f u l l  width  a t  h a l f  maximum. The pronounced t a i l i n g  of -. 

*?b 

t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  towards lower v a l u e s  can  n o t  b e  

e x p l a i n e d ,  however, i n  t h a t  c a s e .  By examining a l l  t r a c k  -..- . 
l e n g t h  d i s t r i b u t i o n s ,  t h e  lower l i m i t  o f  the f u l l  wid th  a t  

7- a h a l f  m&imum of t h e  mass d i s t r i b u t i o n  w a s  s e t  a t  30 m u ,  w i t h  

an  upper l i m i t  of  50 amu. To o b t a i n  a m o r e  p r e c i s e  e s t i m a t e  
* 

of  t h e  t o t a l  k i n e t i c  energy  release and center-of-mass  mot ion,  - - 
t h e  measured most p robab le  t r z c k  l e n g t h  w a s  compared ,w i th  

c a l c u l a t e d  v a l u e s  as i.s shown i n f i g u r e  4.15. T h i s  q u a n t i t y  i s  
t .  

i n s e n s i t i v e  % t o  ,.the w id th  of  t h e  mass d i s t r i b i t i o n  f o r  v a l u e s  

g r e a t e r  t h a z  30 m u .  The b e s t  agreement i s  o b t a i n e d  f o r  a 

t o t a l  k i n e t i c  energy1 release o f  (8123) MeV and a cen te r -o f -  

mass motion of  7 0 %  o f  t h e  v a l u e  which would be  o b t a i n e d  i n  t h e  

c a s e  of compound nuc leus  fo rma t ion ,  a l t hough  center-of-mass 

v a l u e s  of 60 t o  100% s t i l l  g i v e  a c c e p t a b l e  f i t s .  
4 - 

Figure  4.16 shows a comparison of  measured and c a l c u l a t e d  t r a c k  

l e n g t h  d i s t r i b u t i o n s  f o r  t h e  d a t a ,  s i m i l a r  t o  t h e  

\ . o n e  f o r  the s i l v e r  d a t a  i n  Because of  t h e  poor 

s t a t i s t i c a l  accuracy  of  t h e  fra,gment t r a c k  

w e r e  combined ove r  t e n  deg ree  

t h e  d i s t r i b u t i o n s  a t  mean l a b o r a t o r y  

a n g l e s  of 60 and 1 2 0  deg rees .  The expe r imen ta l  d a t a  a g a i n  





PrE 
s, . - 

'show a " t a i l i n g  o f f "  towards ' lower t r a c k  l eng th  va lues ,  b u t  , . 

t h e r e  is  no-longer .  a  w e l l  de f ined  peak i n  t h e  d i s t r i b u t i o n s .  
', - 

The c a l c u l a t e d  curves do n o t  f i t  t h e  experimental  d i s t r i -  

b u t i o n s e a s  w e l l  a s  i n  t h e  c a s e  of  t h e  s i l v e r  d a t a .  Again.  

i t  was feud t h a t .  very narrow d i s t r i b u t i o n s  (such a s  t h e  

one shown with a f u l l  width a t  h a l f  maximum of 20 amu) do n o t  

ag ree  with t h e  g e n e r a l  t r e n d  of  t h e  d a t a .  Broader mass 

d i s t r i b u t i o n s  show more " t a i l i n g "  towards lower t r a c k  l eng th  

va lues  than i s  observed exper imenta l ly .  I n  s e c t i o n  4 . 1  i t  
A .  

was shown t h a t  it was j u s t  f o r  t h i s  a r e a  of t o t a l  f i s s i o n i n g  

system mass t h a t  a  pronounced broadening of -th& t r a c k  l eng th  

d i s t r i b u t i o n s  would &cur ( s e e  f igureas  4 . 1 ,  i. 2 and 4 . 6 ) .  

?= Thls  broadening e f f e c t  was due, t o  a  "bunching up" o f ,  t r a c k  

l eng th  versus  energy v a l u e s  around c e r t a i n  mass va lues .   if 

t h i s  bunching e f f e c t  i s  even a  l i t t l e  less pronounced than 
1 

expected from t h e  i n t e r p o l a t i o n  o f , - t h e  c a l i b r a t i o n  d a t a ,  i t  
i 

W l d  a l t e ;  t h e  shape of t h e  c a l c u l a t e d  d i s t r i b u t i o n s  enough 
'-LJ 

t o  g ive  a b e t t e r  agreement wi th  t h e  exper imenta l  d a t a .  Never- 

t h e l e s s  a  d e f i n i t e  amount of broadening of t h e  t r a c k  lengt$ 
- -- > 

d i s t r i b u t i o n s  wi th  r e s p e c t  t o  those  of  t h e  s i l v e r  d a t a  i s  

p r e s e n t  and s u p p o r t s  t h e  g e n e r a l  statemen@ made i n k s e c t i o n  
j 

4 . 1  about  t h e -  "abnormal" behaviour of fragment t r a c k  -length 

d i s t r i b u t i o n s  from the  f i s s i o n  of n u c l e i  wi th  a  mass near  
- 

130-140 m u .  From t h e  d a t a  presented  i n  f i g u r e  4.16 it i s  . 'r 

c l e a r  t h a t  only a . l o w e r  l i m i t  can be set  on t h e  width of 
4 

t h e  mass d i s t r i b u t i o n  of t h e  f i s s i o n  fragments. From an i 

. 
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a l l  a v a i l a b l e  t r a c k  l e n g t h  d i s t r i b u t i o n  da ta , . -  . 
/ 

se t  a t  30 amu. t h i s  l i m i t  was 

t h e  t o t a l  k i n e t i c  energy ' r e l e a s e  as w e l l  a s  An e s t i m a t e  of 

motion was ob ta ined  by " f i t t i n g "  a l l  t r a c k  center-of-mass 

l e n g t h  d i s t r i b u t i o n s  s imul taneous ly  t o  . ca lcu lJa ted  d i s t r i b u t i o n s  , 

which qsswne a  f u l l  wid th  a t  h a l f  'maximum of t h e  fragment 
I 

nkss d i t t r i b u t i o n  of 40 amu. An e x p e r i & t a l  and c a l c u l a t e d  
C- 

t r a c k  l e n g t h  d i s t r i b u t i o n  w e r e '  assumed t o  " f i t "  each o t h e r  

when good agreement was ob ta ined  a t  h i g h e r  t r a c k  v a l u e s  

(of  t h e  q u a l i t y  of t h e  s o l i d  l i n e s  shown . i n  f i g u r e  4 . 1 6 )  . 
This  procedure y i e l d s  v a l u e s  of  (95+5)  MeV and (90 f10)% f o r  

t h e  t o t a l  k i n e t i c  energy r e l e a s e  and c e n t e r  o f  mass motion 

r e s p e c t i v e l y .  

4.2.3 167-MeV a l p h a - p a r t i c l e s  on indium and molybdenum. 

t The d a t a  p resen ted  i n  f i g u r e s  3.3 nd 3.4 show t h a t  a t  f o r -  

ward ang les  of o b s e r v a t i o n  (wi th  respect t o  t h e  beam d i r e c -  

t i o n ) ,  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  a r e  p a r t l y  obscured by 

t h e  very i n t e n s e  f l u x  of  s c a t t e r e d  t a r g e t  n u c l e i .  Hence, 
-. 

only  t h e  t r a c k  l e n g t h  d i s t r i b u t i o n s  a t  backward a n g l e s  a r e  

compared i n  f i g u r e s  4.17 and 4.18 wi th  c a l c u l a t e d  t r a c k  

, l e n g t h  d i s t r i b u t i o n s .  I n  t h e s e  c a l c u l a t i o n s  the width p f  t h e  
- - 

gauss i an  mass d i s t r i b u t i o n  w a s  v a r i e d  from 20 t o  1,000 amu, 

wh i l e  t h e  t o t a l  k i n e t i c  energy r e l e a s e  was chosen a s  85 and 

70 MeV f o r  t h e  indium and molybdenum d a t a  r e s p e c t i v e l y .  I n  
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each c a s e  t h e  center-of-mass motion w a s  t aken  t o  be 60% of 

t h e  va lue  which would b e  obta ined  i n  t h e  c a s e  of f u l l  mo- 

mentum t r a n s f e r  (compound nucleus)  . These. va lues  of - t h e  

t o t a l  k i n e t i c  energy r e l e a s e  were obta ined  under t h e  B s s u m -  

p t i o n  t h a t  one can e x t r a p o l a t e  t h e  r e s u l t s  ob ta ined  from 

t h e  s i l v e r  and t e l l u r i u m  d a t a ,  whi le  t h e  va lue  f o r  t h e  cen te r -  

of-mass motion was taken t o  be t h e  same. a f o r  t h e  167-MeV B 
a l p h a  p a r k i c l e  bombardment of gold.  

The ind ium d a t a  ( f i g u r e  4.17) show a moderate agreement with - 
t h e  c a l c u l a t e d  t r a c k  l e n g t h  d i s t r i b u t i o n s ,  b u t  t h e  molybdenum 

d a t a  cannot be f i t t e d  t o  t h e  c a l c u l a t e d  curves  even i f  one 

t a k e s  i n t o  account  t h e  good p o s s i b i l i t y  that t h e  chosen va lues  

f o r  the t o t a l  k i n e t i c  energy r e l e a s e  and c e n t e r  of mass 

motion could be wrong by asVmuch a s  a f a c t o r  of two. Contrary 

- t o  a l l  o t h e r  r e s u l t s  ob ta ined  i n  this work, t h e  molybdenum 

d a t a  show a sys temat ic  t a i l i n g  towards h igher  t r a c k  length  

va lues .  Such an e f f e c t  cannot  be obta ined  f o r  t h e  c a l c u l a t e d  

t r a c k  l eng th  d i s t r i b u t i o n s ,  no mat t e r  how t h e  f r e e  parameters 

' a r e  v a r i e d .  S ince  

ag ree  f a i r l y  

the c a l c u l a t e d  t r a c k  l e n g t h  d i s t r i b u t i o n s  

wi th  t h e  main p e a k - i n  t h e  experimental  

d i s t r i b u t i o n  ( see  f i g u r e  4 .18) )  it i s  reasonable  $0 assume 

t h a t  t h e  t r a c k 1  w i t h  a much longer  l eng th  o r i g i n a t e  from 

f i s s i o n  fragments from h e a v i e r  n u c l e i  i n  t h e  t a r g e t  m a t e r i a l .  
E; 

Unfortumately the poor s t a t i s t i c a l  accuracy of these d a t a  



does no t  a l low such a s e p a r a t i o n  a t  a l l  b u t  very backward 

angles  of obse rva t ion ,  h e n c e  a more p r e c i s e  de te rmina t ion  of t h e  

t o t a l  k i n e t i c  energy r e l e a s e  and center-of-mass motion, a long 

t h e  l i n e s  descr ibed  i n  t h e  previous  w a s  n o t  p o s s i b l e .  

I t n i s  only p o s s i b l e  t o  say t h a t  t h e  va lues  chosen f o r  t h e  

t o t a l  k i n e t i c  energy r e l e a s e  and center -of -mass  motion from 

t h e  e x t r a p o l a t i o n  of t h e  r e s u l t s  ob ta ined  from the o t h e r  

bombardments, a r e  c o n s i s  t e n t  wi th  -the experimental  r e s u l t s  

shown i n  f i g u r e s  4 . 1 7  and 4.18. The poor s t a t i s t i ca l  accuracy 

of t h e  d a t a  , a l s o  p reven t s  one from e s t a b l i s h i n g  l i m i t s  on t h e  

width of mass d i s t r i b u t i o n  of t h e  f i s s i o n  fragments.  

4 . 3  Tota l  k i n e t i c  energy' ,release i n  t h e  f i s s i o n  process  of 
\ 

medium mass n u c l e i .  
1 - 

I n  t a b l e  I V . 2  t h e  v a  ues f o r  t h e  t o t a l  k i n e t i c  energy r e l e a s e  ? 
i obta ined  from t h e  a n a l y s i s  of t h e  v a r i d t i o n  of  che t r a c k  
\ 

l e n g t h  d i s t r i b u t i o n s  kth the ang le  of  obse rva t ion  are surn- 
L. 

marized. Not inc luded a r e  t h e  r e s u l t s  f o r  the 167-MeV a lpha  

p a r t i c l e  bombardments of indium and molybdenum f o r  t h e  
-7 

reasons  explained i n  s e c t i o n  4.2.3.  For comparison t h e  

r e s u l t s  from t h e  c a l c u l a t i o n s  due t o  Nix (Nix 6 9 )  a r e  g iven  

i n  column 3 .  Although t h e  r e s u l t s  f o r  the gold  bombardments 

agree  w e l l  with t h e  t h e o r e t i c a l  p r e d i c t i o n ,  f o r  the ' l i g h t e r  

n u c l e i  t h e  experimental  va lues  are about 20% h igher  than 

the  t h e o r e t i c a l  e s t ima tes .  I t  i s  p o s s i h l e  that the the6ry 

under-est imates  t h e  t o t a 4  k i n e t i c  energy release of these 

r 



Tab le  I V . 2  ~ o t a 1  k i n e t i c  energy r e l e a s e  v a l u e s ,  
Y, 

. \i 

system 
s t u d i e d  

7 

t o t a l  k i n e t i c  t o t a l  k i n e t i c  
energy r e l e a s e  energy  r e l e a s e  

I 

( expe r imen ta l )  ( t h e o r e t i c a l  ) 

l i g h t e r  n u c l e i  by such a l a r g e  pe rcen tage  b u t  t h e  d i sc repancy  

is  more l i k e l y  t h e  r e s u l t  from t h e  " touch ing  s p h e r e  approxi -  

m a t i o n "  used i n  t h e  a n a l y s i s  of t h e  e x p e r i m e n t a l  d a t a .  I n  

s e c t i o n  4 . 1  i t  w a s  shown t h a t  f o r  nucqe i  i n  t h e  r e g i o n  of 

d s i l v e r  and t e l l u r i u m ,  the most proba l e  t r a c k  l e n g t h  i s  no ' 

l o n g e r  de te rmined  by t h e  t r a c k  l e n g t h  of  t h e  most  p robab le  

f i s s i o n  f ragments  ( i . e .  t h e  f ragments  from a symmetric f i s s i o n  

e v e n t ) .  I n s t e a d  t h e  m o s t  p robab le  t r a c k  l e n g t h  i s  bu*llt. up by 

t h e  c o n t r i b u t i o n s  o f  many asymmetric f i s s i o n  e v e n t s .  I n  t h e  

f i t t i n g  procedure  d e s c r i b e d  i n  s e c t i o n s  4 . 1  and 4.2. the 

v a l u e  t h a t  is e n t e r e d  f o r  t h e  t o t a l  k i n e t i c  energy  w i l l  b e  

h i g h e r  i n  t h e  c a s e  t h a t  t h e  energy release d e c r e a s e s  r a p i d l y  

w i t h  i n c r e ~ i n g  asymmetry o f  the f i s s i o n  f r agmen t s ,  (as i s  - 
t h e  case when t h e  t ouch ing  s p h e r e  approximat ion  i s  used)  t han  

when t h e  energy release v a r i e s  more s lowly  w i t h  t h e , m a s s  pf 

t h e  f i s s i o n  f ragments  (as has  been observed  e x p e r i m e n t a l l y  by 



P l a s i l  e t  a 1  ( P l a  6 6 ) .  Hence t h e  v a l u e s  f o r  the t o t a l  

k i n e t i c  .energy release l i s t e d  i n  t a b l e  I V . 2  c a n  o n l y  be  

t r e a t e d  as upper  l i m i t s :  
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i n  t h e  t r a n s i t i o n  n u c l e u s  ( n u c l e u s  a t  t h e  s a d d l e  p o i n t  s h a p e ) .  -. 

  he'^ d i s t r i b u t i o n  (where K i s  t h e  p r o j e c t i o n  of t h e  t o t a l  angu- 

" l a r  momentum I on t h e  n u c l e a r  symmetry a x i s )  of t h e  l e v e l s  i n  ---. 

