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Fission Fragment Angular Distribution in Proton-Induced Fission of 2°9Bi. 

E. G,~DIOLI, I. IORI. N. MOLHO and  L. ZlgTTA 

Is t i tu to  di F i s ica  del l 'Unicersi td  - Mila~w 

Is t i tuto  Xaz ionale  di F is ica  Xucleare  - Sezione di M i l a l w  

( r icevuto  il 18 N o v c m b r e  1969) 

W e  h a v e  measu red  t he  angu la r  d i s t r i b u t i o n  of fission f r a g m e n t s  a t  t en  p r o t o n  energies  
be tween  30.6 a n d  44.5 MeV. 

The  e x p e r i m e n t  has  been  done  w i th  the  e x t e r n a l  p r o t o n  b e a m  of t he  AVF cyc lo t ron  
of the  Milan U n i v e r s i t y  (1). The  p r o t o n  b e a m  is co l l imated  and  focused on t he  t a r g e t  
a t  t he  cen te r  of a 60 cm d i a m e t e r  s c a t t e r i n g  c h a m b e r  in a spot  of less t h a n  7 m m  d iamete r .  
The  p r o t o n  c u r r e n t  oil t he  t a rge t ,  v a r y i n g  f rom a b o u t  80 to 300 nA,  is col lected in a 
F a r a d a y  cup a n d  fed to an  i n t eg ra to r .  T he  b e a m  ene rgy  is deduced  f ronl  the  pos i t ion  
of t he  s t r i p p i n g  t a r g e t  in t h e  cyc lo t ron .  Th i s  m e thod ,  usual ly  e m p l o y e d  for s impl ic i ty ,  
has  been  checked  w i th  t he  cross-over  t echn ique .  The  abso lu te  va lue  is g iven  w i t h i n  

200 keV a n d  the  re la t ive  va lue  w i t h i n  ± 100 keV. 
The  fission f r a g m e n t s  are de tec ted  w i th  so l id-s ta te  coun te r s  0 r t e e  7901 of 100 m m  2 

sens i t ive  a rea  and  60 ~m dep th .  
Two de tec to r s  are used:  one is set  a t  90 ° wi th  respect  to the  i n c i d e n t  b e a m  a n d  

s u b t e n d s  a solid angle  of 1.5- l0  -2 s t e r ad iuns  wi th  an  angu la r  reso lu t ion  of a b o u t  ~: 4 °. 
D u r i n g  t he  m e a s u r e m e n t  th i s  de t ec to r  is used as a reference  moni to r .  The  second de t ec to r  
can  be r o t a t e d  a r o u n d  the  axis  of the  s c a t t e r i n g  c h a m b e r  f rom 15 ° to 170 ° in  t he  labor-  
a t o r y  sys t em:  t he  solid angle  is 4 .9 .10  -a s t e r ad i ans  a n d  the  angu l a r  reso lu t ion  ~ 2.3 °. 

The  ~°gBi t a rge t s  (suppl ied by  CBNM Eura tom-Gee l ) ,  295.6 ~g/em 2 th ick ,  are  evapo-  
r a t e d  on 22 p.g/enl 2 Vyns  backings .  The  u n i f o r m i t y  a n d  th ickness  are  g iven  w i t h i n  5~o. 

The  e lec t ronic  sys tem is conven t i ona l  ; t h e  pulses f rom t h e  two de tec to r s  are  ampl i f ied  
and  fed in to  a 2 × 512 channe l  ana lyser .  T he  fission f r a g m e n t  ene rgy  spec t r a  are d i r ec t ly  
i n t e g r a t e d  w i th  coun t ing  scales. 

