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ABSTRACT 

A semi-empirical equation f o r  f i s s i on  threshold has been extended t o  

include the  e f f ec t s  of unpaired nucleons on the r a t e  of spontaneous f i s s ion .  

226 ~ h ~ ~ ~ ,  end U236 have Exci ta t ion functions fo r  the  (a,4n) reactions of Ra , 
been measured. These r e s u l t s  and reported cross sections f o r  other (a,kn) 

react ions  i n  the heaviest  elements have been analyzed i n  terms of f i s s i on  and 

neutron-emission competition t o  obta in  mean values of / Pf These mean 

values of f n /  r, have been cor re la ted  with neutron binding energies and 

f i s s i o n  thresholds. 

* ' 
This work was performed under the  auspices of the U. S .  Atomic Energy Com- 

mission. It i s  based i n  pa r t  on work done by Robert Vandenbosch i n  p a r t i a l  

fu l f i l lment  of the requirements fo r  the Ph.D. degree at the  Universi ty of 

Cal i fornia .  

'Present address : Argonne National Laboratory, k m m t ,  I l l i n o i s .  



SOME CONSIDERATIONS ON THE PROBABILITY OF NUCUAR FISSION 

I. INTRODUCTION 

I n  t h e i r  o r i g i n a l  considerations of the f i s s i o n  process employing t he  
1 

l iqu id  drop model, Bohr and Wheeler showed the po t en t i a l  importance of a f i s -  
2 

s i onab i l i t y  parameter Z /A which represents the r a t i o  of the nuclear Coulomb 

repulsive energy t o  the  s t ab i l i z i ng  nuclear surface energy. This parameter 

has been used t o  designate the  r e l a t i ve  ..tendency of d i f fe ren t  heavy 

nucle i  f o r  thermal-neutron-induced f i s s i on ,  293 

The p robab i l i t i e s  f o r  f i s s i on  deduced from f a s t  neutron (3-5 ~ e v )  f i s -  
2 4,5 sion cross sections have been corre la ted with Z /A and a l so  with the d i f  - . 

6 
ference between the  f i s s i o n  threshold and neutron binding energy. Huizenga, 

Gindler , and Duff i e l d  cor re la ted  the r e l a t i v e  photofission yie lds  (-15 ~ e v )  of 

7 ~ 8  I n  the  present  paper we s h a l l  invest igate  d i f fe ren t  nucle i  with Z /A. 

fu r the r  the a p p l i c a b i l i t y  of t h i s  parameter t o  the  descr ip t ion of the  r e l a t i v e  

p robab i l i ty  f o r  f i s s i o n  of various nucle i  i n  the intermediate energy range up 

t o  about 50 Mev, 

The t o t a l  f i s s i o n  cross section f o r  the reac t ion  of charged p a r t i c l e s  

with heavy elements i s  not  a very sens i t ive  measure of the r e l a t i v e  f i s s i o n -  

a b i l i t y  of d i f f e r en t  nuclides,  a s  the f i s s i o n  cross  sect ion usual ly  accounts 

fo r  more than 80% of the t o t a l  react ion cross sec t ion  and does not vary much 

from nuclide t o  However, the e f f e c t  of f i s s i on  competition on 

spa l l a t ion  react ions ,  p a r t i c u l a r l y  those occuring by compound nucleus mecha- 

nisms, i s  qui te  a s ens i t i ve  measure of f i s s i ~ n a b i l i t ~ . ~  The (a,4n) reac t ion  

i s  pa r t i cu l a r l y  s ens i t i ve  t o  f i s s i on  competition as f i s s i o n  has had four  

chances t o  compete with neutron emission &:a?g t h e  evaporation chain. It i s  

a l so  qui te  l i k e l y  t h a t  the  (a,hn) r e a c t i m  proceeds almost exclus ively  through 

a compound nucleus mechanf s m .  For th.ese reasons the  (a,4n) react ion was chosen 
2 

t o  invest igate  the  a p p l i c a b i l i t y  of the  parameter Z /A t o  f i s s i o n  competition 

i n  the heavy elements a t  moderate exc i t a t ion  energy. I n  addit ion t o  making 

a l i t e r a t u r e  survey of measured (a,4n) exc i t a t ion  functions of f i s s ionab le  

elements, a  few isotopes  were chosen f o r  add i t iona l  study. These experiments 

are described b r i e f l y  i n  Section 11, and a discussion of th.e r e s u l t s  i n  terms 

of these considerat ions follows i n  Section 111. 11 
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I n  connection with t h i s  descr ip t ion a s  well as  i n  connection with the  

desc r ip t ion  of o the r  r e s u l t s  obtained i n  our general program of inves t igat ion 

of s p a l l a t i o n - f i s s i o n  competition i n  t h e  heaviest  elements1' values fo r  t h e  

f i s s i o n  energet ic  thresholds f o r  t h e  various nuclei  have been needed, A 

number of methods f o r  ca lcu la t ing  f i s s i o n  t b e s h o l d s  a r e  a ,vai lable  3,12313 and 

one of t h e  simplest3 i s  based on a comparison with the  spontaneous f i s s i o n  

decay r a t e s  f o r  even-even nucl ides ,  The app l icab i l i ty  of t h i s  method of 