- t h e  t r a n s i t i o n  n u c l e u s  f o r  a g i v e n  t e m p e r a t u r e  i s  p r e d i c t e d  t o  

aa be G a u s s i a n  ( 1 5 5 ,  Hui 691, Q ;'* 
b 

2 2  
F (K) e x p  (-K /2K0 ) 

2. 
and t h e  v a r i a n c e  o f  t h e  K d i s t r i b u t i o n  ( d e s i g n a t e d  a s  K ) i s :  

6 0 

2 
K O  = T t /fi2 e f f  

H e r e  t i s  t h e  t e m p e r a t u r e  o f  t h e  n u c l e u s  a t  t h e  s a d d l e  p o i n t  and  

'e f f  i s  t h e  e f f e c t i v e  moment o f  i n e r t i a  e q u a l  t o  
4 

4 

where r l  and r a r e  n u c l e a r  moments of  i n e r t i a  w i t h  r e s p e c t  t o  
I! 

a x e s  p e r p e n d i c u l a r  and  p a r a l l e l  t o  t h e  symmetry a x i s ,  r e s p e c t i v e -  

l y .  Wheeler h a s  shown t h a t  ( u n d e r  t h e  a s s ~ m p t i o n  t h a t  t h e  f i s s i o n  

f r a g m e n t s  s e p a r a t e  a l o n g  t h e  n u c l e a r  symmetry a x i s )  t h e  f i s s i o n -  
. 

f r a g m e n t  a n g u l a r  d i s t r i b u t i o n  f o r  a t r a n s i t i o n  s t a t e  w i t h  quantum 

numbers I ,  K and M ( p r o j e c t i o n  o f  I on  a s p a c e  f i x e d  a x i s  which  

i s  u s u a l l y  t a k e n  as t h e  beam d i r e c t i o n )  i s  g i v e n  by (Whe 63)  

w ' ( 0 )  = 1(21 + 1 ) / 4 n )  IdMtK I ( 8 )  I *  5 . 4  
M I K  



where t h e  d  I ( 0 )  f u n c t i o n s  a r e  d e f i n e d  # b y  (Lam 62) : 
,M t K 

where ;the sum i s  o v e r  X=0,1,2,3,--- ' a n d  c o n t a i n s  a l l  t e r m s  i n  

which no n e g a t i v e  v a l u e  a p p e a r s  i n  t h e  denominator  of t h e  sum 

f o r  any one of t h e  q u a n t i t i e s  i n  p a r e n t h e s i s .  Recen t ly ,  t a b l e s  

of t h e  r o t a t i o n a l  wave f u n c t i o n s  d  
MtK 

I ( 0 )  have been pub l i shed  

f o r  a  r ange  o f .  I,M, and K v a l u e s  (Beh 7 1 ) .  
J 

An e x a c t  e q u a t i o n  f o r  t h e  f i s s i o n  f ragment  a n g u l a r  d i s t r i b u t i o n ,  

i n c l u d i n g  t h e  e f f e c t s  of  t a r g e t  and p r o j e c t i l e  s p i n  and assuming 

a  Gauss ian  K d i s t r i b u t i o n  has  been d e r i v e d  by G r i f f i n  ( G r i  6 3 ) :  



Here I s and j  a r e  t h e  tam s p i n ,  p r o j e c t i l e  s p i n  and 
0 ' 

/= 
channel  s p i n  r & s p e c t i v e l y . .  The channe l  s p i n  j is  d e f i n e d  by 

t +  -f 
-J = IO + S.  The t o t a l  a n g u l a r  momentum I i s  g i v e n  by t h e  sum 

-f 
of  t h e  channe l  s p i n  and t h e  o r b i t a l  a n g u l a r  momentum ? = 3 + k 
The p r o j e c t i o n  of  IO on t h e  space- f ixed-  a x i s  i s  g iben  by u ,  

where t h e  p r o j e c t i o n  of j (and I )  on t h e  space- f ixed  a x i s  i s  M. - 
The d  I 

M I  K 
( 8 )  f u n c t i o n  was d e f i n e d  t h e  q u a n t ' t i e s  4 

j ' L f  I and c r0  ' j a r e  . Thi s  
'M, 0 ,M P IM-F.I I M  

e x p r e s s i o n  can  be s i m p l i f i e d  i n  t h e  c{se t h a t  t h e  t a r g e t  and q 

Y (Van 73,  Hui 6 9 )  
E 

p r o j e c t i l e  s p i n  are z e r o  t h e  o v e r a l l  d i s t r i b u t i o n  t h e n  
* 

K = - I  2 2 t exp i - K  / 2 K 0  ) 
.. K = - I  

where t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  w r i t t e n  as  TI s i n c e  k = I  

when M = O .  T h i s  e q u a t i o w  s t i l l  a n  e x a c t  e q u a t i o n  f o r  t h e  case . 
f 

i n  c p e s t i b n  b u t  when t h e  o , r b i t a l  angu la r  momentum is l a r g e  a s  
e 

compared t o  t h e  t a r g e t  and/or p r o j e c t i l e  s p i n ,  t h e  p r o j e c t i o n  of 

t h e  o r b i t a l  momentum on t h e  space  f i x e d  a x i s  i s  u s u a l l y  sma l l  
f 

and t h e  above e q u a t i o n  can a l s o  be  used a s  a good approximat ion.  

Also,  f o r  l a r g e  v a l u e s  of  I .- the d  
- .M,K ' ( 9 )  f u n c t i o n  may be  approxi-  

mated by (Whe 63) 
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w compound nuc leus  w i t h  t h e  subsequent  c o n t r i b u t i o n  from second 

and h i g h e r  chance f i s s i o n  ( f i s s i o n  of n u c l e i  t h a t  have a l r e a d y  

evapora t ed  one o; more p a r t i c l e s )  does  n o t  a l t e r  t h e  d i s t r i -  

b u t i o n  i n  angu la r  momentum of a l l  f i s s i o n i n g  n u c l e i .  I n  chap- 

ter  4 it was shown t h a t  t h e  80' and,  w i t h  some r e s e r v a t i o n ,  t h e  
1 '  

100 and 1 2 0  MeV a l p h a  . p a r t i c l e  bomba'rdments g i v k  rise t o  . c 

complete momentum t r a n s f e r  f o r  t h e  t a p g e t s  c o n s i d e r e d  i n  t h i s  
I /+ ' . 

work ( i . e .  compound nuc leus  fo rma t ion  d i d  p recede  f i s s i o n ) ,  b u t  

r e s u l t s  of  t h e  1 6 7  MeV a l p h a  p a r t i c l e  exper iments  s h o w e d , a r s i g -  

n i f i c a n t  d e v i a t i o n  from f u l l  momentum t r a n s f e r .  A p p l i c a t i o n  o i  
8 

t h i s  t h e o r y  of  a n g u l a r  d i s t r i b u t i o n s  is, t h e r e f o r e ,  r e s t r i c t e d  t o  

t h e  lower energy d a t a .  Whether t h e  d i s t r i b u t i o n  i n  a n g u l a r  

Z momentum (and t empera tu re )  of t h o s e  n u c l e l  t h a t  f i s s i o n  i s  a l -  

t e r e d  s i g n i f i c a n t l y  by t h e  p r i o r  emiss ion  OF p a r t i c l e s  i n  t h e L  
5 

.. 

. d e - e x c i t a t i o n  of t h e  compound nuc leus  i s  examined i n  t h e  fol low- 

i n g  s e c t i o n .  

5 .2  Compet i t ion between p a r t i c l e  e v a p o r a t i o n  and f i s s i o n  i n  

t h e  d e - e x c i t a t i o n  of t h e  compound n u c l e u s . ~ ~  

5 .2 .1  P a r t i c l e  e v a p o r a t i o n .  

The concept  of r a p i d  s h a r i n g  of t h e  energy of j n  incoming pa r -  

t i c l e  by t h e  nuc leons  of  t h e  t a r g e t  nuc leus  t o  form a "compound" 

n u c l e u s ,  and t h e  subsequent  decay of  t h i s  n u c l e u s - b y  p a r t i c o l e  

e v a p o r a t i o n  has  been d i s c u s s e d  as e a r l y  a s  t h e  mid t h i r t i e s  by 

Bohr (Boh 3 6 )  and B r e i t  and Wigner ( B r e  3 6 ) .  The s t a t i s t i c a l  



model.was used t o  d e s c r i b e  t h e  e v a p o r a t i o n  of p a r t i c l e s  from 

t h e  nuc leus  i n  ana logy  w i t h  t h e  e v a p o r a t i o n  /of molecu les  from 

a l i q u i d  drop  ( B e t  -37, Wei 3 7 ,  W e i  40) . I n c l u s i o n  of a n g u l a r  

momentuh l e a d  t o  t h e  f a m i l i a r  e q u a t i o n  d e s c r i b i n g  t h e  

p a r t i c l e  from one s t a t e  t o  a n o t h e r  (Tho 64, 

Rud 68) : * 

Here Eh'and I a r e  t h e  energy  and -angula r  momentum of  t h e  f i n a l .  
F. 

s t a t e ,  Ec and Ic t h e  energy  and angu la r  momentum of t h e  i n i t i a l  

s t a t e .  E i s  t h e  energy  c a r r i e d  . away by p a r t i c l e  x ,  sx i s  t h e  

s p i n  and p i s  t h e  feduced  m a s s  of p a r t i c l e  x-. U ( E , I ~ , I ~ )  i s  t h e  

i n v e r s e  r e a c t i o n  c r o s s  s e c t i o n ,  which, u s i n g  a n  i n t e r m e d i a t e  

coup l ing  approach t o  t h e  angu la r  momenta i n v o f i e d   re 6 3 ) ,  can  

be  expressed  by .. i \ .  

I ,  

Where 3( i s  t h e  r educed  DeBroglie wave l e n g t h  of t h e  system. I n  r 

most oases ,  t h e  s-wave approximat ion  i s  a p p l i e d ,  which keans  t h a t  

angu la r  momentum e f f e c t s  are t r e a t e d  i d e n t i c a l l y  i n  compound and 

r e s i d u a l  s t a t e s  ( i . e .  t h e  a n g u l a r  momentum c a r r i e d  away by evap- 
3 

o r a t i n g  p a r t i c l e s  i s  n e g l e c t e d )  reduc ing  o ( E  ,Ic,IF) t o  o (€ , I )  
> 

.. 



(Bla  66,  Bla 72,  Bla 7 3 ) .  The w ( E , I )  f u n c t i o n s  r e p r e s e n t  t h e  

l e v e l  d e n s i t y  of t h e ' n u c l e u s  f o r  g iven  energy  E and a n g u l a r  

momentum I .  Neg lec t ing  t h e  angu la r  momentumdependence, t h e  

s i m p l e s t  e x p r e s s i o n  f o r  a n  energy  dependent  l e v e l  d e n s i t y  i s  

t h e  so -ca l l ed  Fermi g a s  e q u a t i o n  

I n c l u s i o n  of a n g u l a r  momentum e f f e c t s  h a s  been  a t t empted  by 
- 

many a u t h o r s  (Sar  67, Bod 62, &an 63), b u t  n o t  u n t i l  super -  

conductor  t heo ry -was  a p p l i e d  t o  i n c l u d e  t h e  i n t e r a c t i o n  between 

nucleons  (Fermi g a s  model does  n o t  a l l o w  t h i s )  w a s  a p h y s i c a l l y  

s a t i s f a c t o r y  e x p r e s s i o n  o b t a i n e d .  For n u c l e a r  t empera tu re s  up 

t o  a  c e r t a i n  c r i t i c a l  v a l u e  tc a t  which a l l  nucleon-nucleon 

p a i r s  a r e  broken,  t h e  moment of i n e r t i a  of t h e  nuc l eus  i s  ex- 

pec t ed  t o  i n c r e a s e  w i t h  i n c r e a s i n g  energy ,  t h e r e b y  changing t h e  
A= 

r o t a t i o n a l  energy  of t h e  nuc l eus  ( B e 1  59 ,  Mig 59, Lan 63b) .  

Above t h e  c r i t i c a l  temperatu* t h e  Ferrni g a s  model i s  thought  
\ 

t o  be  a p p l i c a b l e .  The a n g u l a r  momenturn-dependent l e v e l  d e n s i t y  

can be w r i t t e n  as (Rud 68) 

where t h e  t empera tu re  t is  g i v e n  by t h e  e q u a t i o n  of  s t a t e  (Rud 



For t h e  v a r i a t i o n  of , t h e  moment of i n e r t i a  wi th  energy up t o  

t h e  p o i n t  ( u s u a l l y  t aken  a s  15 MeV) a t  which it assumes t h e  

r i g i d  body v a l u e ,  v a r i o u s  express ions  have been de r ived .  

Ruddy e t  a 1  (Rud 68) -have used 

'r = T r i g i d  (1-0.96 exp L -0.693E/(3.0 

f o r  t h e  ~ , e ~ ~  compound nucleus ,  whi le  S a r a n t i t e s  e t  a 1  (Sar  71) 

s t u d i e d  <he ~i~~ nucleus and used 
-, 

* = T r i g i d  (1-0.7 exp 
L 5.17 

L 

The only  parameter which has  n o t  y e t  been d i scussed  i n  t h e  

above equat ions  i s  t h e  l e v e l  d e n s i t y  parameter a .  The Fermi 

gas  model p r e d i c t s  t h i s  parameter t o  be t h e  fo l lowing (Bod 62) 

where r i s  t h e  r a d i u s  parameter and m and A a r e  t h e  mass of 0  

t h e  p a r t i c l e  and nucleus r e s p e c t i v e l y .  Experimental  d a t a  

-1 i n d i c a t e  a  va lue  of a  = A/8.0 MeV (Lan 6 1 ) ,  which corresponds 

t o  a  r a d i u s  parameter of ro = 1.15 f ,  a l though d a t a  e x i s t  i n d i -  

c a t i n g  a  reduced a-vqlue f o r  n u c l e i h a v i n g  nucleoh numbers near 

those  f o r  c losed  neutron o r  proton s h e l l s  (Bod 62).  More r e c e n t l y  

concern has a l s o  been expyessed about t h e  p o s s i b i l i t y  t h a t  t h e  
\ 

parameter a i s  energy dependent (Ram 70t5Mor 70, Van 72, W i l  7 2 ) .  



F i s s i o n  wid th  

The average  f i s s i o n  wid th  f o r  l e v e l s  of a l l  s p i n s  . (neg lec t ing  
- 

b a r r i e r  p e n e t r a t i o n )  i s  g i v e n  by (Gi.n 6 7 )  

Where w(E) i s  t h e  l e v e  d e n k i t y  i n  t h e  compound nuc leus  a t  I/- 
e x c i t a t i o n  energy E and t h e - e f f e c t i v e  number of open s t a t e s  i s  

g iven  by t h e  i n t e g r a l  $ w *  (€-)BE. The q u a n t i t y  w* ( E )  i s  t h e  l e v e l  
f 

d e n i i t y  i n  t h e  t r a n s i t i o n  stare' nuc leus  a t  e x c i t a t i o n  energy E'. 
A-- 

The quant i ty ,  ff is  t h e  f i s s i o n  b a r r i e r  c a l c u l a t e d  i n  t h e  conven- 'F 

w 
t i o n a l  way f o r  a non- ro t a t i ng  nuc leus  u s i n g  t h e  l i q u i d - d r o p  

t h e o r y  (Mye 66, F r a . 4 7 ) ,  and n e g l e c t i n g  b a r r i e r  p e n e t r a t i o n .  

Angular momentum e f f e c t s  w i l l  n o t  on ly  a l t e r  t h e  l e v e l  d e n s i t y .  
- 

b u t  a l s o  t h e  magnitude of t h e  f i s s i o n  b a r r i e r .  The e n e r g y  and 

shape changes a s s o c i a t e d  w i t h  t h e  r o t a t i o n  of a un i formly  charged 

l i q u i d  d rop  model have been exp lo red  by Pik-Pickak - (Pic  58) and 
. . .e 

Hiskes  ( H i s  6 0 ) ,  b u t  on ly  r e c e n t l y  have q u a n t i t a t i v e  c a l c u l a t i o n s  
- 

been d e s c r i b e d  by Cohen e t  a1 ( ~ b h -  74). The model c o n s i d e r s  t h e  

p o t e p t i a l  energy  f o r  t h e  v a r i o u s  c o n f i g u r a t i o n s  of  a r o t a t i n g  
1 

uniformly-charged d r o p  g i v e n  by.E=ES+EC+ER (Coh 7 4 ) .  where ES i s  . 

t h e  s u r f a c e  energy ,  E C i s  the coulomb energy  and ER is  t h e  r o t a -  

t i o n a l  energy.  A f t e r  p a r a m e t e r i z a t i o n  of  t h e  s u r f a c e  i n  t e r m s  

of Legendre po lynomia ls ,  e q u i l i b r i u m  con•’ i g u r a t i o n s  w e r e  o b t a i n e d  

i n  terms of two d imens ion le s s  parameters  x  and y ,  where x  is  t h e  
- i 



f i s s i l i t y  parameter  and y  i s  a  r o t a t i o n a l  pa rame te r ,  g i v e n  by 
. . 

t h e  r a t i o  o f d t h e  r o t a t i o n a l  energy of  a s p h e r e  t o  i t s  s u r f a c e  - 

energy .  Cohen e t  a 1  (Coh 74) c a l c u l a t e d  as a f u n c t i o n  of x 

and y t h e - v a l u e s  fo& t h e  e n e r g i e s  E min of t h e  s t a b l e  r o t a t i n g  

c o n f i g u r a t i o n s  of  equilibrium ( lowes t  energy  r o t a t i n g  s t a t e s )  

as w e l l  a s  f o r  t h e  e n e r g i e s  E of t h e  u n s t a b l e  c o n f i g u r a t i o n s  
SP 

o f  e q u i l i b r i u m  ( s a d d l e  p o i n t  s h a p e s ) .  I n c l u s i o n  of  angu la r  

momentum e f f e c t s  i n  e q u a t i o n  5.19 w i l l  y i e l d  

Where w e  assume t h a t  t h e  l e v e l  d e n s i t y  parameter  a i s  t h e  same 

f o r  bo th  t h e  s t a b l e  and u n s t a b l e  e q u i l i b r i u m  c o n f i g u r a t i o n s  

When b a r r i e r  p e n e t r a t i o n  i s  inc luded  i n  e q u a t i o n  5.,2,0,  one 

o b t a i n s  (Van 73) 
-. 

where f i w  i s  t h e  v i b r a t i o n a l  energy of t h e  harmonic o s ' c i l l a t o r  

hav ing  a  p o t e n t i a l  energy  f u n c t i o n  g i v e n  by t h e  n e g a t i v e  of t h e  
L 

p o t e n t i a l  energy f u n c t i o n  d e s c r i b i n g  t h e  b a x r i e r .  
7 r 



5.2.3 Fission and eva~oration com~etition 

When sufficient excitation energy is available to the compound 

nucleus, fission will compete with particLe evaporation in the 

decay of the nucleus. Using the formulation described in 
8 

sections 5.2.1 and 5.2.2 a c~mputer code was developed which 

2 1 

traces the distribution i angular momentum and excitation energy 

of the compound nucleus while it decays. A similar code has 

been written by Blann and Plasil (Bla 73), but in their code 

"ALICE", the angular momentum which is carried "away by the evap- 

orating particle is assumed to be zero (due to the use of t h ~  

s-wave approximation in calculating inverse reaction cross-sect- 

ions (see section 5.2.1,)) howeverIan option is built into their 

program which allows one to shift the distribution in angular 

momentum of the residual nuclei by an amount appropriate to the 

average angular momentum carried away by the evaporating particle. 