The  l a b o r a t o r y  sys t em c o u n t i n g  ra tes  and  angles are  c o n v e r t e d  to t he  e.m. sys t em 
as suming  f r a g m e n t  masses  co r r e spond ing  to s y m m e t r i c  fission. The  Q-value is e v a l u a t e d  
f rom Q = (E~:)--(E~.¢)  .... and  t he  ave rage  f r a g m e n t  k ine t ic  ene rgy  (Ek}  is e s t i m a t e d  
w i th  the  f o r m u l a  (Ek} = (0.0171 Z e / A ½ - - 2 2 . 2 ) 3 I e V ,  where  Z a n d  A are t he  a t o m i c  
and  mass  n u m b e r s  of t he  c o m p o u n d  nuc leus  (2). The  ca lcu la ted  value ,  equa l  to  

(1) 5I. C.4,STIOLtox[, G. Durro, M. Fols, F. RES.~IINI, G. STRINI, C SuccI and G TAGLI.~FERRI: 
Nuovo Cimento, 41 B, 244 (1966). 

(2) N. E. VIOLX jr.: Nu, cl. Data,, 1, 391 (1966). 
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Fig .  1. - Cen te r -o f -mass  a n g u l a r  d i s t r i bu t i ons  of  fission f r a g m e n t s  in  p r o t o n - i n d u c e d  fission of Z°eBi 
for  energies  b e t w e e n  30.6 a n d  44.51KEY. The  sol id l ines  a r e  t h e  l ea s t - squa res  fit  to  t h e  exper i  o 
m e n t a l  r e su l t s  (see t ex t ) .  On ly  t h e  s t a t i s t i c a l  e r ro rs  a r e  shown ,  a)  Ep = 30.61KeV, b) E v = 32.7 1KEY, 
c) E p f 3 4 . 6 M e V ,  d) E p = 3 5 . 5 M e V ,  e) E p = 3 6 . 8 M o V ,  J) E p = 3 8 . 1 M e V ,  g) E p = 3 9 . S M e V ,  h) E p =  

ffi 4 0 . 8  M e V ,  i )  E p  = 4 2 . 0 5  MeV, ]) Ep = 4 4 . 5  M e V ;  o b a c k w a r d  ang l e ,  • f o r w a r d  ang le .  
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Fig. 2, - Proton-induced fission cross-sections of 
2°*Bi as a function of I)roton energy: o lXO1)IIAI- 

J O O P A R t .  • o u r  da t .~ ,  

149.3MeV,  is in r a t h e r  good a g r e e m e n t  
wi th  t he  m e a s u r e d  one of 147 MeV o b t a i n e d  
ca l i b r a t i ng  the  de t ee to r  ene rgy  scale w i t h  
a 252Cf source (a). 

In Fig. 1 the  measu red  a n i s o t r o p y  
1V,=p(0) = a(O)/a(90) is shown as a f u n c t i o n  
of 0 .... . Due  to the  s y m m e t r y  of the  an- 
~ular  d i s t r i b u t i o n s  w i t h  respect  to  90 °. t he  
da t a  at  fo rward  angles are r epo r t ed  a t  the  
co r r e spond ing  b a c k w a r d  angles.  The  g iven  
er rors  are pure ly  s ta t i s t ica l .  In  Fig. 2 are 
repor ted ,  as a func t ion  of the  p r o t o n  energy .  
the  cross-sect ions  e v a l u a t e d  i n t e g r a t i n g  the  
best-f i t  t heo re t i ca l  an i so t rop ies  W(0) (see 
the  following).  The  values  m e a s u r e d  by  
JOOPARI (~). w i th  the  iniea t echn ique ,  are 
also shown.  The  a o r e e m e n t  b e t w e e n  the  ex- 
p e r i m e n t a l  resul ts  is qui te  good,  while  o thc r  
values  (~). o b t a i n e d  wi th  r ad iochemica l  tech-  
niques,  are smaller .  In  the  t h e o r y  of nuc lea r  
fission, first deve loped  by  J3oIIR (6), t he  fis- 
s ionin~ nucleus,  a t  saddle  poin t ,  is charac-  
te r ized  by  the  q u a n t u m  n u m b e r s  I ( to ta l  
an~u la r  m o m e n t m n ) ,  M (pro jec t ion  of / 
on a q u a n t i z a t i o n  axis  a s sumed  co inc iden t  
wi th  the  d i rec t ion  of the  i n c i d e n t  beam)  

and  K (projec t ion  of I on the  nuc lea r  s y m m e t r y  axis).  Fo r  a Gauss ian  K d i s t r i b u t i o n  
/(K) ~: exp [ K22Ko].  t he  exac t  express ion  of the  angu la r  d i s t r i b u t i o n  is g iven  (7) by  
the  fol towin~ fo rmula :  