, c a l c u l a t i n g  f i s s i o n  thresholds i s  f u r t h e r  extended in Section A of t h i s  paper 

where t h e  e f f e c t s  of d i f f e r e n t  nucleal- types a r e  considered and a concept of 

a c t i v a t i o n  energy f o r  f i s s i o n  i s  discussed,  

A ,  Activat ion Energy f o r  Fission 

It has been shown t h a t  spontaneous f i s s i o n  l i f e t i m e s  f o r  even-even 
2 14-16 

nuclides have an exponential dependence on t h e  parameter Z /A, 

Several  years  ago a semi-empirical equation17 f o r  t h e  f i s s i o n  b a r r i e r ,  Eb:, Was 

derived from an empirical  equation f o r  observed spontaneous f i s s i o n  l i f e t imes  

and from t h e o r e t i c a l  considerat ions on t h e  b a r r i e r  penet ra t ion  probabi l i ty  f o r  

spontaneous f i s s i o n .  It was assumed that  t b e  form of an equation given by 

Frankel and Metropolis,12 T = x 10 7'85 seconds, governing t h e  dependence 

of spontaneous f i s s i o n  hal f  l i f e  on t h e  f i s s i o n  b a r r i e r  i s  approximately 

cor rec t .  This l e d  t o  the  expression % = (19.0 - 0.36 z'/A) Mev. This i s  

appl icable  only t o  intermediate compound nucle i  of t h e  even-even type n because 
I 

t h e  r e l a t i o n s h i p  between observed spontaneous f i s s i o n  l i f e t i m e s  and Z /A 

app l ies  only t o  t h i s  nuclear type. Even-odd and odd-even nucl ides  a r e  

re ta rded  i n  t h e i r  r a t e  of spontan.eous f i s s i o n  decay by an average fac to r  of 
3 about 1 0  , and t h e  decay r a t e s  of odd-odd nuclides a r e  re ta rded  by a fac to r  of  
5 -21x1,7. 85 rn about 10 . The equation given by Franhel and ~ e t r o ~ o l i s , "  T = 1 0  

seconds, p r e d i c t s  t h a t  each f a c t o r  of t e n  increase i n  h a l f  l i f e  corresponds t o  

an inc rease  of about 0.13 Mev i n  b a r r i e r  height ,  This i s  cons i s t en t  with t h e  

f i s s i o n  l i f e t i m e s  of u~~~ i n  i t s  ground - ,  s t a t e  and a t  t h e  f i s s i o n  threshold. 

Assuming a f i s s i o n  1ifetiil.e of about lomL4 seconds a t  t h e  observed photofissiarl 

threshold  of 5 .1  Mev, t h e  l i f e t i m e  of u~~~ excited t o  5 . 1  Mev i s  approxi- 

mately times shor te r  than t h e  f i s s i o n  l i f e t ime  of u~~~ i n  i t s  ground s t a t e ,  



16 
which has a spontaneous f i s s i o n  half" l i f e  of about 10 years. This corre-  

sponds t o  0.136 Mev change i n  bar r ig r  height f o r  each fac tor  of ten  change i n  

f i s s i on  l i fe t ime ,  i n  s a t i s f ac to ry  agreement with the  value predicted by the 

equation of Frankel and Metropolis. Use of t h e i r  predicted value indicates  

t h a t  f i s s i o n  ba r r i e r s  f o r  even-odd and odd-even nuclides are higher than even- 

even nuclides by about 0 .4  Mev, and fo r  odd-odd nuclides are higher by about 

0.7 Mev. Thus, the re la t ionsh ip  becomes 

(1) % = ( l g 0 0  + 0.36 Z'/A + E )  Mev 

where E = 0 fo r  even-even nuclides, E = 0 , 4  f o r  even-odd and odd-even nuclides 

and E = 0.7 fo r  odd-odd nuclides,  

Due t o  the barrfer-penetra t ion nature of the  f i s s i o n  process, induced 

f i s s i on  w i l l  be observed a t  tne point below the  b a r r i e r  where the time fo r  

f i s s i on  becomes comparable with the time f o r  gamma emission, i , e . ,  i n  a time 
-14 

of about 10 seconds. The required energy of act ivat ion,  Ea, w i l l  be l e s s  
- 2 1  

than the  ba r r i e r  height,  E which represents a f i s s i on  time of some 10 
b ' 

seconds. Thus, i f  we again use the re la t ionsh ip  t ha t  each factor  of t en  i n  

r a t e  corresponds t o  some 0.13 Mev of energy, it follows t h a t  E i s ,  i n  general,  a' 
some 0.9 Mev l e s s  than E . 

b 
The energy difference B (neutron binding energy) minus E (ca lcu la ted)  a 

has been tabulated i n  Table I, and the cor re la t ion  with slow-neutron f i s s i on  

i s  surpr is ingly  good. The nuclides which show a posi t ive  energy difference 

have a f i s s i o n  cross sec t ion  greater  than ab0u.t one barn, and the nuclides wi th  

a negative (B, minus E ) energy difference have f i s s i on  cross sections below a 
t h i s  a r b i t r a r y  l i n e  of demarcation f o r  slow-neutron f iss ionable  nuclides. 