2s. + 
It is pdsib$e to include the effects of angular momentum explici- *- 
tly by using equations 5.11 and 5.12. Such an approach is impor- 

tant because- it is the distribution in angular momentum and 

excitatidn energy of all fissioning nuclei that. 3s needed in order 

to interpret t h e  angular distribution data (see section 5.11.. 

The computer program described here (and in more detail in 
7 

combination of the evaporation programs "SFUSMAP" 
/ 

(Rud 68) and "ALICE'VBla 73) w th a,number of additional features. 
- '% 4 

Among these latter features a provisions to- enter the distri- f 



butions in angular momentum and excitation energy of any nucleus 
I 

. and follow the decay of this nucleus as far down the evaporation 

chain as 11 neutrons or 9 protons. Output consists mainly of the 
-. 

distribution in angular momentum and excitation energy of all 

possible evaporation products and of those nuclei that fission 

within this 9x12 matrix of nuclei. The initial distribution in 

angular momentum and excitation energy of the compound nucleus 

can also be calculated internally from the entrance channel 

conditions. A complete list of the options that can be used 

is given in Appendix 3. I 

The main interest in developing this program was to extract the 
\ 

distribution in angular moment& and the excitation energy of 

the entire spectrum of fissioning nuclei. As 'a test case, these 

distributions were calculated for 80-MeV alpha particles incident 

on silver. Table V.I shows the evaporation product yields as well 

well as the proportion of each intermediate product nucleus that 

underwent fission as a function of the excitation energy E and 
4 

the anguiar momentum I. De-excitation via y emission was not 
'l 

included. Consequently (for example) the residgal yield corres- 

ponding in composition to the original compound nucleus is zero. 

The omission of y-decay competition is not expected to alter the 

results for fission yields significantly, since y-decay only 

becomes prominent when particle evaporation is no longer energet- 

ically possible ( ~ u d  68). ~irst chance fission is by far the . 

largest contributor to the total fission cross-section (ratio of 
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t 

first chance fission to the total cross-section 

R ; = 0.956), which is expected because of the magnitude of the 

fission barrier ( ~ 5 0  MeV) with respect to the excitation energy 

(-80 MeV) and the consequently rapid decrease of the fission 

width a s  this energy is reduced by evaporation. The distribut- 

ion in angular momentum and excitation energy is, therefore, 

governed by the first chance fission distribution. Results for 

80-MeV alpha particles incident of Te are expected to be similar. 

When this calculation is repeated for the 80-MeV alpha particle 
\ 

B 

bombardment of gold, the results are quite different. Table V.2 
, 

shows the total number of nuclei that fission from each inter- 

mediate evaporation product. The de-excitation of the system 

was only followed until two protons were evaporated, because the 

- L 

Table V.2 Calculated yield of fissioning nuclei (in rnbkrom the 

80-MeV a's + Au interaction. Z and N indicate the 

number of protons and neutrons of each fissioning 

nucleus. 



2 
f i s s i o n  c r o s s  s e c t i o n  d rops  o f f  v e r y  s h a r p l y  as  Z /A i s  reduced ,  

and t h u s  i s  a  s h a r p  f u n c t i o n  of t h e  n u c l e a r  p r o t o n  number. For 

t h i s  sys tem t h e  r a t i o  R1 = 0.010, which means t h a t  f i r s t  chance 

f i s s i o n  on ly  c o n t r i b u t e s  1% t o  t h e  t o t a l  f i s s i o n  c r o s s - s e c t i o n .  

The i n c r e a s e  of t h e  f i s s i o n  c r o s s - s e c t i o n  w i t h  i n c r e a s i n g  
1 

number of evapora ted  neu t rons  is  s i m i l a r  t o  t h e  r e s u l t  o b t a i n e d  

by Lecerf  ( L e c . 7 1 )  u s i n g  a  d i f f e r e n t  and r g t h e r  c r u d e  model f o r  

t h e  d e - e x c i t a t i o n  of t h e  compound nuc leus .  The d i s t r i b u t i o n  i n  

a n g u l a r  momentum of t h e s e  f i s s i o n i n g  n u c l e i  i s  shown i n  f i g u r e  

5 .1 .  H e r e  t h e  d i s t r i b u t i o n  f o r  n u c l e i  undergoing f i r s t  chance 

f i s s i o n  i s  compared w i t h  t h a t  f o r  a l l  f i s s i o n i n g  n u c l e i .  (Note 
t 

t h a t  t h e  s c a l e s  f o r  t h e  cu rves  are n o t  t h e  same.) The wide ly  

used assumption t h a t  t h e  shape  of  t h e  d i s t r i b u t i o n  d o e s  n o t  

change when m u l t i p l e  chance f i s s i o n  i s  i n c l u d e d  is n o t  s u b s t a n t -  
\ 

i a t e d  by t h e s e  r e s u l t s . /  Fig&e 5 .2  g i v e s  t h e  e x c i t a t i o n  energy 
'--, 

d i s t r i b u t i o n  of t h e  f i s s i o n i n g  n u c l e i .  The shaded a r e a  i s  t h e  

c o n t r i b u t i o n  from f i r s t  chance f i s s j o n ,  w h i l e  t h e  o v e r a l l  e x c i t -  

\ .  
a t i o n  energy d i s t r i b u t i o n  s h o d e a n  v a l u e  o f  around 28 MeV. 

Indeed t h e  system i s  s o  s h a r p l y  peaked t h a t  t h e  assumption t h a t  

a l l  t h e  n u c l e i  f i s s i o n i n g  i n  t h i s  sys tem d i d  s o  a t  a n  e x c i t a t i o n  - 
energy cor responding  t o  t h i s .  v a l u e  is a' good one, The a b s o l u t e  

magnitude of t h i s  v a l u e ,  depends on t h e - v a l u e  o f  t h e  f i s s i o n  
/ 

b a r r i e r  used.. I n  , t h e  above c a l c u l a t i o n s  t h e  l i q u i d  drop'values 

i 
were used  wi thou t  s h e l l  c o r r e c t i o n s . b  t h e  case of g o l d ,  t h e  

s h e l l  c o r r e c t i o n  i s  i m p o r t a n t  and i n c l u s i o n  of t h i s  e f f e c t  i n  t h e  



figure 5-1 





c a l c u l a t i o n s  would s h i f t  t h e  mean e x c i t a t i o n  energy  by abou t  

5  M ~ V  ( t o  approximately  - 3 3  MeV. 

5 - 3  A p p l i c a t i o n  t o  t h e  a n a l y s i d  o f  a n g u l a r  d i s t r i b u t i o n s  
-, . 

Equat ion  5..9 ( s e e  5 .1)  can  on ly  b e  a p p l i e d  when t h e  
L 

' f i s s i o n  f ragments  o r i g i n a t e  from compound nuc leus  ( f i r s t  chance 

f i s s i o n ) ,  s i n c e  i n  t h e  d e r i v a t i o n  of  t h i s  e q u a t i o d  t h e  I d i s t r i -  

b u t i o n  i s  weighted by a (2Z+1)TI f a c t o r  c h a r a c t e r i s t i c  o f  t h e  

compound nuc leus  a n g u l a r  momeritum d i s s r i b u t i o n .  Of t h e  e x p e r i -  

-mental  d a t a  a v a i l a b l e  i n  t h i s  work, o n l y  t h e  80-MeV a l p h a  par -  

t i c l e  bombardments of s i l v e r  and t e l l u r i u m  s a t i s f y  t h i s  r e q u i r e -  

ment. u s ing  a  computer program "KNOTTY", o b t a i n e d  th rough  D r .  
- L 

J . B .  Natowitz (TAMVEC), t h e  angulaq  d i s t r i b u t i o n s  from t h e s e  

two experiments.  w e r e  f i t t e d  t o  e q u a t i o n  5.9., " T v a l u e s  w e r e  I 

c a l c u l a t e d  us ing  t h e  o p t i c a l  model code "DWUCK" ( c o u r t e s y  of , 

~ r .  J, Grabowski, S . F . U . ) ,  u s i n g  s t a n d a r d  o p t i c a l  model param- 

eters f o r  a lpha  p a r t i c l e s  ( I g o  59) . F i g u r e s  5.3 akd 5 . 4  show 

t h e  q u a l i t y  of t h e s e  f i t s .  K~~ v a l u e s  deduced from t h e s e  , f i t s  

a r e  3 4 . 6  i 3 . 8  and 3 7 . 4  + 8 . 3  f o r  Ag and T e  r e s p e c t i v e l y , ~ c a l c u -  
I '  

l a t e d  under t h e  assumption of compound nuc leus  f o r m a t i d i n  a l l  

e n t r a n c e  channe l s .  

For r e a c t i o n s  of heavy i o n s  ( such  as 160 f o r  example) o c c u r r i n g  

a t  e n e r g i e s  w e l l  above t h a t  cor responding  t o  t h e  coulomb b a r r i e r ,  

t h e  p o s s i b l e  e x i s t e n c e  of a  c e n t r i f u g a l  l i m i t a t i o n  t o  complete  

f u s i o n  of t a r g e t  and p r o j e c t i l e  has  r e c e n t l y  been d i s c u s s e d  by 







a number of authors (Wil 73, Bas 73, Nat 72, Nat 70, Zeb 74). 

Wilczynski (Wil 73) has proposed a model which applies to 

dynamic force equilibrium between two touching spherical liquid 

drops in the entrance channel to determine critical maximum 

, - ' >  angular momenta and hence complete fusion cross sections. This 
- 

particular model has,been shown to apply to some alpha particle 

induced reactions (~io'74), and thus was given some consideration 

here. 

Z 

In the Wilcenski model the attractive nuclear two 

spherical, charged liquid drops in contact is approximated by 

the surface energy of the two drops. The critical angular momen: 

, tum is thus determined at the point where the surface tension 

force is just balanced by Coulomb and centrifugal repulsion. 

(Wil 73, Vio 74). Thus lc can be evaluated from the expression 

(Wil 73) 

1/3 where the nuclear radii are given by Ri=roAi , Zi represents ., 
7 

the nuclear charge and p represents the reduced mass of the 

system and the other terms are as defined earlier except yi 

which represents the liquid drop surface tension coefficient: 
4 
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quantity, the "effective fission coefficient" (Tfiss (I).) , to 
'" 

be used instead of ~ ~ - h  equation 5.9. The T m  (I) coefficients s 
-& 

are calcula,ted from the T ( I ) .  valu'es characteristic of the 

compound nucleus via : 

'total (I) 'first (I=O) 
Tf iss (1) = - x .. x TI - , 5.24 

'first (1 'total (I=o) , 

where Y total (I). and Yfirst 
(I) are the fission yield values for 

. L 

the overall and first chance fission respectively taken from 

figure 5.1. In applying these effective fission transmission 

coefficients to equation 5.9, however, the approximation that 

M=O (see -section 5.1) becomes less valid, since M is expected 
I 

to increase with higher chance fission (Van 73). 
2 

. . 

Figure 5.6 shows the effective fission transmission coefficients 
- 

for the 80- , 100- and 120-MeV alpha-particle bombardments of 

' gold. Also shown are the TI values for the entrance channels 

(i . e. for compound nucleus formation) . 

In fitting the angular distributibns from the alpha particle 

bombardments of gold both sets of T, values were used so that 

the effects of multiple chance fission on the values of K O  2 

could be determined. Figures 5.7, 5.8 and 5.9 show the quality- 

of these fits. Although thejoverall fit, expressed in terms . 

of' a chi-square~value, improves slightly by using theeTfiss (1) 

values for the fission exit channels compared to using the TI 
I 

I 

/' 
i 
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v a l u e s  f o r  t h e  e n t r a n c e  c h a n n e l s ,  a  much l a r g e r  e f f e c t  occu r s  i n  
Z 

terms of t h e  c h a w  i n  t h e  deduced v a l u e s  of  KO , from around .. 
100 t o  nea r  4 0 .  They. are summarized and compared w i t h  t h e o r e t i -  

L e x p e c t a t i o n s  i n  s e c t i o n  \. 4 .  
b 

The d a t a  from t h e  167-MeV a l p h a  p a r t i c l e  bombardments ~f Mo, I n  

and AU d o  n o t  l e n d  t h e m s e l v e s ' t o  t h e  above t y p e  o f  a n a l y s i s .  

I t  has  a l r e a d y  been a s s e r t e d  t h a t  i n  none of t h e s e  r e a c t i o n s  w a s  

cpmpound n u c l e a r  - fo rmat ion  more than  a  s m a l l  f r a c g i o n  o f  t h e  

e n t r a n c e  channe l  (see s e c t i o n  4 . 2 . 3 )  . However, a c a l c u l a t i o n  of 

t h e  compe t i t i on  etween f i s s i o n  and p a r t i c l e  e v a p o r a t i o n  i s  P 
c ' 

i m p o s s i b l e  u n l e s s  t h e  i n i t i a l  p o p u l a t i o n  i n  a n g u l a r  momentum and 

e x c i t a t i o n  energy  o f - t h e  p r o d u c t s  of t h e  i n i t i a l  i n t e r a c t i o n  i s  

know. Es t ima te s  o f  t h i s  cou ld  perhaps  be  o b t a i h e d  u s i n g  an  

approximate  v e r s i o n  of t h e  ca scade  c a l c u l a t i o n  commonly used a t  

h i g h e r  e n e r g i e s  ( c a l c u l a t i o n s  i n  which one  assumes two body i n -  
- 

t e r a c t i o n s  between t h e  i nc65ng  p a r t i c l e  and t h e  nuc leons  i n  t h e  
4 --. - 6 

n u c l e u s ) .  Such t y p e s  of caXculatl9l)s  a r e  n o t  y e t  a v a i l a b l e  f o r  
7, " " 

a l p h a  p a r t i c l e  induced r e a c t i o n s :  
* ,  

A l t e r n a t i v e l y  t h e  pre -eqwi l ib r ium decay model due t o  Blann ( B l a  

71)  might  a t  a  l a t e r  s t a g e  of develo-f r e p r e s e n t  a n o t h e r  . 

r o u t e  t o  t h e  same in fo rma t ion .  A t  t h e  Q e s e n t  moment, however, 

a n g u l a r  momentum i n f o r m a t i o n  is n o t  produced by it. 

Thus a n a l y s i s  of t h e  a n g u l a r  d i s t r i b u t i o n  d a t a  f o r  167-MeV a l p h a  i 

bombardments, which a r o s e  o u t  of t h i s  s t u d y ,  i s  n o t  p o s s i b l e  a t  



t h e  p r e s e n t  moment. The d a t a  are however i n c l u d e d  h e r e  f o r  

comple teness ,  see f i g u r e s  5.10, 5 .11 and 5.12, t ransformed 

i n t o  a  center-of-mass system v i a  t h e  average  center-of-mass  , 

- v e l o c i t i e s  determined i n  s e c t i o n  4 . 2 . 3 ,  and p l o t t e d  t o  even 

o r d e r  Legendre polynomials  i n  o r d e r  t o  p e r m i t  e x t r a p o l a t i o n  

t o  angu la r  r e g i o n s  n o t  covered by t h e  measurements. 

5.4 E f f e c t i v e  m0men.t 05 i n e r t i a  of s a d d l e  p o i n t  shapes .  
\ 

I f  one assumes t h a t  t h e  d i s t r i b u t i o n  i n  K i s  Gaussian i n  

n a t u r e  (Hal 55) ( s e e  a l s o  s e c t i o n  5 .1)  , t h e n  K~~ i s  g iven  by 
sP 

t h e  e f f e c t i v e  moment of i n e r t i a  T~~~ i s  i n  e s s e n c e  a  shape  

parameter  of t h e  n u c l e a r  s a d d l e  p o i n t .  Cohen and Swia t eck i  

(Coh 6 3 )  a s  w e l l  as S t r u t i n s k y  e t  a 1  ( S t r  6 3 )  have c a l c u l a t e d  - 

t h i s  shape parameter  u s i n g  t h e  charged l i q u i d  d r o p  model. 

F i g u r e  5.13 shows t h e i r  r e s u l t s ,  t o g e t h e r  w i t h  t h e  a v a i l a b l e  

exper imenta l  d a t a  ( s o l i d  p o i n t s )  .(from R e i s i n g  e t  a1 (Rei 6 6 )  ) . 
4 

No exper imenta l  d a t a  a r e  a v a i l a b l e  f o r  n u c l e i  w i t h  f i s s i l i t y  

parameters  l e s s  t h a n  0 . 6 5  ( t h a t  i s  l i g h t e r  t h a n  Au).  he K O  2 

v a l u e s  deduced from t h e  80-MeV a l p h a  p a r t i c l e  bombardments of 

Ag and Te ( f i s s i l i t y  parameters  of 0.43 and 0.44 r e spec t ive* ly )  

can hence be used t o  t e s t  t h e  t heo ry  a t  lower  f i s s i l i t y  v a l u e s .  