(l)  W(O) oc 
I = 0  M=--Sm~:LL=O 

~__ !2L - l) T z ' (SLMO! I3 I ) !  2 i(Ioil,(3f - -  p ) l S M } p  . 
co 

s=Iz0-~I /,=-I. ~ (2L + 1) 7' z 
L=0  

• K = - z  (2 I~  l)id~zK(O)i'~exp 2 K -  zexp  ~ . 
k o A R K = - -  L " o J j  

where I o, i. ,~' are t a rge t ,  pro jec t i le  and  c h a n n e l  spins  r e spec t ive ly ;  d~K(O) is t he  sym- 
met r ica l  top  wave func t ion  (s). Tz are t r an s m i s s ion  coefficients. 

The  analys is  of the  e x p e r i m e n t a l  lV~p(0) pe r m i t s  to eva lua t e  t he  Koe-values; however ,  

(") H .  W .  SCIt~IITT,  %V. ~[ .  ( ] IBSON,  J .  I { .  N E I L E R ,  F .  J .  %VALTER a n d  T .  D .  THOMAS:  Phys ics  and 
Chemislry  o/ F iss ion ,  v o l .  1 ( V i e n n a ,  1 9 6 5 ) ,  p .  3 3 1 .  

(4) A .  t ~ I I O D A I - J O O P A R I :  T h e s i s  U i % C L  1 6 ~ 8 9  ( 1 9 6 6 ) ,  u n p u b l i s h e d .  

(~) T .  T .  SUGIHARX, J .  R O E S S I E R  a n d  Y. XV. ) IE_tDOWS j r . :  Phys .  Rev . ,  1 2 1 ,  1 1 7 9  ( 1 9 6 1 ) .  

(~) 3_. B O S R :  Proceedi t~s  o/ the Internat ional  Con/erence on the Peace/tel Uses o/ A tomic  Energy,  
Genera, 1 9 5 5 ,  v o l .  2 ( N e w  Y o r k ,  1 9 5 6 ) ,  p .  1 5 1 .  

(7) j .  R .  IXUrZE.~-GA, A .  N .  /dEHKA.~I  t%nd L .  G .  M O R E T T O :  Phys .  R e v . ,  177, 1 8 2 6  ( 1 9 6 9 ) .  

(8) j .  A .  %VHEELER:  Channel  analys is  o/ / iss ion,  i n  Fas t -Neutron  Phys ics ,  v o l .  2 ,  e d i t e d  b y  J .  B .  
.~IARIO.~ * a n d  J .  A .  F O W L E R  (New Y o r k ,  1 9 6 3 ) ,  p .  2 0 5 1 .  
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given the complexity of formula (1), that ,  when the number of contr ibut ing L-values 
is large, requires very long computing time, approximate  expressions are usually 
introduced. An expansion of formula (1) in powers of fl = 1/2K~ is possible when the 
anisotropy is small. The relevant parameter  is 

C = ¼ flLK(LI + 2) , 

where L,, = x /2TL~ and <L2> iS given by 

(2) 
(2L + 1) T~L 2 

<L2> = L 

In the considered cases where C ~ 0 . 3  and the transmission coefficients (calculated 
with the optical-model parameters  reported in Table I) depend very l i t t le  on the 
spin-orbit  interaction,  W(O) is well approximated  by the following expression (9): 

(3) 4ztW(0) oc ( 2 L +  1)T z " ~ ( 2 L +  1)T L 1 +  I lL(L+ 1) [3 cos z 0 - 1 ] +  
J Z 

1 
+ 2160 fl~ [69L2(L + 1)3 -+- 80L(L + 1)(Io(I o + 1) + i(i -4- 1)) - -  189L(L + 1)] - -  

1 

72 
_ __ f12 cos ~ 0[ 15L2(L -+- 1) 3 + 8L(L + 1)(/o(iro + 1) + i(i ~- 1)) - -  36L(L A- 1)] A- 