When the value of E exceeds the  neutron binding energy, B, , leading t o  a a 
negative value fo r  ( B  minus E ) i n  Table I, t h i s  should be equal t o  the 

a 
neutron threshold f o r  f i s s i o n ,  From the t a b l e ,  the  following nuclides should - 

have the  indicated thresholds  f o r  neutron-induced f i s s ion :  ~h~~~ (0 .9  ~ e v )  , 
paZ3' (0.4 Mev), U234 (0 .3  ~ e v ) ,  U236 (0.3 Mev), (0.9 Mev), and Np 237 

(0.3 ~ e v ) .  Fission thresholds are not sharp due t o  the bar r ie r  penetrat ion 

nature of the  f i s s i on  process and therefore experimentally determined thresholds 

depend somewhat on the  s e n s i t i v i t y  of the measuring technique. The following 

thresholds have been experimentally determined: l8 P L ~ ~ ~  (1.1 Mev) , Pa 231 



Table I. Correlation of slow neutron f i s s i onab i l i t y  w i t h  ac t ivat ion energy 
fo r  f i s s i on  and corresponding neutron binding energy. 

3C ** *** 
E Slow Source of  Slow 

Eb a B, Rx-Ea Neutron Neutron F is -  Nuclide 
( Mev ) ( ~ e v  ) ( ~ e v  ) ( ~ 4  Fission=,, s ion Cross 

a b i l i t y  Sect iona 

b05 -1.7 
4.8 -1.5 

5 00 -1.3 

7.1 1 .8  

5.4 -O,4 

607 1.3 

5 00 -0.9 

5.3- -0.9 
1 +on 5 

4,6 -1.5 

6 . 8  1 , 2  

5 -5  -0.4 

6.7 1.0 

5.2 -0.9 

5.9 0.6 

7.3 203 
5.9 0 0 5  

1.7 
5.2 -003 
6 , 4  1 , 2  

5.3 -0.3 
4 ,8  -0,g 

5.9 0 0 5 
6.8  1.7 
6 .8  0.5 

5.4 -0.3 
6.2 0.7 

5.1 -0.7 
( continued) 



Table I. (continued) 

E+++ B * ~  Slow Source of Slow B -E 
a a n a Neutron Neutron F i s -  Nuel i de 

( Bkv > ( Mev) ( M ~ v )  Fission- sion C r p s  
a b i l i t y  Section 

pu236 6,O 5.1. 6 ,1  lo@ + b 

,254 
5.5 4.6 5.8 1 , ~  + f 

X 
Poten t ia l  b a r r i e r  f o r  f i s s ion ,  

%++ 
Activation energy f o r  f i s s i on .  

N e u t r o ~  binding energy f3r nuclide w l t k  mass number A I- 1, 
WE+ 

The + denotes cross section f o r  f i s s ion  i s  greater  than about 1 barn. 

The - denotes cross section fo r  f i s s i on  i s  l e s s  than about l bare. 
a 

ExcepL when noted otherwise a l l  of t he  cross  sections were taken from 
the  compilations of Ref, 18 or  Huizenga,, Manning, and Seaborg, The - 
Act,i.nld.e Elements, ed-ited by G ,  T. Seaborg and J. Jo Katz, ( M ~ G ~ ~ W - H I I ~  
Book Cc, Inc ,  , New Yoi-k, 1954) Chap. 20, National Nuclear Energy Sei-ies, 
Vol. l4A, Div, IT, p. 839. 

b 
J. R, Huizenga, pr ivate  commuaication (1957). 

C 
Hulet, Bowman, Miehel and, Hoff, Phys, Rev, - 102, 1621 (1956). 

d W. C, Bentley -- e t  a l . ,  Proceedings of t he  Internat ional  Conference on t h e  
Peaceful Uses of Atomic Energy, Geneva,, 1955 ( ~ ~ i t e d  Nations; New York, 
1956) v d ,  7 ,  p a  261, 

e Hulet, Hoff, Bornan and Michel, Phys. Rev. -. 107, 1294 (1957). 
f So  G. Thompson -- et a l . ,  unpublished r e s u l t s ,  1955. 



237 (0.4 ~ e v ) ,  U234 (0 .3  ~ e v )  , U236 (0.6 ~ e v )  , U238 ( 0 . 9  ~ e v ) ,  and Np (Oa3 MS-,~> 

It can be seen t h a t  the agreement between the predicted and the  experimentally 

determined threshold values i s  good. 