2 
Table  V.4 summarizes a l l  K~ d e t e r m i n a t i o n s  from t h e  p rev ious  

2 s e c t i o n .  These v a l u e s  of K* can be conve r t ed  i n t o  estimates 











4 m 
U 7 
J a l  d 
U r l  . 



of t h e  e f f e c t i v e  moment of  i n e r t i a  of  t h e  s a d d l e  

u s ing  e q u a t i o n  5 .2 .  For t h e  t empera tu re  of t h e  

( s a d d l e  p o i n t l s h a p e )  nuc l eus  one can  use  t h e  e q u a t i o n  of  s t a t e  

E* - Bf = a t 2  - t ,  where E* and Bf a r e  t h e  ave rage  e x c i t a t i o n  

energy and f i s s i o n  b a r r i e r  of t h e  system and t h e  l e v e l  d e n s i t y  

\ 
parameter  a  = A/8.  The ave rage  v a l u e  of t h e  e x c i t a t i o n  energy 

of n u c l e i  was o b t a i n e d  from t h e  c a l c u l a t i o n s  d e s c r i b e d  i n  - 

s e c t i o n  5 .2 .3 ,  w h i l e  t h e  f i s s i o n  b a r r i e r  v a l u e s  used were t h o s e  

due t o  Myers and S w i a t e c k i  (Mye 66). Table  V.5 t a b u l a t e s  t h e  

'sphl'ef f  v a l u e s .  Here T sph d e n o t e s  t h e  r i g i d  body moment of 

i n e r t i a  which c a n . b e  c a l c u l a t e d  from 

For t h e  s i l v e r  and t e l l u r i u m  d a t a  t h e  r a t i o  of T sphl?ef f 

i s  c a l c u l a t e d  w i t h  bo th  sets of K O 2  v a l u e s  from t a b l e  V.5. 

B e t t e r  agreement w i t h  t h e  c a l c u l a t e d  v a l u e s  of T &h"eff i s  

o b t a i n e d  when no c r i t i c a l  a n g u l a r  momentum e f f e c t  i s  -assumed. 
' 

The r e s u l t s  i n c l u d i n g  t h i s  assumpt ion ,  however, would s t i l l  - 

v e r i f y  a n  impor t an t  t r e n d  p r e d i c t e d  by t h e  t h e o r e t i c a l : c a l c u l a -  

t i o n s ,  namely t h a t  t h e  T ~ ~ ~ / T ~ ~ ~  does  n o t  c o n t i n u e  t o  i n c r e a s e  
> 

w i t h  d e c r e a s i n g  f i s s i l i t y  parameter  x below x  = 0.65, a s  t h e  
- 

t r e n d  of  t h e  expe r imen ta l  d a t a  f o r  x > 0..65 would o t h e r w i s e  I 

i 

i 

i n d i c a t e .  I n  t h e  c a s e  of t h e  g o l d  d a t a  t h e  shape  pa rame te r s  , - 
were f i r s t  c a l c u l a t e d  u s i n g  t h e  K O 2  v a l u e s  d e r i v e d  from t h e  

a p p l i c a t i o n  of t h e  e f f e c t i v e  t r a n s m i s s i o n  c o e f f i c i e n t s  and u s i n g  



#-' / 9 
i 

Tab le  V . 5  R a t i o  of  t h e  r i g i d  body moment of i n e r t i a  t o  t h e  

e f  fect ive*moment  of i n e r t i a  of t h e  s a d d l e  p o i n t  shapes .  * 
B 

- , , ave rage  e x c i t a t i o n  
nuc l eus  . '  

% 
energy  of t h e  

\+ t r a n s i t i o n  s t a t e  \>..-, . nuc leus  
1 ;/ (MeV) 

a l p h a  p a r t i c l e  bombardment of Au 

p a r t i c l e  bombardment of Au. 

c )  from t h e  120-MeV a l p h a  p a r t i c l e  bombardment of Au 

d )  t h e s e  v a l u e s  a r e  o b t a i n e d  i f  t h e  e f f e c t s  of a  , 

-'-- j c r ' t i c a l  1 v a l u e  a r e  i nc luded  i n  t h e  K~~ de te rmina t ion .  7 -'> 

e)  t h e s e  v a l u e s  a r e  o b t a i n e d  u s i n g  t h e  common assumptYon< 
t h a t  t h e  a n g u l a r  momentum d i s t r i b u t i o n  of  t h e  f i s s i o n -  
i n g  n u c l e i  i s  t h a t  of  t h e  compound nuc leus  and t h e  
t h e  e x c i t a t i o n  energy is t h e  e x c i t a t i o n  energy  of ghe 
compouhd nuc leus .  



t 

t h e  mean e x c i t a t i o n  energy of t h e  f i s s i o n i n g  n u c l e i  a s c a l c u l a -  

t e d  i n  s e c t i o n  5 

procedure  should 

. 2 . 3  (see f o r  i n s t a n c e - f i g u r e  5 . 2 ) .  S i n c e  t h i s  
D 

c o r r e c t  f o r  m u l t i p l e  chance f i s s i o n ,  t h e  r e s u l t -  

i n g  v a l u e s  of  r sph'Tef f  should  be  i d e n t i c a l  f o r  a l l  e n e r g i e s  of 
d 
R.  L \- 

t h e  i n ~ i d e n t ~ a l p h a  p & t i c l e s .  ~ r ~ n i i a b l e  V.6 i t  can  be s e e n  

t h a t  t h e  v a l u e s  from 80- and 100-MeV a l p h a  p a r t i c l e  bombardments 

a r e  c o n s i s t e n t  w i t h  t h i s ,  b u t  t h e  r e s u l t  from t h e  120-MeV a lpha  

p a r t i c l e  bombardment a p p e a r s  somewhat h igh .  For  t h i s  l a t t e r  

c a s e ,  however, it i s  less c e r t a i n  t h a t  i n  t h e  e n t r a n c e  channe l  

conipound nuc leus  fo rma t ion  i s  s t i l l  c l o s e  t o  lob% of t h e  i n i t i a l  . . 

I i n t e r a c t i o n s  ( s e e  c h a p t e r  4 ) ;  I f  n o t  t h e  d a t a  w i l l  have t o  be  

t r e a t e d  i n  t h e  same way a s  t h o s e  from t h e  167-MeV a l p h a  p a r t i c l e  * 

... 2 
~ t r a d i a t i o n s ,  and no r e l i a b l e  e s t i m a t e  of KO can  be  ob ta ined .  

h .. 

For comparison Tab le  V.5 a l s o  l i s t s  t h e  shape  pa rame te r s  which ' 

can be o b t a i n e d  u s i n g  t h e  common assumption t h a t  t h e  angu la r  

momentum d i s t r i b u t i o n  of t h e  f i s s i o n i r i g  n u c l e i  i s  t h e  same a s  

t h a t  of  t h e  compound n u c l e u s ,  and t h a t  t h e  e x c i t a t i o n  energy i s  

a l s o  t h a t  of t h e  compound n u c l e u s .  Although t h e  f i r s t  assump- 
rr. 

L t i o n  i n c r e a s e s  t h e  K v a l u e s  by more t h a n  a  f a c t o r  of two, t h e  0  

assumption of a  h i g h  e x c i t a t i o n - e n e r g y  c a n c e l s  t h i s ' e f f e c t  o u t  , 

a g a i n  when T e f  f i s  de te rmined  from t h e  r a t i o  o f  K~~ and t h e  

t empera tu re  of t h e  t r a n s i t i o n  s t a t e  nuc leus .  Consequent ly  t h e  
3 S 

shape parameters  o b t a i n e d  t h i s  way a r e  s t i l l  rbasqnab ly  c l o s e  t o  
, 

I .  

t h e  v a l u e s  o b t a i n e d  when m u l t i p l e  chance f i s s i o n  i s  p r o p e r l y  

t aken  i n t o  account .  



The r . / T ~ ~ ~  v a l u e s  i n  column t h r e e  of t a b l e  V . 5  a r e  p l o t t e d  
- .. sph 

t o g e t h e r  w i th  p r e v i o u s l y  de te rmined  v a l u e s  and t h e  t h e o r e t i c a l  
i 

p r e d i c t i o n s  i n  F i g u r e  5.13. The e x c e l l e n t  agreement  t h a t  i s  

o b t a i n e d  between t h e  " c o r r e c t e d "  shape  pa rame te r s  and r e s u l t s  

ob t a ined  a t  much lower e x c i t a t i o n  e n e r g i e s  (see f i g u r e  5.13) 

would s e e m - t o  conf i rm t h e  v a l i d i t y  of t h i s  method of a n a l y s i s  

of t h e  expe r imen ta l  d a t a ,  and v e r i f i e s  t h e  t h e o r e t i c a l  

p r e d i c t i o n s .  



Chapter  6 Conclus ions  

I t  h a s  been shown t h a t  f i s s i o n  can be induced i n  medium-'mass 

n u c l e i  such a s  s i l v e r  and t e l l y r i u m ,  by a l p h a  p a r t i c l e s  w i t h  
/ 

e n e r g i e s  a s  low as 80 MeV. TPe t r a c k s  observed  i n  mica de- 
- ,  - 

tectors from t h e s e  i n t e r a c t i o n s  were i n t e r p r e t e d  as f i s s i Q n  - 
f ragment  t r a c k s  by t h e  fo l lowing  c r i t e r i a ;  1) mica r e g i s t e r s  

on ly  f ragments  w i t h  a mass h e a v i e r  t h a n  20 amu; 2 )  measured). -.- 

t r a c k  l e n g t h  v a l u e s  a r e  c o n s i s t e n t  w i t h  f ragments  hav ing  

approximate ly  h a l f  t h e  t a r g e t  mass and e n e r g i e s  co r r e spond ing  

t o  Coulornbic r e p u l s i o n  of t h e  f ragments ,  and 3) a f t e r  conver-  

s i o n  i n t o  t h e  center-of-mass  system t h e  a n g u l a r  d i s t r i b u t i o n  

of  t h e  f ragments  was symmetric around g o 0 .  

A s i m u l a t i o n  computer program w a s  w r i t t e n  which d e s c r i b e s  
--. 

f i s s i o n  of  medium mass n u c l e i  and t h e  subsequen t  s t o p p i n g  

t h e  

o f  

t h e  f i s s i o n  f ragments  i n  mica t r a c k  d e t e c t o r s .  B y  va ry ing  

t h e  most  s e n s i t i v e  pa rame te r s  i n  t h e  c a l c u l a t i o n s ,  ( cen te r -o f -  

mass mot ion,  t o t a l  k i n e t i c  energy r e l e a s e  and t h e  wid th  o f  t h e  

f ragment  mass d i s t r i b u t i o n )  t h e  b e s t  p o s s i b l e  agreement w i t h  

t h e  measured t r a c k  l e n g t h  d i s t r i b u t i o n s  i n  mica of  t h e  f i s s i o n  

f ragments  from a number of f i s s i o n i n g  systems w a s  sought .  

Under t h e  r e s t r a i n t  of a number of assumptions  i n h e r e n t  i n  t h e  

development of such  a l a r g e  s i m u l a t i o n  code,  t h e  deduced v a l u e s  

f o r  t h e  center-of-mass  motion of t h e  systems s t u d i e d  showed 

t h a t  f o r  t h e  80-MeV a l p h a  bombardments t h e  e n t r a n c e  

channe l  f o r  f i s s i o n  e v e n t s  i s  compound nuc leus  format ion .  For  



t h e  167-MeV a l p h a  par t ic le  bombardments s i g n i f i c  n t  con t r ibu -  r 
L4 

t i o n s  t o  t h e  e n t r a n c e  channe l  a r e  made v i a  d i f f e r e n t  p r o c e s s e s  

( i . e .  p o s s i b l e  d i r e c t  i n t e r a c t i o n s  l e a v i n g  a  s i g n i f i c a n t  amount 

o f  e x c i t a t i o n  energy  i n  t h e  t a rg , e t  nuc leus  o r  p re -equ i l i b r ium 

-- emiss ion  o f ' p a r t i c l e s )  . 
L 

Only upper l i m i t s  on t h e  t o t a l  k inet . ic  energy  r e l e a s e '  i n  t h e  

f i s s i o n  p roces s  ( d e f i n e d  a s  t h e  k i n e t i c  energy  reLease  i n  t h e  

c a s e  of a i s s i o n  e v e n t )  could be  de te rmined ,  due t o  
* 

t he .  . use  . of  t h e  touchkng s p h e r e s  approximat ion i n  c a l c u l a t i n g  t h e  

k i n e t i c  energy of  f i s s i o n  f ragments  a s  a f u n c t i o n  o f  mass 

asymmetry. These T i m i t s  a r e  i n  f a i r  agreement w i t h  t h e o r e t i c a l  

e s t i m a t e s  u s ing  t h e  l i q u i d  drop  model ,  (Nix 6 9 ) .  

p .  

Under t h e  r e s t r a i n t  of  t h e  assuiaptions used i n  t h e  c a l c u l a t i o n  

of f i s s i o n  f ragment  t r a c k  l e n g t h  d i s t r i b u t i o n s ,  i t  w a s  shown 
A 

t h a t  t h e  width o f  t h e  f i s s i o n  f r agmen t  m a s s  d i s t r i b u t i o n s  from 

t h e  s i l v e r  and t e l l u r i u m  p l u s  a l p h a  systems was r e l a t i v e l y  

narrow. The p r e d i c t e d  d rama t i c  broadening o f  t h e  m a s s  d i s t r i -  
,-. - - 

b u t i o n  f o r  f i s s i o n i n g  systems w i t h  f i s s i l i t y  pa rame te r s  c l o s e  

t o  o r  beyond t h e  c r i t i c a l  xgG VALUE (Nix 6 9 )  w a s ,  t h e r e f o r e ,  n o t  
d 

s u b s t a n t i a t e d .  

A d e t a i l e d  c a l c u l a t i o n  o f  t h e  compe t i t i on  between f i s s i o n  and 

p a r t i c l e  e v a p o r a t i o n  i n  t h e  de -exc i t a t i on .  of  t h e  compound 

nuc leus  shows t h a t  a l t hough  t h e  e f f e c t s  o f  m u l t i  
cple chance 

f i s s i o n  a r e . n e g l i g i b l e  i n  t h e  c a s e  o f  t h e  s i l v g r  and t e l l u r i u m  
7 



p l u s  a lpha  f i s s i o n i n g  systems,  t h i s  e f f e c t  p l a y s  a  very domi- 

nant  r o l e  i n  t h e  gold p l u s  a lpha  system. I n s t e a d  of a  de- 

c r e a s i n g  p r o b a b i l i t y  f o r  f i s s i o n  wi th  an 

evaporated neu t rons ,  t h e  main 

. \  c r o s s  s e c t i o n  was shown t o  come from n u c l e i  which have a l r eady  

e v a d a t e d  s i x  t o  n i n e  neut rons .  By c a l c u l a t i n g  t h e  d i s t r i -  , 

bu t ion  i n  angular  momentum and e x c i t a t i o n  energy of t h e  f i s -  

s ion ing  n u c l e i  us ing  t h e  s t a t i s t i c a l  model, a  meaningful anal-  

y s i s  of t h e  angular  d i s t r i b u t i o n s  of' t h e  f i s s i o n  fragments from 

t h e  gold p lus  a lpha  systems could s t i l l  be made. 

The e f f e c t i v e  moments of i n e r t i a  of t h e  s a d d l e  p o i n t  shapes 

were der ived  from t h e  angular  d i s t r i b u t i o n  d a t a  and a r e  i n  

e x c e l l e n t  agreement wi th  t h e  p r e d i c t i o n s  of Cohen and Swiatecki  

(Coh 63) and S t r u t i n s k i  e t  a 1  ( S t r  6 3 ) .  They confirm t h a t  t h e  

r a t i o  of  t h e  r i g i d  body moment of i n e > t i a  t o  t h e  e f f e c t i v e  momeht 

of i n e r t i a  of  t h e  sadd le  p o i n t  shape dec reases  below f i s s i l i t y  
t' 

parameter va lues  of  0 .65 .  

To summarize, t h e  en t rance  channels  of a f i s s i o n  r e a c t i o n ,  . . 

even a t  t h e  medium-exci tat ion ene rg ies  employed i n  t h i s  

s t u d y ,  cannot always be c a l c u l a t e d  under t h e  assumption t h a t  
Q 

 fission e v e n t s  a r e  preceded by compound nucleus  forma- 
A 

t i o n .  Fur ther  r e s e a r c h  i n  t h i s  f i e l d  w i l l ,  t h e r e f o r e ,  have t o  

concen t ra te  more on looking a t  t h e  en t rance  channels  ( f o r  exam- 

p l e  by measuring l i g h t e r  p a r t i c l e s  i n  coincidence wi th  t h e  f i s -  

s i o n  fragments) a s  w e l l  a s  t h e  f i s s i o n  e x i t  channels,. I n  those  



c a s e s  where it was p o s s i b l e  t o  c a l c u l a t e  t h e  . en t r ance  channe l s  

of  t h e  f i s s i o n  r e a c t i o n  ( i . e .  i n  t h e  case o f  th.e 80-MeV a l p h a  

p a r t i c l e  bombardments) i n t e r p r e t a t i o n  o f  t h e  d a t a  d e r i v e d  from 

mica t r a c k '  d e t e c t o r s  i s  s t i l l  dependent  on a number of assump- 

t i o n s  used i n  t h e  development of  bo th  t h e  f i s s i o n  t r a c k  s i m -  

u l a t i o n  code and t h e  f i s s i o n - e v a p o r a t i o n  c o m p e t i t i o n  program. 