+ - -  cos 40[3L2(L + 1)2-- 6L(L -{- 1)] . 
16 

TABLE I .  - -  Optical.model parameters /or p+2~gBi. The optical-model potent ia l  used in 
the calculations of the transmission coefficient is u(r)= Vc(r ) + ( V +  cE){1 + eX)-x+ 
+ i (W + e'E)(1 + e~')-I + ~ Vs(1/r)(d/dr)(1 ÷ e~)-xa × e, where E is the proton energy, 
Vo(r) is the Coulomb potent ial  due to an uniformly charged sphere of radius B and 

x = (r--roAi) /a , x '=  (r--roAt)/a' .  

I V  W V s ~ ~, r o r o a a '  (R¢)fm 
(MeV) (MeV) (MeV) ~ ~ (fm) (fm) (fro) ] (fm) 

. . . . . . . . . .  / 

I - 5 9  1 - 9 1  - 6 . 6  10 .2  / 0.05 I 1.20 [ 1.428 I 0.65 / 0.702 [ 1.20 l 

The experimental  da ta  have been fi t ted with (3) using as free parameters  fl and a 
normalization constant. The Curves in Fig. 1 are the results of the calculation. The K~ 
s tandard deviation has been evaluated from the Standard deviation characterizing the 

(~) J .  J .  GRIFFIN.' Phys. Rev., 127, 1248 (1962).  
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a p p r o x i m a t e  fl-value o b t a i n e d  by min imiz ing  

(4) z-' = 

neglec t ing  second-orde r  t e r m s  in ft. 
This  p rocedure  alh)ws to e s t ima te  the  K~ s t a n d a r d  dev ia t ion ,  due to the  experL  

m e n t a l  e r ro rs  on the  values  W~D(0,). w i th in  10°~). The  s y s t e m a t i c  e r rors  t h a t  de r ive  
f rom the  use of (3) can be e v a h t a t e d  b y  means  of the  exac t  express ion  (1). This  p rocedu re  
suggests  t h a t  the  Ko 2 o b t a i n e d  wi th  fo rmula  (3) have  to be lowered by  a b o u t  two un i t s .  

In Fig. 3 the  vahles  of Ko 2 are r epo r t ed  wi th  those  o b t a i n e d  f rom the  r eac t ion  
20q)b(:< f) (io). The  good a g r e e m e n t  be tween  the  var ious  da t a  shows t h a t .  to  a good 

60 ~- 

i 

L 

p 

20~ 
i 
l 

15 

25  '--~ 30 

.{ 
.{ 

i l  

* }  

{ 

T { 

I ; i i L i i l l l l _ i l l l _ _ L i l l l l ] l l  
20 25 30 35 0 45 

E(MeV) j 
i l i . . _ _ ~ l l l ] ; i ~ i i l l l l l l l l l L l l  

35 45 50 55 
(MeV) 

Fig. 3. - Ene rgy  dependence  of the  an i so t ropy  p a r a m e t e r  K~o for the  fission nucleus 2'°Po: o g+2061, b 
• p +~o0Bi. 

a p p r o x i m a t i o n ,  the  angu la r  d i s t r i b u t i o n s  of fission f r agmen t s ,  for the  same c o m p o u n d  
nucleus  and  the  same exc i t a t ion  energy ,  are cha rac t e r i zed  b y  the  same K~ i n d e p e n d e n t  
of t he  e n t r a n c e  channe l  of t he  fission process.  A more  de ta i l ed  ana lys i s  of these  and  
o t h e r  resu l t s  is in progress .  

T h a n k s  are due to Dr. F. Foss: tTI  ( I s t i t u to  di F i d c a  d l . l l 'Univcrs i th ,  l)~vi~) for  
the  252Cf source and  to Prof .  G. TA(~LIAFERlgI for  his con t imlons  in te res t .  

(,01 L. Cl. 3[ORETTO, R. C. (]ATTI, ~. ({. THOMPSON, J .  I{. HUIZENGA alld J.  O. I:{AS1~IUSSEN: Phys. 
Rev., 178, 1515 (1969). 