Recently a method f o r  exc i t ing  nuclei  t o  l e s s  than the  neutron binding 

energy by the (d ,p)  react ion has been developed t o  measure f i s s i o n  thresholds. 19 

The f i s s i o n  threshold  i s  obtained by measuring the energy spectrum of protons 

i n  coincidence with f i s s i on  events induced by deuterons of known energy. Pre- 

l iminary resultsi lo indicate  t h a t  u~~~ undergoes f i s s i o n  a t  an exc i t a t ion  energy 

of about 1 .2  Mev below tha.t gfven t o  it by an added slow neutron, i n  good 

agreement with the  predicted value of 1.2 Mev suggested by Tabk  I ,  

The E values ca lcula ted from an equation using a s t r a i g h t  l i n e  de- 
a 2 

pendence of spontaneous f i s s i o n  ha l f  l i ve s  on Z /A can be only appro ~ ima te  a t  

be s t ,  because the  r a t e  f o r  t h i s  process depends on more compliczte3. fac tors  
2 2 

than jus t  a dependence on Z /A, Although the parameter Z /A accounts f o r  the 

general  t rend of spontaneous f i s s i o n  l i fe t imes ,  it has been pointed out t h a t  

f o r  a given value of Z the  ha l f  l i f e  goes through a maximum a s  A va r ies ,  
2 1 

I n  addi t ion it has been noted t h a t  there  i s  en increase i n  the  spontaneous 

f i s s i o n  r a t e  f o r  nuclides with more than 152 neutrons, 22 Swiatecki 13,23 has 

2 
successful ly  r e l a t e d  these deviat ions from a simple Z /A ca lcu la t ion  by 

considering the energy difference between a smooth saddle point  energy surface 

( a s  a function of Z and N )  and the ac tua l  experimental ground s t a t e  masses, 
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ExePtatZon funct ions  f o r  t h e  (&,ha) r e a c t i o n s  of Ra 226, T h 2 3 ~  
and u 236 

were measured using t h e  external  beam of t h e  Crocker Laboratory 60-inch cyclo- 

t ron .  The radium u s e d  was i so top ica l ly  pure ~a~~~~ The thorium had an i so tbp ic  

composition of 87.85 + 0.1% ThZ3' and 12.22 2 0.1$ ~h~~~~ The uranium had an 

:&sotopic c m p o s i t i o n  of 9409$ u~~~~ o.o;*$ U 234 4.526 u ~ ~ ~ ,  and 0.54$ U 238 

The t a ~ g e t s  were prepared by e lec t rodeposi t ion  of  the  various mater ia ls  onto 

gold or  aluminum f ~ f l s ,  The uranium and radium t a r g e t s  were dissolved a f t e r  

yach bombardment, and plutonium and thorium f r a c t i o n s ,  respect ive ly ,  were 

i so la ted  radiochemically. A r e c o i l  technique, s imi la r  i n  p r i n c i p l e  t o  t h a t  
2 4 

described by Harvey, e t  a l . ,  was used f o r  the thorium cross  sect-ion measure- 

ments. This permi t ted  t h e  use of t h e  same t a r g e t  f o r  a11 of t h e  bombardments, 

k small amomt of ~u~~~ was a l s o  deposi ted i n  t h e  thorium t a r g e t  and t h e  Pu 239 
240 

iar,gn) Cm r e a c t i o n ,  f o r  which absolute  c r o s s  sec t ions  have been measured, 9 

sras used a s  a monitor reac t ion  t o  determine t h e  col lec t ion  e f f i c i ency  of the 

lleevy-element-nuclei r e c o i l s .  The ca tcher  f o i l s  were dissolved and the uranium 

and curium f r a c t i o n s  were i s o l a t e d  radiochemically. The amounts of t h e  various 

alpha-emit t ing products  were determined by use of 52$-geometry 3-onization 

c.ounters and multi-channel alpha-pulse-height analyzers ,  
226 

m e  c ross  sec t ions  determined f o r  t h e  ~ 8 ~ ' ~  (a,4n) Th r eac t ion  a r e  

!-isted i n  Table I1 and i l l u s t r a t e d  i n  Fig. 1. !The estimated limits of eprol- 

of i 20% a r e  due p r i n c i p a l l y  t o  ~ " n c e r t a i a t i e  i n  determining t h e  amount of 

;;arget ma te r i a l  which was bombarded. 

The c ross  s e c t i o n s  Por the  Th230 (a,J+n) uZ30 rea,ction, correc ted  f o r  

yecoi l  e f f i c i eacy ,  a r e  l i s t e d  i n  Table I11 and i l l u s t r a t e d  i n  Pig. 2. The 

~ e s u l t s  from t h e  monitor reac t ion  puZ3' (a ,3n)  ~m~~~ indica ted  an average 

i n w o i l  cc4lect ion e f f i c i e n c y  of 80 + 5% f o r  a l l  of t h e  bombardments. The 

estimated l i m i t s  of e r r o r  f o r  t h e  correc ted  ( a , k n )  reac t ion  c ross  sec t ions  

a r e  i 7$. 
The cross  sec-tlons f o r  t h e  u~~~ ( a , h )  ~u~~~ reac t ion  a r e  l i s t e d  i n  

Table N and i l l u s t r a t e d  i n  Fig. 3. The con t r ibu t ion  of t h e  Pu236 produced by 

;he (a,3n) r eac t ion  Prom t h e  u~~~ present  in  the  t a r g e t  has been subt rac ted .  