- * 
More d i r e c t  measurement o f  t h e  k i n e t i c s  of  f i s s i o n  p r o c e s s e s  T 

v i a  t e l e s c o p e  d e t e c t o r s  c o u l d  be  used t o  a s c e r t a i n  t h e  r e s u l t s  

o b t a i n e d  us ing  t h e  f i s s i o n - t r a c k  s i m u l a t i o n  code ,  w h i l e  measure- 

ment of  e v a p o r a t i o n  r e s i d u e  c r o s s - s e c t i o n s  c o u l d  do  l i k e w i s e  

f o r  t h e  e v a l u a t i o n  of  t h e  f i s s i o n - e v a p o r a t i o n  program. 



f, 
-
4

 
0
 
a
 

a, 
I-i 
a
 

a
 a
 

m
 

+
! 

a r
 

a, 
k

 
7
 

-I-' 
a
 

k
 

a, 

2' a, 
c, 

k
 
a
 

a, 
I-i 
U

 
,zJ 
C
 

a, 
A

 
I3

 



1 . 2  T o t a l  K i n e t i c  Energy R e l e a s e  

T h e c t o t a l  k i n e t i c  e n e r g y  r e l e a s e  of,  t h e  s y s t e m  i s  assumed 
c 

to be  r e p r e s e n t e d  by a  g a - u s s i a n - d i s t r i b u t i p n  $round an  + 

a v e r a g e  v a l u e .  The a v e r a g e  v a l u e  c a n  be  e n t e r e d  a s  a n  
3 

a d j u s t a a l e  p a r a m e t e r  o r ,  a s  a n  i n i t i a l  estimate, t h e  
. . 

program w i l l  s u p p l y  a t h e o r e t i c a l  v a l u e .  The t h e o r e t i c a l  

. value 's  were o b t a i n e d  f rom t h e  d a t a  due  t o  Xix (Nix  6 9 )  . 
by f i t t i n g  t h e s e  d a t a  t o  a  f o u r t h  d e g r e e  po lynomia l  t h e y  

d 

c a n  h e  e x p r e s s e d  a s  

0 
- where t h e  u n i t  of s u r f a c e  e n e  by e q u a t i o n  

- 
? 

I .  

, ( ~ 2 )  , and x i s  t h e  f i s s i - l i t y  ha ra rae te r .  - 

T a b l e  id C o e f f i c i e n t s  i n  ~ ~ i a t i o n  ( A 4 )  

a 
- 

T h e  w i d t h  of t h e  g a u s s i a n  d i s t r i b u t i o n  a round  t h i s  v a l u e  

i s  a l s o  p r e d i c t e d  by N i x  (Nix 6 9 ) .   he-kidth o f  t h e  

d i s t r i b u t i o n  i s  n o t  o n l y  a  f u n i t i o n  of t h e  f i s s i l i t y  



parameter  , x  , b u t  a l s o  of t h e  n u c l e a r  t empera tu re  of t h e  

f i s s i o n i n g  nuc leus .  F i r s t  a  5 t h  d e g r e e  polynomial  w a s  

f i t t e d  t o  t h e  c u r v e s  of r e f e r e n c e  (Nix 69), which g i v e s  

t h e  width  as  a f u n c t i o n  of x f o r  , nuc l ea r  t empera tu re  

v a l u e s  of 0,  1, 2 and 3 MeV. 'Phe c o e f f i c i e n t s  o f  t h e s e  

f i t s  were then  f i t t e d .  as a f u n c t i o n  of n u c l e a r  t empera tu re ,  

s o  t h a t  f o r  any g iven  n u c l e a r  t empera tu re  v a l u e  a c u r v e  

could  be gene ra t ed  g i v i n g  t h e  dependence of  t h e  energy  on 
@ - 

t h e  f i s s i l i t y  pa rame te r .  \ 

The '5  c o e f f i c i e n t s  f o r  a  g i v e n  T a r e  o b t a i n e d  from 

where I r u n s  from 1 t o  5. The v a l u e s  f o r  C O ( I ) ,  C 1 ( I ) t  

C Z  ( I)  and C ( I )  a r e  g iven  i n  t a b l e  A 2 .  3 

The wid th  dE (MeV) is  t h e n  . ob t a ined  from 

1 . 3  Kinet ic :  Energy of Fragments' 

For t h e  c a l c u l a t i o n  of t h e  k i n e t i c ' e n e r g y  of each  f r agmen t  

i t  i s  assumed t h a t  t h e  v a r i a t i o n  w i t h  maqs-asymmetry can be 

c a l c u l a t e d  u s i n g  an approximationc i n  which t h e  s c i s s i o n ,  

con f i -gu ra t ion  i s  t a k e n  t o  t h a t  of two touch ing  ( t a n g e n t )  

charged s y s  . * The t o t a l  k i n e t i c  energy  i s  t h e n  

'b 



T
a

b
le

 '
A
Z
 

~
o

e
f

 
f 

ic
ie

n
ts

 f
o
r
.
 ~

~
u

a
t

i
o

n
 

A
5

, 

. 
. 

~ 

. 
' 



Where I 1 t e  s u b s c r i p t s  1 and 2 r e f e r  t o  t h e  t w o  f i s s i o n  

f ragments  and t h e  p r o p o r t i o n a l i t y  c o n s t a n t  C i s  o b t a i n e d  

by no rma l i za t ion  of t h e  c a l c u l a t e d  average  t o t a l  k i n e t i c  

' 1  energy  r e l e a s e  t o  t h e  above d a t a  f o r  t h e  c a s e  of  symmetric 
i 

f i s s i o n  ( i . e .  t a n g e n t  s p h e r e s  of e q u a l  Z and A ) .  Thus 
' . 

-7' 

where E i s  t h e  t o t a l  k i n e t i c  energy  r e l e a s e  . fo r  t h e  case 
4 

of syminetric f i s s i o n  s o  t h a t  4 

+ .  
where a l l  symbols' have been d e f i n e d  b e f o r e ,  I n  o r d e r  t o  

/-I- 

o b t a i n  t h e  labb;atory k i n e t i c  energy f o r  each  f ragment ,  

(under  t h e  askump$ion of  compound nuc leus  fo rma t ion )  t h e  

. center-of-mass v e l o c i t y  o f '  t h e  system is. c a l c u l a t e d  frmn 

where A i s  t h e  mass of t h e  p r o j e c t i l e .  The & l o c i t y  -6f 
P L 

f ragment  of mass A i n  t h e  center.-of-mass system i s  
1 -  

~ n e n '  f o r  a  g iven  l a b o r a t o r y  ang le  6 ,  t h e  cor responding  
r * .  

centef-of-mass  a n g l e  8 i s  g ive9  . . by \ 



-1 e = s i n  { (Vo /Vl ) s ing5}  + gi 

and t h e  l a b o r a t o r y  k i n e t i c  energy  E f o r  f ragment  of  m a s s  1 

Al i s  expressed by 

1 . 4  E f f e c t s  Which A3d t o  t h e  Width of Fragment K i n e t i c  

Energy ~ i s t r i b u t i o n s  d 

1 . 4 1  Broadening due  t o  e x p e r i m e n t a l  a n g u l a r  r e s o l u t i o n s :  

S ince  t h e  measurement of t r a c k  l e n g t h s  a t  a un ique  a n g l e  
L 

of o b s e r v a t i o n  i s  on ly  p o s s i b l e  i n  t h e  case of  an i n f i n i t e  

t r a c k  d e n s i t y  on t h e  d e t e c t o r  s u y f a c e ,  t h e  a c t u a l  measure- 

ments f o r  a g iven  mean a n g l e  0 o f  o b s e r v a t i o n  u s u a l l y  
- 

cdver ' an  angu la r  i n t e r v a l ,  A 0 ,  of from '1 t o  5 d e g r e e s .  . . 
P 

The broadening of  t h e  k i n e t i c  energy d i s t r i b u t i o n  due t o  t h i s  

e f f e c t  i s  t a k e n  i n t o  accoun t  by c a l c u l a t i n g  t h e  f ragment  +- 

$' 

k i n e t i c  energy f o r  t h e  mean angle .  (E ) as w e l l  as f o r  t h e  1 

of ( 2 / q ( E 3 - E 2 )  i s  t h e n  added i n  q u a d r a t u r e  t o  t h e  o t h e r  

- wid ths  c o n t r i b u t i n g  t o  t h e  d i s p e r s i o n  of  El. - 
1 . 4 2  The broadening due  t o  t h e  o r i g i n a l  wid th  i n  t o t a l  

1 
--L 

w i n e t i c  energy r e l e a s e  f o r  symmetric, f i s s i o n :  t>d :- ' 

3 
\ 

t o  t h e  d i s t q i b u t i o n  of  n u c l e a r  e l o n g a t i o n s  a t  t h e  

s e i s s k n  p o i n t ,  t h e  t o t a l  k i n e t i c  energy  r e l e a s e  i n  symmetric 
/- 



f i s s i o n  does  n o t  have a  unique v a l u e ,  b u t  r a t h e r  a Gausian 

(Nix 6 9 )  d i s t r i b u t i o n  of v a l u e s  around t h e  mean v a l u e  ( s e e  

a l s o  s e c t i o n  1.1 of t h i s  append ix ) .  I n  o r d e r  t o  r e f l e c t  t h i s  

i n  t h e  k i n e t i c  energy  of t h e  f ragment  El, a  Gaussian wid th  

(EWIDTH)  i s  added ( i n  q u a d r a t u r e )  t o  t h e  o t h e r  w id ths  c o n t r i -  

b u t i n g  t o  t h e  d i s p e r s i o n  'of El. I f  EFWHM is t h e  wid th  of t h e  
.-%.,. , 

Gaussian d i s t r i b u t i o n  of E  t h e n  EWIDTH i s  gDaken t o  be  
sym' 

g i v e n  by: EWIDTH = (EFWHM/E ) X El-. 
s ym 1 

- 
1.43 The broadening i n  energy due t o  t h e  t a r g e t  t h i c k n e s s  TT as 

w e l l  a s  t h e  s h i f t  i n  ave rage  energy d u e  t o  t a r g e t  t h i s k n e s s  
\ 

t h i s  i s  accounted f o r  by f i r s t  c a l c u l a t i n g  t h e  d i s t a n c e  t h a t  t h e  

f ragments  t r a v e l  on average  th rough  t h e  t a r g e t  m a t e r i a l .  The 

t a r g e t  was alwa$s a t  45O t o  t h e  beam d i r e c t - i o n  i n  t h e  experimen- 

t a l  se t  up. The ave rage  d i s t a n c e  i s  t h e n  

d  = 
(TT/2) SIN 45O 

I -+ 90•‹ 
SIN (135-dl0 \.. 

C ---. 
and 

d  = /  _ (TT/2) S I N  45O I 90•‹ 
SIN ($-45)O 

d 

where 9 i s  t h e  f i s s i o n  f ragment  emis s ion  a n g l e  w i t h  r e s p e c t  t g  

t h e  beam d i r e c t i o n .  The energy  l o s s  per' u n i t  p a t h  i e n g t h  i n  any 

t a r g e t '  m a t e r i a l  was obkained by an  i n t e r p o l a t i o q - o $  t h e  d a t a  d u e 0  

t o  N o r t h c l i f f e  (Nor 7 0 ) .  T h i s  i n t e r p o l a t i o n  procedure  was 
, . 

neces sa ry  f o r  two r e a s o n s ;  a )  N o r t h c l i f f e ' s  t a b l e s  cover 

o n l y  a  l i m i t e d  number of t a r g e t s  and p r o j e c t i l e s ,  and b) 

t h e  t a b l e s ,  even i n  t h e i r  p r e s e n t  condensed form are t o o  
1 



bulky  t o  be  i n c l u a e d  a s  d a t a  a r r a y s .  i n  t h e  computer - 
.progrqm. The o b j e c t i v e  t h e n ,  was t o  be  a b l e  t o  g e n e r a t e  

the s p e c i f i c  energy  l o s s  of  any p r o j e c t i l e  i n  any s o l i d  
I 

' , 

t a r g e t  m a t e r i a l  from a s  sma l l  a  -number of pa rame te r s  as 

p o s s i b l e ,  w i t h o u t '  a  s i g n i f  i c k t  l o s s  i n  accurac'y w i t h  r e s p e c t  

/ 
I t o  t h e  d a t a  as g i v e n  'in N o r t h c l i f f e ' s  t a b l e s . -  

T h i s  o b j e c t i v e  cou ld  be   accomplished l a r g e l y  due t o  t h e  

f a c t  t h a t  t h e  r e l a t i v e  s t o p p i n g  power o f  two m a t e r i a l s  i s  

independent  of  t h e  i n c i d e n t  i o n  mass and cha rge  a t  a  g iven  

i o n  v e l o c i t y  (Nor 70) ; hence t h e  problem was reduced t o  

the c a l c u l a t i o n  of  t h e  s t o p p i n g  power of on ly  one material 
f7 

f o r  a l l  p o s s i b l e  incicdent i o n s ,  as well a s  t h e  r e l a t i v e  
4 * 

s t o p p i n g  power of t h a t  m a t e r i a l  t o  a l l  o t h e r  p o s s i b l e  
' ~ 

m a t e r i a l s .  The m a t e r i a l  f o r  which s t o p p i n g  power d a t a  a r e  

most  r e l i a b l e  i s  aluminum, and t h e  f i r s t  s t e p  w a s ,  t h e r e f o r e ,  
YW 

t o  e x p r e s s  t h e s e  d a t a  i n  t h e  s i m p l e i t  t e r m s .  The s t o p p i n g  
v 

7 
'.> - - Q 

power of aluminum f o r  i o n s  w i t h  a  cha rge  o f  6 ,  12 ,  18, 28, 

4 0 ,  52,- 6 6 ,  80 and 95, as a func t io r )  o f  the v e l o c i t y  o f  e p;l , 
i n c i d e n t  i o n ,  was t aken  from t h e  t a b l e s  of N o r t h c l i f f e ,  and 

- 

an a t t e m p t  was made t o  f i t  a g e n e r a l  n t h  d e g r e e  polynomial  to' 

t h e  d a t a  f o r  each  i n c i d e n t  i o n .  However, i r r e s p e c t i v e  OX 

t h e  va lue  of  n ,  t h e  c o e f f i c i e n t ' s  of t h e s e  f i t s  d i d  n o t  va ry  

smootfily w i t h  t h e  charge  of t h e  i n c i d e n t  i o n ,  s o  t h a t  i t  
I '  

was n o t  p o s s i b l e  t o  make a  e l i a b l e  ' c r o s s - f i t '  of  t h e s e  f 
c o e f f i c i e n t s  . A much b e t &  r e s u l t  w a s  obtai%d by. d  ivid ' ing 

t 



the stopping power data into two velocity regions: 0 - 0.5 - 

MeV/amu and 0.5 - 5.0 MeV/amu. A 4th degree polynomial 

was fitted to the data for each of these regions, so that 

ten coefficients were necessary to describe.the variation of 

the stopping power with the velocity for each of the above 

mentioned incident ions. These coefficients varied smoothly' 

with the charge of the incident ion, and could be fitt,ed,to 

another 4th degree polynomial. Ten such secondary'fits were 

made, each of them yielding five new coefficients. If we 

denote the incident ion by its charge number 2 ,  and the fifty -. 

secondary coefficients are stored in the matrix CAL(x,y,E) -. 
* 

(where E = 1 or 2 depending on the velocity v of the incident 

ion, y specifies which coefficient of the primary fit we are -- 
interested in and x is the index specifying the 5 coefficients 

gf -each second-ary fit) then the primary coefficients Cly) 

can be obtained for anyz and v from 

' Hence the stopping power in aluminum for an incident ion 

of charge z with the velocity v is given by 

dE/dx-T ( z,v) = &y), + >- c (y)v (Y-~) A15 " , 

y=2+5 

i - 
Since>it waS,also necessary to obtain the relative stopping --- 
power of any solid material with respect to aluminum, the 



* .  

r a t i o  of t h e  s t o p p i n g  power o f  m a t e r i a l s  w i t h  Z = 22\, 28, 

32, 40, 47, 63, 73, 79 and 92 t o  t h a t  of a luminumas  a 
B 

f u n c t i o n  of t h e  v e l o c i t y I  was o b t a i n e d  from N o r t h c l i f f e ' s  

t a b l e s .  I n  f i t t i n g  t h e s e  d a t a  i < w a b  a g a i n  n e c e s s a r y  t o  
> < 

d i v i d e  t h e  d a t a  i n t o  v a l u e s  f o r  v a r i o u s  v e l o c i t y  r e g i o n s ,  

t h a t  t h e  c o e f f i c i e n t s  of t h e  pr imary f i t s  ( d ~ / d x ~ / d E / d x ~ ~  

v e r s u s  v e l o c i t y )  v a r i e d  smoothly w i t h  t h e  cha rge  of  t h e  . .- 

s t o p p i n g  material. - S i x  v e l o c i t y  r e g i o n s  were needed ( 0  - 
0.04; 0 . 0 4 -  0.16; 0.16 :0.5; 0.5 - ' 1 .25 ;  1 .25 - 2 . 5  and - 

2: 5  - 5.0 MeV/amu) and a s i m p l e  1st d e g r e e  .polynomial  was 

f i t t e d  t o  t h e  d a t a  i n  each  of t h e ,  v e l o c i t y  r e g i o n s . .  The 
w * 

c o e f f i c i e n t s  of t h e s e  pr imary  f i t s  were t h e n  f i t t e d  as a 

f u n c t i o n  of t h e  cha rge  of  t h e  s t o p p i n g  material t o  a  4 th  
/ 

/' 
d e g r e e  polynomial ,  y i e l d i n g  a  t o t a l t  of 60' secondary  ' 

c o e f f i c i e n t s  which w e r e  s t o r e d  i n  t h e  m a t r i x  CRAT (x ,y  , E ) ,  

where t h e  index  numbers have' s imi la r  meanings t o  t h o s e  o f  

t h e  m a t r i x  CAL ( x , y  , E )  . The r a t i o  of  t h e  s t o p p i n g  power 'of  

a medium w i t h  cha rge  Z to,the s t o p p i n g  power of  aluminum 

f o r  a  g iven  v e l o c i t y  v ,  can t h e n  be  found .us ing  t h e  

c o e f f i c i e n t s  of the secondary  f i t s  t o  g e n e r a t e  t h e  two 

c o e f f i c i e n t s  'of t h e  p r imary  f i t s  
I 
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T a b l e  A4. The ~ a t r i x  CRAT (C1;C ,CR) 

F O R  CR = 2 ( 0 . 0 4  - 0 . 1 6  MeV/amu) 

FOR CK = 3 ( 0 . 1 6  - 0 . 5 0  MeV/amu) 

FOR CR = 4 ( 0 . 5 0  - 1 . 2 5  MeV/amu) 

-- -~ 

FOR C R  = 5 ( 1 . 2 5  - 2 . 5  MeV/amu) 
- - 

' 2 = I 3  ' 4 C 1 5  

C1 .12509E+01  m.308493-01 .502298-03  - .46786E-05 .17849E-07 

C2 .37OOOE-01 0 d 0 0 

FOR C R  = 6 ,  ( 2 . 5  - 5 . 0  MeV/amu) 



-a 

a 

where E i s  a  f u n c t i o n  of v ,  i n  s o  f a r  a s  it d e n o t e s  which of 

* 7 e  s i x  energy r e g i o n s  i s  a p p l i c a b l e .  