Any appreciable cont r ibut ion  of ~u~~~ from t h e  decay of N~~~~ was e l iminated  by 

yemoving neptunium, chemically very soon a f t e r  t h e  bombardment. The est imated 

l i m i t s  of e r r o r  a,re 1ist;ed i n  t h e  t a b l e ,  



2 26 226 Table 11. R a  (a,4n) Th cross  sections (mb) as  a function of helium-ion 
energy. 

Table 111. ~h~~~ (a,4n) uZ3O cross  sections (mb) as  a function of helium-ion 
energy. 

Table IV. u~~~ (a ,4n)  ~u~~~ cross sections (mb) as  a function of helium-ion 
energy. 



Fig .  1. Exc i t a t i on  func t ion  f o r  t h e  Rs226 (a,i;n) Th 
226 

r eac t ion .  
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HELIUM ION ENERGY (Mev) 

Fig. 2. E x c i t a t i o n  func t ion  f o r  t h e  ThZ30 (a ,bn )  U 230 

r e a c t i o n .  



HELIUM ION ENERGY (Mev) 

Fig. 3. Excita- ion function for the u~~~ (a, bn) Pu. 23 6 

reaction. 



111. DISCUSSION 

The e x c i t a t i o n  functions shown in Figs. 1 t o  3 a r e  i l l u s t r a t i v e  of t h e  

l a rge  v a r i a t i o n s  i n  cross  sec t ions  f o r  (:a,4n) reacti .ons of f i s s i o n a b l e  nucli.dee, 

In  order  t o  a r r i v e  a t  some semi-qu.antitative measure of t h e  e f f e c t i v e  competi- 

ti.on between neutron-emission and f i s s i o n ,  we w i l l  attempt t o  r e l a t e  the  observed 

cross  sec t ions  t o  p a r t i a l  l e v e l  widths f o r  the  vari.ous modes of decay of t h e  

compound nucleus, which a r e  i n  t u r n  inverse ly  r e l a l e d  t o  t h e  mean 1l.feti.mes of  

the  conrpound nucleus with r e spec t  t o  t h e  d i f f e r e n t  modes of decay. Toe d.ed.ue- 

t ion  of l e v e l  width r a t i o s  (branching r a t i o s  from a, xn exc i t a t ion  funct ions  

has been described by Glass e t  al.. 25 I f  we assume t h a t  f o r  excitatAon energies  -- 
above t h e  f i s s i o n  threshold and neu.tron bi.nd,in.g energy t h e  wi.d,tt;h fow gamma ra,y 

de-excitation.,  a s  well  a s  f o r  proton, and other  charged, pa r t : i c l e  emiss:ion., 1,s 

neg l ig ib le ,  we can m i t e  t h e  expression f o r  the  neutron. bran.ching r a t i o  ( l eve l  

width f o r  neu,tron emission divided by t o t a l  1,evel width f o r  a l , l  t h e  poss ib le  

products of  t h e  d i s in tegra t ion  of t h e  compound nucleus) a s  rn/(rn + 1 
This r a t i o  w i l l  hence f o r t h  be designated a s  Gn. The c ross  sec t ion  f o r  t h e  

(a,4n) yeact ion  a t  t h e  peak of the exc i t a t ion  function can then be  m i t t e n  as  

where the subsc r ip t s  1, 2, 3, and 4 r e f e r  t o  t h e  branching r a t i o  f o r  t h e  emis- 

s ion of t h e  l s t ,  2nd, 3rd, and 4 th  n,eu.tron. Since t h e  n,eu'c;roas a r e  evaporate5 

- d t h  a d i s t r i b u t i o n  i n  k i n e t i c  energy, one d.oes not  e.xpect t h e  c r o s s  secti.os? 

corresponding t o  t h e  peak of t h e  ( a , h )  e x ~ i t a t ~ i o n  funct ion  f o r  a non-fuissi.ona,ble 

n m l e u s  t o  be  equal t o  the  c ross  sectLon f o r  eompoun.d nucleus Pormati.on. Thus 

we must use f o r  u t he  cross  sec t ion  OE woUld expect f o r  the (a,4n ) reaction. T 
a t  i t s  peak if f i s s i o n  were not  competing, This value has been est imated 'o 

be  1 . 2  barns from (a ,4n)  e x c i t a t i o n  f m c t i o n s  of l e a d  i so topes ,  26 This has 

been used f o r  a l l  nuc le i  considered and although t h i s  choice i s  somewha,t a r b l -  

t r a r y  it w i l l  not  introduce any appreciable  uncer ta in ty  i n  our comparisons. 

A l l  of t h e  ava i l ab le  c ross  sec t ions  f o r  (a,4n) r eac t ions  have been 

summarized i n  Table V, including those  repor ted  i n  t h i s  work, The source of 

the  da ta  i s  l i s t e d ,  i n  t h e  l a s t  column of t h e  table .  Wheneveu" p o s s i b l e  the  



Table V. Heavy element cross sections fo r  the (a,4n) reaction and mean values 

of neutron t o  f i s s i o n  width r a t i o s  derived from these cross s ec t i ons ,  - 
Target 0 (mb) G = n G.1 rt GI p, Reference 
Nuclide 

me ax me an 

Ra 226 
500 0.80 4.0 28 

,230 13 .o 0.32 0.48 2 8 
Th232 5 5 0.46 0.86 29 
,233 0.6" 0.15 0.18 10 
,234 1 . 0  0.17 0.21 3 0 
,235 2.5 0.21 0,27 10 
#36 4.2 0.24 0.32 2 8 
,238 $1 

0037 0 ~ 5 8  
a 

31 - 
,238 oe3  0.13 0,15 9 
,239 0. ga 0.17 0.20 

240 
9 

pu 0 . 8 ~  0,165 0.19 3 2 

-- 

a Cross section i s  very approximate. 

Lower l i m i t ,  as  exc i ta t ion  function i s  s t i l l  r i s i n g  a t  highest energy f o r  
which a cross sec t ion  i s  reported, 

value of the cross sect ion corresponds t o  t ha t  a t  the peak of the exc i ta t ion  

function. A l l  of the  da ta  available have been l i s t e d ,  although some of the  

data are  approximate o r  preliminary i n  nature. The t h i r d  column l i s t s  the  

geometric mean values of 'qn obtained from the r e l a t i o n  

where the cross sect ions  are given i n  mil l ibarns .  Again assuming t h a t  the  



t o t a l  width = r + rp,, mean values of /-"rF have been ca lcu la ted  and, a r e  
n 

l i s t e d  i n  t h e  t h i r d  column, From this  type of experimental da ta  we cannot 

i s o l a t e  t h e  f i s s i o n  width e x p l i c i t l y ,  but  only t h e  r a t i o  of t h e  neutror  width 

t o  t h e  f i s s i o n  width. 

Examination of t h e  mean values of t h e  neutron-emission width t o  f i s s i a n  

width r a t i o s  r evea l s  t h a t  f o r  a given atomic number, t h e  r a t i o  f / f in-  
n F 

creases  wi th  increas ing mass number. This t rend appears t o  be  much stronger 
2 than t h a t  p red ic ted  by t h e  parameter Z /A, and thus i s  probably c lose ly  r e l a t e c  

t o  t h e  f a c t  t h a t  neutron binding energ ies  show a general t r e n d  t o  decreasing 

sys temat ica l ly  wi th  inc reas ing  mass n u d e r .  The r a t i o  of neut~on-emissios, t o  

f i s s i o n  widths deduced from t h e  c r o s s  sec t ions  f o r  (a ,ba)  r e a c t i o n s  of u ~ a n i u m  

and plutonium isotopes  a r e  shown a s  a function of mass number i n  Fig,  4, - 

B a t z e l l  s values5 derived from Past-neutron fLssion cross  sec, t ions of various 

zzranium isotopes  are  shown f o r  comparison. It i s  seen t h a t  the r a t e  of change 

of t h e  neutron t o  f i s s i o n  width r a t i o  with mass number i s  approximately t h e  

same f o r  uranium, plutonium and curium compound nucle i .  

By making some s impl i fy ing assumptions, it i s  poss ib le  t o  derive ap- 

proximate t h e o r e t i c a l  formulae f o r  t h e  f i s s i o n  width and neutron-emission 

I n  p a r t i c u l a r ,  t h e  t rea tment  involves some assumptions which a r e  

not  v a l i d  a t  low e x c i t a t i o n  energy. By assuming t h a t  t h e  l e v e l  densi ty para- 

meters of t h e  parent  nucleus--apart from t h e  exc i t a t ion  energy dependence--are 

t h e  same a s  those  of t h e  f i s s i o n i n g  nucleus a t  t h e  saddle po in t  and ad.opt-fng a 

Fermi-gas model of t h e  nucleus, Fujimoto and ~ a m a g u c h i ~ ~  have given the f i s s i o n  

where E i s  t h e  e x c i t a t i o n  energy, E i s  t h e  f i s s i o n  threshold,  and t h e  nuclear  
f 

temperature T i s  taken a s  being propor t ional  t o  t h e  square r o o t  of the  exc i t a -  

t i o n  energy. I n  t h e  same approximation t h e  neutron width i s  given a s  

where K' = h2 - 1 0  Mev and B i s  'the neutron binding energy. 
0 
- n 



MASS NUMBER 

Fig .  b. Mean va lue  of r /r derived from ( a ,  4n) c r o s s  
n f 

sec t ions  of uranium iso topes  ( c i r c l e s )  and 

plutonium i s o t o p e s  ( squares)  vs mass number o f  

t a r g e t  nuc l ide :  B a t z e l ' s  values of </r, de- 

r i v e d  from f a s t  neut ron  cross  s e c t i o n s  f o r  

uranium i s o t o p e s  ( t r i a n g l e s )  a r e  shown f o r  

comparison. 



Combining these expression.s gl,ves the  f"ol1owin.g relat i .on : 

If one uses the  f i s s i o n  ac t iva t ion  energies obtained from equation ( I )  and a 

reasonable value f o r  .the nuclear t e . q e r a t w e ,  (1-2 ~ e v )  one obtains from t h i s  

equation, values of: f /r  which ape sevex-a1 times l a rge r  than the experimentsal 
n. F 

val.,ues l i s t e d  i n  Table V. 