4 .  

The energy l o s s  p e r  u n i t  p a t h  l e n g t h  for any i o n  of  cha rge  

z i n  any s t o p p i n g  m a t e r i a l  (Z) a t  any v e l o c i t y  ( v )  can  t h e n  

be  found by f i r s t  c a l c u l a b h e  a p p r o p r i a t e  RZ ( v )  r a t i o  + 

J 

u s i n g  t h e  m a t r i x  CRAT, and m u l t i p l y i n g  by t h e  ( d ~ / d q ~  ( z  ,v,) 

v a l u e  which can be  e x t r a c t e d  from t h e  m a t r i x  CAL. The . *  

average  energy l o s s  i s  t h e n  
* '  

x 

where d  was d e f i n e d  i n  e q u a t i o n  A13. I n  c a l c u l a t i n g  t h e  

f ragment  energy d i s t r i b u t i o n ,  f i r s t  of  a l l  t h e  ave rage  v a l u e  

i s  dec reased  by dETT, and secondly  an  assumed e q u i v a l e n t  - - 
width of 2/3 dETT i s  added i n  q u a d r a t u r e  t o  t h e  o t h e r  

d i s p e r s i o n s  of t h e  f ragment  k i n e t i c  energy  v a l u e .  

1 . 5  Eva lua t ion  of  t r a c k  l e n g t h  o r  d i ame te r  v a l u e s .  
" 

Track l e n g t h  d i s t r i b u t i o n s  i n  mica from i o n s  of a un ique  

mass and energy have been shown t o  be  Gaussian w i t h  t a i l i n g  

towards lower range  value5s (see s e c t i o n  2 . 3 )  .' Analytic&;bly 

- t h e  d i s t r i b u t i o n  i s  r e p r e s e n t e d  a s  



I n  t h e  c a s e  of g l a s s ,  t h e  t r a c k  d i ame te r  d i s t r i b u t i o n  i s  

t a k e n  t o  be Gaussian:  4 

I 

I n  tke above e q u a t i o n  N r e p r e s e n t s  a n o r m a l i z a t i o n  c o n s t a n t ,  

W is-: t h e  wid th  pa rame te r ,  T i s  t h e  t a i l i n g  parameter  w h i l e  6 
" .. 

and a r e  t h e  most p robab le  'bi lues f o r  t h e  d i ame te r  and 

t r a c k  l e n g t h .  The t a i l i n g  and wid th  pa rame te r s  w e r e  ex- 

t r a c t e d  frqm ,exper imenta l  c a l i b r a t i o n  s t u 4 i e s .  

I n  o r d e r  t o  c a l c u l a t e  t h e  t r a c k  l e n g t h  o r  d i ame te r  d i s t r i -  

b u t i o n s  from t h e  energy  d i s t r i b u t i o n  d a t a  f o r  each  f ragment  

mass v a l u e ,  d a t a  a r r a y s  were generated f o r  t h e  p a r t i c u l a r  
t P 

s t o p p i n g  medium, which gave t h e  t rack-  l e n g t h  o r  d i ame te r  f o r  = 
I 
\ 

e a c h . p o s s i b l e  f ragment  m a s s  v a l u e  f o r  a  r ange  of energy v a l u e s .  

I n  t h e  p r e s e n t  program ( v e r s i o n  8 . 5 )  t h e  energy increment  i s  

t a k e n  a s  0 . 0 2  MeV/amu. These d a t a  can be g e n e r a t e d  d u r i n g  t h e  
; ' 

i- e x e c u t i o n  of t h e  program o r  p rov ided  e x t e r n a l l y .  I n - t h e  c a s e  

of g l a s s ,  u s u a l l y  an  e x t e r n a l l y  s u p p l i e d  d a t a  s e t  i s  used ,  

because  t h e  d i ame te r  i s  on ly  dependent  on t h e  cha rge  and energy 

of  t h e  i n c i d e n t  i o n ,  whereas i n  mica,  t h e  t r a c k  l e n g t h  depends 

a l s o  on t h e  mass of t h e  i n c i d e n k  i o n .  



1. 

e 

Since  t h e  mass-charge r a t i o  i s  n o t  c o n s t a n t  - 'every 

sy'stem, t h e  o p t i o n  is' l e f t  open t o  r e c a l c u l a t e  

length-mass-energy . d a t a  f o r  each  f  i s s i o n i n g  system.  
?, 

~ a s i c a l l y  each  
-& 

(see- s e c t i o n  2 .  

where t he  dR va 

MeV/amu . Under 

i i 
t r a c k  l e n g t h  v a l u e  i n  mica i s  r e p r e s e n t e d  by - 

Lues were g iven  i n  s e c t i o n  2 - 4  and E i s  i n  1 

t h e  assumption of l o c a l  l i n e a r i t y  of t h e  

t r a c k  l e n g t h  ( o r  d i a m e t e r )  v e r s u s  energy d a t a , s u c h  q u a n t i t i e s  . 
a s  Gaussian wid ths  exp res sed  i n  energy te rms  a r e  conve r t ed  

wid ths  i n  terms of t r a c k  l e n g t h s  o r  d i a m e t e r  u n i t s .  The 

t o t a l  width  d e s c r i b i n g  t h e  d i s t r i b u t i o n  i n  t r a c k  l e n g t h  o r  

d i a m e t e r  f o r  each  f ragment  mass i s  g iven  by 

where t h e  s u b s c r i p t s  E ,  TT, AR and*R r e p r e s e n t  c o n t r i b u t i o n s  
9 

due t o  t h e  g a u s s i a n  wid th  of t h e  o r i g i n a l  t o t a l  k i n e t i c  . 
eriergy d i s t r i b u t i o n ,  t h e  t a r g e t  t h i c k n e s s ,  t h e  a n g u l a r  r e s o l u -  

t i o n  and t h e  r ange  s t r a g g l i n g  e f f e c t  r e s p e c t i v e l y .  T h i s  

l a t t e r  f a c t o r  i s  t r e a t e d  a s  an e x t e r n a l l y  s u p p l i e d - v a r i a b l e ,  

t o g e t h e r  w i t h  the t a i l i n g  parameter ,  i f  p r e s e n t .  



The normalization factor for 'each distribution is obtained 

J t 
from the fragment mass yields as des,cribed neit. - 

- .  
I 

'3.6 Fragment mass distribution ', 

4 
I The fragment mass distributions in the center-of-qass system 

rJ4 
are taken to be composed of one or more Gaussjans., Three 

different cases are poss2ble ' - ' 
Type I a single baussian defined (s'ee figure ~ l .  1) by the 

FW& (A) of the distribution 

Type I1 two Gaussians of equal intensi y and width, 4 'separated by a distance B 
4 , \ \ e 

Type I11 a triple ~aussian. This is really khe sum of a' 

7 1  
' type I and a type 11 distribution where besides 

f l  

-1 _ t 
~ ~ ~ ' F W H M  of the center peak (C) , the relaFive 

, intensity F is also an additional variable t 

All mass distributions-in the center-of-mass system can be 

converted to distributions in the laboratory syhtem by 

takini into account th*act that the'ratio of the-number of 

fragments of 'a given mass arriving per steradian at- laboratory 

angle $I to thdse emitted at a center-of-mass angle 9 is 

given by 



figure Al.1 - - * ' 
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, 
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using  equat ion  ( A l l )  9 3 

R = . 'CM 'IN SIN jd +.{- "F S I N  COS $flsIN $d-](A23) v~ 

I n  eider + d  f i n d  t h e  r e i a t i v e  d e v i a t i o n  i n  t h e  mass distri-  

bu t ion  of fragments a r r i v i n g  a t  a given l abora to ry . ' ang le ,  * 

from t h e  o r i g i n a l  &istribution - i n  masses .- of . t h e  emi t t ed  
\. 

fragments ,  one h a s  t o  c a l c u L a t e  t h e  r a t i o  R f o r  a l l  v a l u e s  of # 

b .  

VCM/VF (corresponding t o  each p o s s i b l e  mass d i a i o n )  and 
. - 

compare with. t h e  r a t i o  f o r  t h e  V&VF v a l u e  corresponding t o  

symmetnic mass d i v i s i o n .  I n  d rde r  t o  t a k e  t h e  exper imenta l  
? f 

angular  r e s o l u t i o n  of a p a r t i c u l a r  measurement i n t o  account ,  f " 

t h e  r a t i o  R i s  i n t e g r a t e d  over  t h e  angular  i n t e r v a l  considered. .  

The t r a c k  l eng th  o r  diameter  d i s t r ibu t . i , ons  f o r  each p o s s i b l e  

f  ragmint ,  whose shapes were h'etermined earlier, a r e  then  

normalized t o  the. c o r r e c t e g  mass y i e l d s  as c a l c u l a t e d  above. - 
The normal iza t ion  i s  done by a numericaS i n t e g r a t i q n  over  

1 

each' t r a c k  l eng th  for diameter  d i s t r i b u t i o n  and equa t ing  t h e  
6 

t o t a l  a r e a  t o  t h e  mass y i e l g  i n  the , l . abora to ly  system. 

i .e. f o r  a t y p i c a l  d i s t r i b u t i o n  t h e  normal izkt ion  f a a o r  N 

- 
is obta ined  from t h e  eva lua t ion '  of ( see  a l s o  equa t ion  a 1 8 )  

' 



exp, 

Q 

where Y i s  t h e  y i e l d  i n  mass f o r  fragment A1, a n d r a l l  
A, 

A. 

other symbols a r e  t h ~ s e  used i n  s e c t i o n  1.5 

1 .7  Summation 
\ . . 

The f i n a l  s t e p  i n  t h e  calcu>at ion of t h e  t r a c k  l e n g t h  o r  . 
- 

diameter  i s  t o  s y  t h e  t r a c k  l e n g t h  o r  diameter  d i s t r i b u t i o n s  

f o r  a l l  i n d i v i d u a l  fragment masq va lues  over  t h e  range of 

masses cons idered .  For  t h e  s imple case  of  g l a s s  d e t e c t o r s :  

2.  Using RADICS on t h e  S.F.U. I.B.M. 370/155 computer 

--, , The program makes e x t e n s i v e  use of temporary and permanent 

d a t a  f i l e s  on d i r e c t  access devices . '  Devi'ce assignments rare 

5 CARD READER 

TABLE 

9 DATA SET - TEMP. (INPUT REPEAT) 



11 DATA SET - OUTPUT: CALCULATED TRACK LENGTH OR DIAMETER 

DISTRIBUTIONS r * 

1 2  DATA SET' - INPUT: EXPERIMENTAL TWCL LENGTH OR DfAMETER 
7 

DISTRIBUTIONS 
I 

1 4  DATA SET - TEMP.: INTERNALLY CALCULATED TRACK LEXGTH 
- 

OR DIAMETER MASS-ENERGY TABLE 

Because of t h e  m u l t i t u d e  of-input pa rame te r s  a semi-conversat -  - , ' 

i o n a l  i n p u t  language was dev i sed  $0 a s  t o  r educe  e r r o r s  i n  t h e  

i n p u t  d a t a .  A l l  i n p u t  c a r d s  have a (A6, 4 X ,  2A4, 2X, 6F10.4) 

i n p u t  fo rmat  w i t h  o n l y  two e x c e p t i o n s  as d e s c r i b e d  below. A l l  

c a r d s  s t a r ' t  w i t h  a main code word, which i n d i c a t e s  t h e  n a t u r e  

of t h e  i n p u t  pa rame te r s  as w e l l  as t h e  o p e r a t i o n s  t h a t  are 

executed immediate ly .  The second code word s t a r t i n g  i n  column, 

11 and having a maximum of  8 c h a r a c t e r s  s p e c i f i e s  t h e  o p t i o n s '  
--i 

of t h e  main code word and/or t h e  meaning.of up t o  s i x  numerical  

parameters  s t a r t i n g  i n  column 21, 31, 41, 51, 6 1  and 71. 

I n  t a b l e  AS,  al.1 p o s s i b l e  i n p u t  c a r d s  are l i s t e d  w i t h  t h e  

v a r i u o s  o p t i o n s  and a b r i e f ,  d e s c r i p t i o n  of t h e  numer ica l  

parameters  which can  be  e n t e r e d .  

Below we w i l l  d i s c u s s  t h e s e  code word& a n d - t h e  d i r - ec t  r e s u l t s  ' 

of t h e  commands i n  m o r e  d e t a i l .  

T'ITLE T h i s  command h a s  no o t h e r  meaning t h a n  t h a t  it 

e x p e c t s  t o  r e a d  a 20A4 c a r d  n e x t  and stores 

t h i s  f o r  u s e  as a heading on p r i n t e d  o u t p u t .  



I N I T I A T E  T h i s  command does n o t  have any sub-code words and '3 
! I 

does  no c a l c u l a t i o n s .  I t  only  s e r v e s  t o  e n t e r  f i v e  
* 

b a s $ ~  parameters .  The mass and .charge of t h e  t a r g e t  

o j e c t i l e  a s  w e l l  a s  t h e  f i s s i o n  b a r r i e r  f o r  
f 

ystem. I f  t h e  f i s s i o n  b a r r i e r  i s  e n t e r e d ' a s  

zero ,  t h e  c a l c u l a t e d  va lue  (Mye 66) i s  s u b s t i t u t e d  

by t h e  program. - 

RETABLE This  command w i l l  r e s u 1 t . h  t h e  g e n e r a t i o n  of a  t r a c k  

l eng th  ( o r  d iameter )  -mass-energy t a b l e  .. I n  t h e  c a s e  

of mica d e t e c t o r s  on ly  t h e  mass and charge  of t h e  
- 

f i s s i o n i n g  system a r 6  read  i n  aga in  t o  permit  
Y .  

adjus tments  of t h e s e  q u a n t i t i e s  f o r  such e f f e c t s  as 

neutron evapora t ion .  I f  RETABLE is - n o t  used then  

it i s  assumed t h a t  an i d e n t i c a l  t a b l e  i s  a l r e a d y  

a v a i l a b l e  on d e v i c e  8 ( d i s c ) .  
1 ' 

ETOTAL Two o p t i o n s  are a v a i l a b l e :  THEORY AND EXP. I n  t h e  

c a s e  t h a t  theory  i s  used t h e  k i n e t i c  energy r e l e a s e  

of t h e  system f o r  symmetric f i s s i o n  i s  e x t r a c t e d  

from t h e  d a t a  due t o  Nix (Nix 6 9 ) .  I n  t h e  c a s e  of - 
EXP, t h i s  v a l u e  i s  read  i n  as one of t h e  numerical  

parameters .  The o t h e r  two nymerical  pa=ameters 
. - x  

which a r e  .read i n ,  relatet6 t h e  c a l c u l a t i o n  of t h e  I 

e x c i t a t i o n  energy o f  t h e  f i s s i o n i n g  nucleus. .  Thls  

can be taken a s  any percentage  of , t h e  i n i t i a l  

- e x c i t a t i o n  energy corresponding t o  compound 

nucleus formation.  From 
6 



ENERGY 

MASS 

t h i s  the n u c l e a r  temperature i s  c a l c u l a t e d )  and 

t h i s  i s  used t o  e x t r a c t  an e s t i m a t e  of t h e  *dth 

of a  gauss ian  d i s t r i b u t i o d h  t h e  t o t a l  k i n e t i c  
> 

energy from t h e  d a t a  due t o  Nix. 
I - .  . 

I n  i ts p r e s e n t  v e r s i o n  t h e  pkogram c a l c u l a t e s  t h e  

energy of  -Gabh' p o s s i b l e  fragment us ing  a touching 

spheres  approximation Cpr t h e  dependence on mass 

asymmetry of t h e  k i n e t i c  energy r e l e a s e .  The 
4 

l a b o r a t o r y  ang le  of obse rva t ion  is e n t e r e d  a s  w e l l  

a s  t h e  angular  r e s o l u t i o n .  The t a r g e t  t h i c k n e s s ,  

which i s  a l s  e n t e r e d  is used t o  c a l c u l a t e  t h e  3 
average l o s s  a s  w e l l  a s  d i s p e r s i o n .  - 

This  command s e r v e s  t o  e n t e r  d i s t r i b u t i o n s  i n  - - 
fragment mass, i .e. t o  a s s o c i a t e  a r e l a t i v e  probab- 

i l X t y  f a c t o r  t o  each mass number.+ t o  f i v e  of 
- 

?' t h e s e  d i s t r i b u t i o n s  can be use a t  t h e  s d e  t i m e  

i n  l a t e r  c a l c u l a t i o n s .  E v e r J d i h t r i b u t i o n  t h a t  is 

. e n t e r e d  , t h e r e f p r e  r e c e i v e s  a l h b e l .  ~ e r e a f k e r  w e  

w i l l  r e f e r  t o  f i v e  i n i t i a t o r s .  Each of  t h e s e  

i n i t i a t o r s  cafi c o n t a i n  a m a s s  d i s t r i b u t i o n  and a  

de r ived  d i s t r i b u t i o n ,  such a s  a t r a c k  l eng th  d i s t r i -  

bu t ion .  iornm&ds t h a t  invol& c a l c u l a t i o n s  wi th  

a r r a y s  s t o r e d  i n  t h e  i n i t i a t o r s  always w i l l  have - I 
an o p t i o n ,  . whi-ch w i l l  a l low sthe "switching on o r  

i 
, * 

off" on any o r  a l l  of  t h e s e  i n i t i a t o r s .  
's ,' . 



I I n  t h  &.SS command t h e  f  i f s t  numerical  ,parameter, 

t t h e r e f o r e ,  r e f e r s  t o  t h e  number of t h e  i n i t i a t o r  

(1 through 5) i n t o  which t h e  'descr ibed ,mass d i s t r i 2  , %  

bu t ion  w i l l  be s t o r e d . .  The sub-code word descr if ies  

t h e  t y p e  of mass d i s t r i b u t i o n ,  whi le  t h e  o t h e r  
\ 

numerical  parameters  c o n t a i n  t h e  r e l e v a n t  shape 

parameters .  

MCORRECT This  command w i l l  c o r r e c t  t h e  mass d i s t r i b u t i o n  f o r  
. ,  

> .  

center-OX-mass motion. Any o r  a l l  of t h e  i n i t i a t o r s  

can be c o r r e c t e d  by swi tch ing  them on (1.0) o r  o f f  

(0.) us ing  the. f i r s t  f i v e  numerical  parameters  a s  ' 

r e p r e s e n t a t i o n s  of t h e  f i v e  i n i t i a t o r s .  
e 

,Warning: s i n c e  knowledge of t h e  l a b o r a t o r y  angle  

i s  e s s e n t i a l ,  an ENERGY command should have 

preceded t h e  MCORRECT command. 

I n  'its p r e s e n t  v e r s i o n  t h e  program w i l l  conver t  , .-4 
energyymass d a t a  t o  t r a c k  l e n g t h  o r  diameter  d a t a  

t 

<or mica ,and g17ass d e t e c t o r s  r e s m c t i v e l y .  It w i l l  
* 1 

- #se t h e  t a b l e s  genera ted  by t h e  RETABLE command o r  

/use t h e  ' da ta  supd l i ed  on dev ice  8 .   he l i g h t e s t  
P 

mass t h a t  can be ' s e e n " b y  t h e  d e t e c t o r  i s  e n t e r e d  
< b). 

1 

as a numerical  parameter .  The t r a c k  l e n g t h  o r  

F ive ter  of a l l  f r a g m e n t s  l i g h t e r  than t h i s  l i m i t  
', 

/ ' is set  equa l  to, zero .  
l 4 

I 9' 
WIDTH This condoand w i l l  gene ra te  t h e  shape garameters of 

i 
* 

4 
the t r a c k  l e n g t h  o r  d iameter  . d i s t r i b u t i o n  f o r  each  



f ragment  mass. The two sub-code words r e f e r  t o  

t h e  shape  of t h e  d i s t r i b u t i o n  i n  t r a c k  l e n g t h  o r  

d i ame te r  which .would be o b t a i n e d  w i t h  heavy i o n s  
8 

w i t h  a known c o n s t a n t  mass and e n e r g y ,  The FWHM - 
v a l u e  as w e l l  as t h e  t a i l i n g  parameter  e n t e r e d ,  

shou ld ,  t h e r e f o r e ,  cor respond  t o  %ch a distri-  ' 

b u t i o n .  I t  w i l l  u se  t h e s e  v a l u e s  as w e l l  as t h e  
, 

a s .  

d i s p e r s i o n  i n  t h e  energy (conver ted  i n t o  t r a c k  l e n g t h  
b 

o r  d i a m e t e r  u n i t s ) ,  t o  c a l c u l a t e  t h e  o v e r a l l  shape  
t 

pa rame te r s  f o r  each.  d i s t r i b u t i o n  a s s o c i a t e d  w i t h  

v. a p a r t i c u l a r  f ragment  mass. 

SUM S w i n g  o f  i n d i v i d u a l  f ragment  mass t r a c k  l e n g t h  

(d i ame te r )  d i s t r i b u t i o n s  can o n l y  be done i f  t h e  ,- 

Commands RANGE and WIDTH d i d  p recede  t h e  SUM 

command. Any o r  a l l  o f  t h e  i n i t i a t o r s  can be  used 
d 

- .  
- I  t o  g e n e r a t e  m a s t e r  d Q t r i b u t i o n s  i n  the' same way . 

a s  was d i s c u s s e d  under  MCORRECT. AIfter t h i s  
- L. 

command, a series of  n o r m a l i z a t i o n  c o n s t a n t s  is  

g e n e r a t e d  by comparisons  of  t h e  area of  t h e  d i s t r i -  
-. 

b s t i o n  f o z  each  f ragment  mass w i t h  t h e  c a l c u l a t e d  

y i e l d  fo r  t h a t  p a r t i c u l a r  f ragment ,  The d i s t r i -  

b u t i o n s  f o r  a l l  p o s s i b l e  f ragmept  masses are 
,' 

'e 
summed, weigh t ing  each d i s t r i b u t i o n  w i t h  t h e  

a p p r o p r i a t e  n o r m a l i z a t i o n  f a c t o r ;  

' -REPEAT The REPEAT command t a k e s  a s p e c i a l  piace among 

the o t h e r  commands, i n  SQ f a r  that  t h e  REPEAT 
'i, 



i 
.c/ Y h I 

/ ' \ . ; i  
? 

command i s  only  us  o c o n t r o l  o t h e r  command a .  

c a r d s .  Very o f ,  i t  i s  nedessary t o  r e p e a t  a 

c a l c u l a t i o n  w i t h  only a few changes i n  parameters .  
v 

AS long as t h e s e  changes a r e  i n  commands which do 
-B 

n o t  r e l a t e  d i r e c t l y  t o  any o t h e r  commands, a change A 

w i l l  n o t  r e s u l t  in .  having t o  rewrite t h e  whole 
* * 

procedure.    ow ever, most -commands r e s u l t  in'  . 

c a l c u l a t i o n s  which w i l l  have a d i r e c t  bea r ing  on 
'I 

t h e  c a l c u l a t i o n s  of o t h e r  comntaAds. It w a s  f o r  

t h i s  reason t h a t  a " repea t "  f a c i l i t y  wassXesigned. 

A good example o f  t h e  u s e f u l l n e s s  of t h i s  f a c i l i t y  

is  t h e  c a l c u l a t i o n  of  t r a c k  l eng th  d i s t r i b u t i o n s  

a t  a nu&er of l a b o r a t o r y  ang les  of obse rva t ion .  

T h e  prpcedure would look 

TITLE 
EXAMPLE A '  

INITIATE - 108. 
J 

ETOTAL EXP 77. 
REP EAT START , 
ENERGY SPHERES 10. 
MASS SINGLE 1. 
MCORRECT 1. 

1 RANGE MICA 2 6 .  
WIDTH TAIL" -2 

P 
SUM 1 .  
PLOT RANGE 1. 
REPEAT RETURN 
REPEAT ANGLE 20. 
REPEAT ANGLE 3 0 .  
STOP . 

a s  fo l lows:  

The s e c t i o n  of t h e  c a l c u l a t i o n s  t h a t  needs t o  

r epea ted  f o r  each l abora to ry  ang le  i s  p u t  between 

the two commands REPEAT-START and REPEAT-RETURN. 



Any t i m e  a f t e r  t h i s  when a n o t h e r  REPEAT command ' i g  c '  

found t h e  sub-code word i n d i c a t e s  t h e  change i n  t h e  .. 

R . E P E A T , ~ O O ~  which w i l l  b e  made, and t h e  whole loop  . 
i s  executed  p c e  more w i t h  t h i s  change.  A number 

of  d i f f e r e n t  q u a n t i t i e s  can be changed u s i n g  ' t h i s  

p rocedure ;  t h e  l a b o r a t o r y  a n g l e  and t h e  angu la r  

r e s o l u t i o n ;  t h e  p r o j e c t i l e  energy and t h e  amount of  

e x c i t a t i o n  energy  s t i l l  p r e s e n t  j u s t  b e f o r e  f i s s i o n ,  

t h e  t o t a l  k i n e t i c  'energy release of t h e  sys'tern and 

t h e  mass and cha rge  of t h e  t a r g e t  material .  I f  two 

q u a n t i t i e s  are v a r i e d  s i m u l t a n e ~ u s l ' ~  a double  looping  
1 

system i s  used ,  as w i l l  be  i l l u s g r a t e d  w i t h  t h e  same 

example as b e f o r e .  ~ h i s % i m e  w e  want t o  c a l c u l a t e  

a t  t h r e e  d i f f e r e n t  a n g l e s  b u t  a l s o  a t  t h r e e  d i f f e r e n t  

8 P--- 
p r o j e c t i l e  e n e r g i e s .  b 

The f o l l o w i n g  oornrnands would be  neces sa ry :  

TITLE 
EXAMPLE B I 1 

INITIATE '.108.. 4 7 .  4 .  2 .  51. 
REPEAT " START 
ETOTAL 

' ENERGY 
MASS 
MCORRECT . 
RANGE 
WIDTH 
SUM 
PLOT 
REPEAT 
REPEAT 
REPEAT 
REPEAT 
REPEAT 
REPEAT 
STOP 

EXP 
SPHERES 
SINGLE 

MICA 
TAIL 

RANGE 
€OP3TIMUE, 
ANGLE 
ANGLE 
RETURN . 
ENERGY 
ENERG? 



REPEAT-GONTINUE command t e rmina tes  t h e  f i r s t  
I 

" t  loop i n  t i s  case .  A track l e n g t h  d i s t r i b u t i o n  .is 

\3 t h e r e f o r e  ge e r a t e d  n ine  t i m e s  u s ing  this procedure.  

EXPERIM T h i s  s e r v e s  t o  e n t e r  a  measured t r a c k  l e n g t h  o r  

PRINT 

diameter  d i s t r i b u t i o n  i n t o  i n i t i a t o r  5. One of -. * the 5 i n i t i a t o r s  i s  used,  s o  t h a t  t h e  exper imenta l  
i I I .  

d a t a  c'an be n o r m a l i w  t o  t h e  same t o t a l  a r e a  as 

the  c a l c u l a t e d  d i s t r i b u t i o n s ,  and hence rep resen ted  , 
i n  the same p l o t  as the ,  c a l c u l a t e s  d i s t r i b u t i o n s .  

2 Since t h e  a r r a y  spac ing  i s  0.05 mg/cm f o r  mica 

and . 2 5  microns f o r  g l a s s ,  any exper imenta l  d i s t r i -  

but ion  i s  converted t o  t h i s  g r i d  s i z e .  I n  o r d e r  t o  , 

f a c i l i t a t e  t h i s  t h e  his togram i n t e r v a l  bf exper i -  

mental  d a t a  should be given i n  u n i t s  of mg/cm 2 

(mica) o r  microns ( g l a s s ) .  
4 

Warning: i t  w i l l  r e p l a c e  whatever t h e  c o n t e n t s  of 
\ 

i n i t i a t o r  5 were. 
J 

Various amounts of p r i n t e d  ou tpu t  can be obta ined  by ' 

' choosing t h e  a p p r o p r i a t e  sub-code word: 
'I 

, 

HEAD, only a smal l  summary of i n p u t  q u a n t i t i e s  i s  

given. 

TABLES, a summary of m a s s  y i e l d  f a c t o r s  as w e l l  
"a 

a s  range and width parameters  i s  p r i n t e d .  

WIDTH, a  d e t a i l e d  a n a l y s i s  of c o n t r i b u t i n g  f a c t o r s  

t o  t h e  t o t a l  width pf t h e  i n d i v i d u a l  d i s t r i b u t i o n s  

for given fragment mass. 



PLOT 

. .' 
DUMP 

% '  

PUNCH 

- - 

ALL, p r i n t s  a l l  t h e  above. 

RANGES, p a r t  0; a l l  of t h e  t r a c k  l e n g t h  (diameter)  - 

mass-energy t a b l e s  i s  pkin ted .  . ~. ,+ 

This  command w i l i  produce a  p r i n t - p l o t  .of mass d i s -  

t r i b u t i o n s  (sub-code MASS) o r  t r a c k  l eng th  (d iameter )  

d i s t r i b u t i o n s  (sub-code RANGE).  &y o r  a l l  of  the^ 
, 

f i v e  i n i t i a t o r s  can be p l o t t e d  a t  t h e  same time by 

switching' them on o r  o f f  a s  f o r  MCORFECT.. 

T h i s  w i l l  r e s u l t  i n  t h e  c o n t e n t s  of any ,or a l l  of 
+. 

a k 

tfie i n i t i a t o r s '  be ing  w r i t t e n  on a  d i s c  f i l e .  

- t h e  t r a c k  l e n g t h  (diameter)  d i s t r i b u t i o n s '  a r e  

w r i t t e n  o u t .  

W i l l  do  t h e  same opera t ion  as ~ U M P ,  except  t h ~ - -  

d i  t r i b u t i o n s  a r e  punched ou6 on ca rds .  7 1 

+The fdl lowing t h r e e  examples t o g e t h e r  wi th  Table A 5  should 
0 

e x p l a i n  t h e  use of t h e  command c a r d s  even f u r t h e r .  0' 

7 L 



+ 
Problem: You want 1 t o  o b t a i n  t r a c k  l e n g t h  d i s t r i b u t i o n s  

i n  mica f o r  t h e  system of 80 MeV a ' I s  + Te 

assuming a  mass d i s t r i b u t i o n  w i t h  a s i n g l e  
/ 4 I 

g a u s s i a n  wid th  of 30, 60 o r  100 m u  a t  a  

l a b o r a t p r y  a n g l e  of go0. Assume t h a t  t h e  

f i s s i o n  b a r r i e r  i s  50 MeV. 'b 

Cont ro l  c a r d s  neces sa ry :  

TITLE 4- 

EXAMPLE NO. 1 
INITIATEl 
ETOTAL f, .I THEORY 
ENBRGY SPHERES 
MAS S SINGLE 
MASS SINGLE 
MASS SINGLE 
MCORRECT 
RANGE MICA 
WIDTH TAIL 
SUM ' 
PLOT RANGE 
PRINT ALL 
STOP 

2 .  50 .  
t ' 



Example 2 

Problem: You want t o  determing t h e  s e n s i t i v i t y  o f  t h e  
J 

f i n v r a n g e  d i s t r i b u t i o n s  t o  t h e  magnitude of  
T 
'l i h e ' k a i l i n g  parameter .  Again t a k e  80 Mev a 's 

+--&and a  mass d i s t r i b u t i o n  w i t h  a s i n g l e  
/ 
gauss i an  wid th  of 6 0  .amu. 

b 

Cont ro l  c a r d s  necessary :  

- TITLE 
EXAMPLE NO. 2 

INITIATE 1 2 8 .  5 2 .  4 .  2. 5 0 .  
, ETOTAL THEORY 8 0 .  1 0 0 .  

1 rsZGay SPHERES 9 0 .  5. .1 
SINGLE 1. 

: 
60 .  

SINGLE 2 .  60 .  
MASS SINGLE 3. 6 0 .  
MASS SINGLE 4 .  6 0 .  
MASS SINGLE 5. 60. 
MCORRECT 
RANGE 
WIDTH 

* SUM 
WIDTH 
SUM 

r WIDTH 
SUM 
WIDTH 
23 UM 
WIDTH 
SUM 
PLOT 
PRINT 
STOP 

MICA 
TAIL 

TAIL 

TAIL - -  - 
TAIL 

RANGE 
ALL A 



: 
E x a m p l e  3 

P r o b l e m :  'You w a n t  t o  write on a ,d isc  f i l e  as w e l l  as 
3 -  * 

punch o u t  on cards the  t rack d i a m e t e r  d i s t r f -  

b u t i o n s  w h i c h  are ca lcu la ted  fo r  t h e  s y s t e m  80  . 
MeV a 's + T e  a t - labora tory  a n g l e  i n t e r v a l s  of 

20  degrees. A s s u m e  , a  s i n g l e  gaussian m a s s  -+ 
d i s t r i b u t i o n  with a w i d t h  of 40 a m u .  

, , 
C o n t r o l  cards necessary: 

T I T L E  
EXAMPLE NO. 3 

I N I T I A T E  
ETOTAL , THEORY 

- REP EAT START 
ENZRGY SPHERES 
MASS" S I N G L E  
MCORRECT 
RANGE MICA 
WIDTH T A I L  
SUM 
DUMP 

& 

PUNCH 
REPEAT RETURN 
REPEAT ANGLE 
REPEAT ANGLE 
REPEAT ANGLE 
REPEAT ANGLE 
RE$ EAT ANGLE 
REP EAT A N G ~ E  
REP EAT ANGLE 
S T O P  
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Appendix 

system of s c a t t e r i n g  chambers t o  t h e  $0 dimensidnal 
P 

coo,rdinate  s y s  tem of mica d e t e c t o r s .  

The t h r e e  dimensional coord ina te  system can be de f ined  by- t h e  

c a r t e s i a n  coord ina tes  x ,  y and z.  The o r i g i n  of  t h i s  sys.tem. 

i s  taken t o  be t h e  beam s p o t  on t h e  t a r g e t  ( i d e a l i z e d  as a 

p o i n t ) .  The x coord ina te  i s  perpendicular  t o  t h e  beam d i r e c t i o n  

i n  the  h o r i z o n t a l  p lane  of t h e  beam, y i s  measured a l s o n  t h e  

beam d i r e c t i o n  while  z fo l lows t h e  a x i s  of t h e  s c a t t e r i n g  cham- 

ber ( s e e  f i g u r e  A2.1) . The two dimensional coord ina te  e system 

(x' , ,  y' ) of t h e  mica s u r f a c e  i s  shown i n  f i g u r e  A 2 . 2 .  Its . :. 

ori,gin i s  taken t o  be t h e  p o i n t  a t  which t h e  y a x i s  i s  t h e  
/ > 

f i r s t  coord ina te  system i n t e r s e c t s  t h e  mica s u r f a c e .  The 

common p o i n t , B  i s  t h e  t i p  of t h e  cone of  which t h e  mica s u r f a c e  

i s  a  p a r t .  Under t h e  assumption t h a t  t h e \ t a r g e t  is proper ly  i 
centered.  i n  ' t he  s c a t t e r i n g  chamber, t h i s  p o i n t  w i l l  l i e  on t h e  

z-axis a s  'well ~ a s  on thb  y V - a x i s .  
* 

Defining t h e  d i s t a n c e  OA a s  d  .(where 0 i s  t h e  t a r g e t  s p o t )  s o  

9 t h a t  t h e  d i s t a n c e  BA = D y  d/cos , where i s  t h e  ang le  a t  
k 

which t h e  mica is  orieif ted wi th  r e s p e c t  t o  t h e  beam d i r e c t i o n ,  
/ 

and a l s o - d e f i n i n g  oc= x ' / ( y '  + DL where x '  and y' a r e  t h e  

c o o r d i p t e s  of a p o i n t  P i n  (xV ,yl) space,  The coord ina tes  of  
f 

w t e r c e p t  I ( x V , y )  of t h e  1,ine BP w i t h  t h e  c i r c l e  M a r e  

i given by: 
\ 





t I t  can b e  shown t h a t  t h e  two coord ina te  s y  terns a r e  then  

re l abed  by t h e  fo l lowing set of equat ions :  

x = b s i n  $ 
. \  

y = 9 cos $ 

4 'F z = a s i n  ,- 

a + D a r c t a n  a Z =  

Also t h e  angle  9 ( t h e  ang le  between l i n e s  OA and OP) a t  which 

t h e  fragment i s  emi t t ed  t o  a r r i v e  a t  p o i n t  P i s  g iven  by 

= a r c t a n  fh2 + x2 /yI 



Appendix 3 FISMAP - f  i s s ion-evapora&ion  c o m p e t i t i o n  program. 

,I. D e s c r i p t i o n  of  t h e  program 

The computer program FISMAP, w r i t t e n  i n  t h e  FORTRAN I V  l anguage ,  

i s  based on t h e  f o r m u l a t i o n  p r e s e n t e d  i n  chap,ter 5. Treatment  

o f  p a r t i c l e  e v a p o r a t i o n  i s ,  a t  leas t  i n  p r i n c i p l e ,  i d e n t i c a l  t o  

'the'method used i n  t h e  SFUSMAP program ( ~ u d  6 8 ) .  F i s s i o n  com- 

p e t i t i o n  i s  f o r  each  " n u c l e a r  s t a t e "  .of t h e  i . n i t i a l  

compound - I matrix.,, The s t e p  s i z e s  i n  t h i s  
r 

* m a t r i x  are 2  MeV and 2  u n i t s  o f  a n  6 l a r  momentum, w i t h  maximum 

v a l u e s  of  200 MeV and 1 0 0  H u n i t s - o f  a n g u l a r  momentum.. ( i .e .  

a m a t r i x  w i th  a maximum s i z e  o f  100 X 50) . The p r o b a b i l i t y  o f  

f i s s i o n  from each n u c l e a r  s t a t e  i s  summed w i t h  t h e  p r o b a b i l ' t y  - / 
of e m i t t i n g  a neu t ron ,  p r o t o n  and a l p h a  p a r t i c l e  from t h a t  s tate4 

and a l l  t h e s e  p r o b a b i l i t i e s  are t h e n  normal ized t o  t h e  popula- 

t i o n  of t h a t  s ta te .  The i n t e r m e d i a t e  o u t p u t  c o n s i s t s  of  t h e  

d i s t r i b u t i o n  i n  n u c l e a r  s ta tes  of  t h e  n e u t r o n ,  p r o t o n  and a l p h a  

p a r t i c r e  dau s w e l l  as t h e  d i s t r i b u t i o n  i n  n u c l e a r  states 
' I 

A of  t h e  r e s i d  e u s  ( i .e.  t h o s e  s tates from which p a r t i c l e  , , 

i 
I \  

', ' 

e v a p o r a t i o n  o r  f i s s i o n  i s  n o t  p o s s i b l e  because  of  energy  re- ' 

s t r i c t i o n s )  . The d i s t r i b u t i o n  i n  n u c l e a r  state; o f  t h o s e  n u c l e i  

t h a t  f i s s i o n e d  i s  a l s  s t o r e d  f o r  la ter  o u t p u t .  A f t e r  t h i s  f i r s t  . . ?  
f i r s t  c y c l e  i n  t h e  c a l c u l a t i o n ,  t h e  program u s e s  the o u t p u t  o f  

t h e  d i s t r i b u t i o n  i n  E and I of  t h e  neu t ron  daugh te r  as t h e  n e x t  

nuc leus  i n  t h e  d e - e x c i t a t i o n  c h a i n  and repeats t h e  above men- 

t i o n e d  c a l c u l a t i o n s .  I t  c o n t i n u e s  t o  r e p e a t  t h e s e  c a l c u l a t i o n s  



f o r  s u c e s s i v e  n e u t r o n  d a u g h t e r s  u n t i l  p a r t i c l e  e v a p o r a t i o n  and 

f i s s i o n  i s  no l o n g e r  p o s s i b l e  from any of t h e  n u c l e a r  s t a t e s  

of t h e  nuc l eus  under  c o n s i d e r a t i o n ,  o r ,  b n t i l  it h a s  reached  

a' g i v e n  maximum number of evapora t ed  n e u t r o n s ,  s p e c i f i e d  as 

i n p u t  f o r  t h e  c a l c u l a t i o n s .  The program w i l l  t h e n  s t a r t  t h i s  

c y c l e  a l l  over  a g a i n  f o r  t h e  p r o t o n  daugh te r  o f  th; i n i t i a l  

compound 'nuc l eus~  T h i s  sequence of c a l c u l a t i o n s  a s s u r e s  t h a t  a l l  

p o s s i b l e  c o n t r i b u t i o n s  t o  the d i s t r i b u t i o n  i n  n u c l e a r  s t a t e s  . . 
of a nuc leus  are added uh 6 e f o r e  decay of t h e  nuc leus .  i s  con- 

[ 

s i d e ~ e d  i n  t h e  c a l c u l a t i o n s .  

A v a s t  amount of  d a t a  is: needed b e f o r e  t h e s e  c a l c u l a t i o n  c a n  - 

be performed. I n v e r s e  r e a c t i o n  c ros s - sec t ions ,b ind in ,g  ene,r- 
1 

g i e s ,  f i s s i o n  b a r r i e r s  and l e v e l  d e n s i t y  parame ers 'are only 
t 

a  number of  t h e s e  pa rame te r s  which e n t e r  i n t o  t h e  main ca lcu-  

l a t i o n .  I n s t e a d  o f  e n t e r i n g  a l l  t h i s  i n f o r m a t i o n  as i n p u t  

d a t a  t o  t h e  program t h e s e  pa rame te r s  are c a l c u l a t e d  i n t e r n a l l y  

w i t h  a  number o f  o p t i o n s  be ing  s p e c i f i e d  t o  make ad jus tmen t s  

t o  t a k e  i n t o  account 'some e x p e r i m e n t a l l y  observed  e f f e c t s  a 

which are n o t  i n c  ded i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  Pro- P 
P 

v i s i o n s  have,  however, been made t o  e n t e r  a l l  t h e s e  d a t a  as 
s .  

i n p u t  t o  t h e  program. 

2, O r g a n i z a t i o n  of the progqam- 

The.program c o n s i s t s  of a main program and some 20 s u b r o u t i n e s .  

The main program per forms  t h e  bu lk  of  th; c a l c u l a t i o n s  w i t h  



t h e  a i d  of the  subrou t ines  BRANCH and FISSIO, which c a l c u l a t e  

t h e  p r o b a b i l i t y  of  p a r f 3 c l e  evapora t ion  and f i  from any 

nuc lea r  s t a t e  r e s p e c t i v e l y .  Of t h e  remaining 

t h r e e  a r e  used t o  a s s i s t  i n  t h e  handl ing of t h e  l a r g e  d a t a  
7 

s e t s ,  whi le  t h e  o t h e r s  c a l c u l a t e  t h e  i n p u t  parameters  f o r  t h e  

main c a l c u l a t i o n .  Fig.  A 3 . 1  shows i n  a schematic diagram t h e  

o rgan iza t ion  of t h e  program; 

The program i s  s t i l l  i n  a  r a t h e r  crude form %and could use a  
* 

cons iderable  amount of  f u r t h e r  op t imiza t ion  t o  reduce' both 

co re  requirements ( p r e s e n t l y  a s  much a s  6 4 0 ~  b y t e s )  and t h e  

execut ion time ( t y p i c a l l y '  hours of CPU t ime) . Core requi re-  

ments a r e  high because of t h e  generous use  of "Di rec t  Access 

F i l e s n  ( a  FORTRAN I V  f e a t u r e  w h i c h , w w s  t h e  random access  

of f i le / s  on d i r e c t  access  dev ices )  which r e q u i r e  l a r g e  amounts 

of b u f f e r  space.  The use  of t h e s e  f i l e s  does,  however, -reduce 

the  o v e r a l l  execut ion  t ime requirements  somewhat. The d i r e c t  

access  f i l e s  themselves t ake  up another  13 m i l l i o n  by tes  *of 

s t o r a g e  on e i t h e r  d i s k  o r  tape .  

3 .  Using t h e  FISMAP 

Input  d a t a  f o r  t h e  program can ( u s u a l l y )  be e n t e r e d  on no more 
O '  

than t h r e e  card$:  

CARD 1 t i t l e  c a r d  

format ( 2 0 A 4 )  

any 80 c h a r a c t e r s  can  be e n t e r e d  



figure A34 
--f" 

organization of the FISMAP program 



CARD 2 d a t a  ca rd  

format (8E10.3) 

columns name d e s c r i p t i o n  

AT t a r g e t  mass 

ZT t a r g e t  charge 

AP p r o j e c t i l e  mass , 

ZP p r o j e c t i l e  charge 

1- Q Q va lue  of t h e  r e a c t i o n .  I f  e r o  i s  

Q e n t e r e d  t h e  program w i l l  c a l c u l a t e  Q. 

51 - 60 ELAB-Laboratory K i n e t i c  energy of t h e  

p r o j e c t i l e  

6 1 -  70 W A N  r a t i o  of f i s s i o n  t o  p r o j e c t i l e  l e v e l  

d e n s i t y  parameters.  

CARD 3 op t ion  c o n t r o l  c a r d  

i format (4012) 
1 

t .  

columns name d e s c r i p t i o n  

1 -  2 I H B Z  number of  pro tons  t h a t  a r e  allowed t o  

be evaporated from t h e  compound nucle- 

us  (maximum 9 )  

3  - 4 I M B N  number of neut rons  t h a t  a r e  allowed t o  

be e v a p o r a t e d ~ f r o m  t h e  compound nucle- - 
- -  - - - - 

u s  (maximum 11) 

5 -  6 I T L  I f  l e f t  blank t h e  t r ansmiss ion  c o e f f i -  

c i e n t s  used f o r s c u l a t i n g  i n v e r s e  

cross s e c t i o n s  f re only  c a l c u l a t e d  f o r  



t h e  i n i t i a l  compound nucleus:  I f  shd  
t o  1, the t r a n s m i s s i o n  c o e f f i c i e n t s  

w i l l  be r e c a l c u l a t e d  f o r  each nuc leus  

i n  t h e  d e - e x c i t a t i o n  cha in .  d 
* 

IENTR If l e f t  b lank t h e  i n i t i a l  d i s t r i b u t i o n  

i n  angu la r  momentum of the compound 

nuc leus  i s  c a l c u l a t e d  u s i n g  a n  o p t i c a l  

mo$el code. I f  set  t o  1 the program 

w i l l  r e a d  i n  t h e  p a r t i a l  a b s o r p t i o n  

c r o s s ' s e c t i o n  f o r  each  L v a l u e  of t h e  

e n t r a n c e  channel .  (see o p t i o n a l  c a r d  6 )  
G 

I P A I R  If l e f t  b lank no p a i r i n g  energy co r rec -  

t i o n s  are made i n  c a l c u l a t i n g  t h e  l e v e l  

d e n s i t i e s .  I f  set  t o  1, a crude  ap- 

proximat ion i s  used t o  c a l c u l a t e  p a i r -  

i n g  e n e r g i e s  whixe i f  set  t o  2 ,  t h e  - 

program w i l l  r e a d  i n  p a i r i n g  e n e r g i e  

(see o p t i o n  c a r d  5 )  

IFISS If l e f t  b lank ,  t h e  compe t i t i on  from 

f i s s i o n  i n  the d e - e x c i t a t i o n  of the 

e x c i t e d  nuc leus  is  t aken  i n t o  account  

I f  set  to- --1, f i s s i o n  barrier pene- 

k r a t h n  and ref l e e t i o n  is a l s o  con- 

sidered, wh i l e  i f  set  t o  +1, f i s s i o n  

i s  assumed n o t  t o  compete 



I f  l e f t  blank,  t h e  b inding  e n e r g i e s  

which a r e  c a l c u l a t e d  from t h e  Myers 

and Swiatecki  mass formula inc lude  

' s h e l l  e f f e c t s .  I f  s e t  t o  1, no 

MMP 

A' 

IBARF 

IBIND 

such c o r r e c t i o n  is made 

I•’ l e f t  b lank,  p a i r i n g  e n e r g i e s  are A - - 

n o t  inc luded i n  t h e  b inding  energy 
.s 

c a l c u l a t i o n s .    or M M P = l ,  t h e  b inding  

e n e r g i e s  a r e  , a d j u s t e d  f o r  p a i r i n g  
/ 

e f f e c t s .  I n  t h i s  l a t t e r  c a s e  I P A I R  

is  au tomat ica l ly  se t  t o  1, u n l e s s  . 

IPAIR=2 was s p e c i f i e d  

I f  l e f t  blank t h a t  f i s s i o n  b a r i e r  

c a l c u l a t e d  from t h e  r o t a t i n g  l i q u i d  

drop model a r e  n o t  c o r r e c t e d  f o r  s h e l l  

e f f e c t s .  I f  se t  t o  1 t h i s  c o r r e c t i o n  ,.. 

i s  included.'  

I f  l e f t  blank t h e  b inding  e n e r g i e s  a r e  

c a l c u l a t e d  from t h e  Myers and Swiatecki  

mass formula. For I B I N D = l ,  t h e  program 

w i l l  r ead  i n  t h e  bind,ing e n e r g i e s  (see 
- - - - - - - 

& t i o n a l -  c a r d  4 )  . ~ & I B I N D = ~ ,  mass 

excess  va lues  are read  i n  from which 

binding e n e r g i e s  are c a l c u l a t e d  (see 

o p t i o n a l  c a r d  4 )  



O p t i o n a l  c a r d s  

CARDS 4 Binding e n e r g i e s ,  ( I B I N D = l )  

CARDS 6 

fo rmat  (3F10.4) 

The n e y t r o n ,  p r o t o n  and a l p h a  p a r t i c l e  b i n d i n g  e n e r g i e s .  

( i n  MeV) a r e  e n t e r e d ' o f  a l l  n u c l e i  i n  t h e  IHBZ X I H B N  
, 

mat r ix .  

Mass e x c e s s  v a l u e s  (IBIND=2) 

format  (6F10.4) 

The mass e x c e s s  v a l u e s  ( i n  MeV) of  t h e  n u c l e i  i n  t h e  
E 

( IHBZ+~) .  X (IHBN+2) m a t r i x  .are r e a d  i n  

\ 
P a i r i n g  energy  c o r r e c t i o n s  ( I P A I R = ~ )  

\\ 

format ( l l F 5 . 2 )  

P a i r i n g  energy  c o r r e c t i o n  v a l u e s  ( i n  MeV) a r e  e n t e r e d  
I 
I 

\{or a l l  n u c l e i .  

En t r ance  channe l  d a t a  (IENTR=l) 

fo rmat  (5E10.3) 

P a r t i a l  a b s o r p t i o n  c r o s s  s e c t i o n  v a l u e s  ( i n  mB) are 

e n t e r e d  s t a r t i n g  w i t h  t h e  v a l u e  f o r  L=O. The l a s t  

t h i s  means i n s e r t i n g  v a l u e  s h o u l d  b e  z e r o ,  even i f  

a b lank  c a r d .  

Output  of t h e  program c o n s i s t  mainly  o f t h e  y i e l d  o f  a l l  evap- 

o r a t i o n  p r o d u c t s  ( i n  mB) i n  t h e  s p e c i f i e d  I H B Z  X I H B N  m a t r i x  

as w e l l  as  t h e  y i e l d  of  t h o s e  n u c l e i  t h a t  f i s s i o n e d  w i t h i n  t h e  

l i m i t s  of t h a t  same m a t r i x .  A l s o  g iven  are the d i s t r i b u t i o n  



i n  e x c i t a t i o n  energy  and a n g u l a r  momentum of a l l  e v a p o r a t i o n  

, p r o d u c t s  as, w e l l  a s  the , f i s s i o n  ng n u c l e i .  /. ., 
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