However, t h e  qua l i t a t i ve  b e h a v i o ~  prediz te5 by t h i s  se la t ionsh ip  may be  

compared with experiment,, Since 

we may wri te  
2/3 

i;, - exp C 
- - 10 5-1 T 

vhere the  subscr ip ts  have t h e  same meaning as  before,  Taking the  10garl th-n~ 

T A 2/ 3 
T., 4 @f - qi 

$n - = Ln 10  + 114 c 
rf id 

T 

j.t; i s  seen t h a t  t h e  1ogari.thm of t he  neutron .to f i s s ion .  width ra , t io  sho,uld. be 

a functi.on of t h e  di.fference between the  P:ssi.on. threshold and t he  n.e.ntros? l;:in.d- 

f-ng energy, 

In  Fig. 5 we have p lo t t ed  the logartthm of the neutron t o  f i s s i o n  width 

r a t i o s  l i s t e d  i n  Table V vs. t he  difference between t h e  sum of the four  neutrzn - 
binding energies and t h e  sum of the  four f i s s i o n  ac t iva t ion  energfes f o r  the  

compound nuclei  encountered i a  the  evaporation chain, The f i s s i on  aetAvation 

energies were ca lcu la ted  u.sing the  formula, g r e s a t e d  i n  t h e  f i r s t  p a r t  

of t h i s  paper, and t h e  neutron binding energies a r e  those calelulated by 

B. M. Foreman, Jr., and l i s t e d  by Hyde and Seaborg. 36 Coasidering t he  ap- 

proximations fn both  the  t heo re t i c a l  treatmect and t he  analys is  of 'exper i -  

mental data, the  c o ~ r e l a t i o n  appears t o  f i t  qui te  well except f o r  the po:nt 



Fig .  5. Mean va lues  of r /(" from (a ,hn )  c ros s  s e c t i o n s  
n  

vs d i f f e rence  between sum of t he  four  neutron - 
binding ene rg i e s  and t h e  sum of t h e  f o u r  f i s s i o n  

a c t i v a t i o n  ene rg i e s  f o r  compound nuc le i -  encoun- 

t e r e d  i n  t h e  evapora t ion  chain.  The l a b e l s  r e f e r  

t o  t h e  t a r g e t  nuc leus  and t h e  c i r c l e s  wi th  arrows 

i n d i c a t e  a lower limit. 



r ep resen t ing  helium-ion induced r e a c t i o n s  of ~a~~~~ It would appear t h a t  f o r  

elements l i g h t e r  than thorium t h e s e  simple r e l a t ionsh ips  a r e  not  a good ap- 

proximation. A l l  of t h e  t a r g e t  nuc l ides  represented i n  Fig.  5 a r e  of even 

atomic number except f o r  ~m~~~ and ~ k ' ' ~ .  It might be expeeted t h a t  these  

po in t s  would be high r e l a t i v e  t o  even atomic number t a r g e t s  on t h e  bas i s  of 

t h e  r e l a t i v e  l e v e l  d e n s i t i e s  of t h e  products  formed by neutron evaporation, 

FOP an (a,4n) reac t ion  of an even-even o r  even-odd t a r g e t  nucl ide ,  two of the  

r e s i d u a l  n u c l e i  formed by neutron evaporation a r e  of even-even nuclear  type 

and two a r e  of even-odd nuclear  type.  However f o r  t a r g e t  nucl ides  with odd 

atomic number, two of t h e  r e s i d u a l  n u c l e i  formed a r e  odd-even and two a re  odd- 

odd. Since  odd-A and odd-odd n u c l e i  ape bel ieved t o  have h igher  l e v e l  

d e n s i t i e s  than even-even nucle i , 'neut ron evaporation might be expected t o  be 

more prominent f o r  t a r g e t s  w i t h  odd atomic number. This e f f e c t  would probably 

be most important a t  t h e  l a s t  s t age  o r  two of the  evaporation process.  

~ e a d o w s ~ ~  has experimentally confirmed an e f f e c t  of t h i s  na tu re  i n  t h e  y ie lds  

of (p,pn) and (p,2n) react i .ons.  

I n  t h e  ana lys i s  of (d,4n) c r o s s  sec t ions  t o  obtain neutron-emission 

t o  f i s s i o n  width r a t i o s ,  it has been assumed t h a t  there  i s  no l a r g e  var ia-  

t i o n  of t h e  neutron-to-f ission width r a t i o s  witk exc i t a t ion  energy. 

Experimentally it is  r a t h e r  d i f f i c u l t  t o  obtain information on t h i s  problem. 

However, t h e  r a t h e r  f l a t  p l a t eaus  observed i n  fast-neutron-induced f i s s i o n  

e x c i t a t i o n  functions ind ica tes  t h a t  t h e  r e l a t i v e  p robab i l i ty  f o r  neutron- 

emission and f i s s i o n  i s  not  s t rong ly  dependent on exc i t a t ion  energy f o r  t h i s  
5 r e l a t i v e l y  narrow range of e x c i t a t i o n  energies.  Batzel  has analyzed t h e  

data f o r  t h e  340-Mev proton -induced s p a l l a t i o n  of uranium38 and concludes 

t h a t  t h e  assumption t h a t  r /  rF i s  independent of exci tat i .on energy n 
i s  a b e t t e r  approximation than t h e  assumption t h a t  t h e  p r o b a b i l i t y  of emission 

of a neutron increases much more r a p i d l y  a s  a function of e x c i t a t i o n  energy 

than does t h e  p robab i l i ty  of f i s s i o n .  If one considers t h e  mean value of 

m/rF obtained from an (rr,4n) c ross  sec t ion  t o  approximate t h a t  of t h e  i n t e r -  

mediate product half-way along t h e  neutron evaporation chain, it i.s possible 

t o  compare t h e  mean values of r /pF obtained from (a,4n) c ross  sec t ions  with a 
values from f a s t  neutron f i s s i o n  i n  t h e  two cases f o r  t h e  compound nuc le i  U 23 4 
and ~ u ~ ~ ~ .  The mean value of r/rF obtained from cross sec t ions  f o r  t h e  Th 23 2 
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( a ,4n)  u~~~ reac t ion  i s  0 .87 f o r  an approximate average e x c i t a t i o n  energy of 

2.0 Mev, while that from u~~~ plus  Pas t  neutrons i s  0.8 f o r  an exc i t a t ion  energy 

of 1 0  Mev. Simi lar ly  t h e  value of r /r from cross  sec t ions  f o r  t h e  ~ ~ ~ ~ ( a , 4 0 )  n  F 
Pu238 reac t ion  i s  0.58 f o r  en average exc i t a t ion  energy of about 20 Mev, while 

t h a t  from puZ3' plus f a s t  neutrons i s  0.76 f o r  an e x c i t a t i o n  of  1 0  Mev. 

Although comparison of the r*/r values obtained from the  two types of i a i o r -  
n F 

mation can only be approximate, t h e  r e l a t i v e  p robab i l i ty  f o r  f i s s i o n  compared. 

w i t h  neutron-emission does not  seem t o  be strongly dependent on exc i t a t ion  

energy. 



The authors  a r e  indebted t o  t h e  various people who have made available 

unpublished r e s u l t s  quoted i n  t h i s  paper. Helpful  diseussions with B. M. 

Foreman, G. E. Gordon, T. D, Thomas and S. Vandenboschare g r a t e f u l l y  

acknowledged. The authors wish t o  thank J. R. Huizenga f o r  reading a d r a f t  

of t h i s  paper and making h e l p f u l  suggestions. 



1. N. Bohr and J. A. Wheeler, Phys. Rev, 56, 426 (1939). - 

2. J, R .  Huizenga and R.  B. Duffield, Phys. Rev. - 88, 959 (1952). 

3. G. T. Seaborg, Phys. Rev. 88, 1429 (1952). - 

4, J. R .  Huizenga, Argonne National Laboratory Report ANL-5150, Nov. 1953 

(unpublished). 

5. R . E . Batzel, University of California Radiation Laboratory Report 

uCRL-4303, Feb . 1954 (unpublished), 

6.  J. D. Jackson, "Fission by Mev ~ e u t r o n s " ,  Froceedings of the Symposium 

on the  Physics of Fission,  held  a t  Chalk River, Ontario, May 14-18, 

1956. Edited by Hanna, Milton, Sharp, Stevens, and Taylor; Chalk River 

Project  Report CRP-642-A. 

7. J. R .  Huizenga,J. E .  Gindler, and R. B, Duffield, Phys. Rev. 95, l O O 9  - 
( 1954) . 

8, J, R ,  Huizenga, Proceedings of the Internat ional  Conference on the 

Peaceful Uses of Atomic Energy, Geneva, 1955 (un i ted  Nations; New York, 

1956) VOL 2 ,  p. 208, 

9. Glass, Carr, Cobble, and Seaborg, Phys, Rev. 104, 434 (1956). - 
10. Vandenbosch, Thomas, Vandenbosch, Glass, and Seaborg, t o  be published, 

11. For a more complete discussion of the experimental procedures, see 

R.  Vandenbosch, Ph.D. Thesis, University of California,  1957; a lso  

Universi ty of Cal i fornia  Radiation Laboratory Report UCRL-3858, July 

1957 (unpublished). 

12. S. Frankel and N. Metropolis, Phys. Rev. - 72, 914 (1947). 

13. W. J. Swiatecki, Phys. Rev. 101, 97 (1956). - 

14. G .  T, Seaborg, Phys. Rev. 85, 1571 (1952). - 

15.  W .  J. Whitehouse and,W. Galbraith, Nature 169, 494 (1952). - 



34. ~hethasn-strode, Choppin, and Harvey, Phys . Rev. - 102, 747 (1956) . 
35. Amiel, Sikkeland, and Thompson, t o  be published. 

36 E .  K. Hyde and G. T. Seaborg, Handbuch der Physik 39 ( t o  be published); 

a l so  Universi ty of California Radiation Laboratory Report No. UCRL-2441 

 arch, 1954). 

37. J. W. Meadows, Phys. Rev. 98, 744 (1955). 

38. M. Lindner and R .  N.  Obsborne, Phys. Rev. - 102, 378 (1956). 




