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ABSTRACT 

A radiochemical study of f i s s i on  and spa l la t ion  products produced by  

bombardment of u ~ ~ ~ ,  u ~ ~ ~ ,  and U238 with 18-46 Mev helium ions has been made. 

As i n  the case of s imilar  studies using isotopes of plutonium as t a rge t s ,  m o s t  

of the reaction cross section i s  taken up by f i s s ion .  Also, the  pronounced 

increase of the  t o t a l  cross section f o r  (a,xn) react ions  with increas ing mass 

number of the t a rge t  t ha t  was observed f o r  plutonium t a rge t s  i s  observed f o r  

uranium t a rge t s .  

Excitat ion functions fo r  (a,2n),  (a,3n),  and (a,4n) react ions  a r e  i n -  

terpreted i n  terms of compound nucleus formation and f i s s i o n  competition at 

the various stages of the neutron evaporation chain. The importance of neutron 

binding energies on the  competition between f i s s i on  and neutron emission i s  

stressed.  An ex i s t ing  model f o r  nuetron evaporation following compound nucleus 



formation has been extended t o  include the  e f f e c t  of f i s s i o n  competition. Re- 

s u l t s  of calcula t ions  based on t h i s  model show good agreement with those f ea -  

tures  of the (a,xn) exc i ta t ion  functions believed t o  r e s u l t  from compound 

nucleus formation. These calcula t ions  a l so  show t h a t  f i s s i o n  usual ly  procedes 
235 neutron evaporation f o r  helium-ion-induced react ions  of u~~~ and U , The 

exci ta t ion functions fo r  the  (a ,n ) ,  ( a ,p ) ,  (a,pn + a , d ) ,  (a,p2n + a, t ) ,  and 

(a,p3n + a , t n )  react ions  are  discussed i n  terms of d i r ec t  in te rac t ion  mecha- 

nisms involving l i t t l e  competition from f i s s ion .  

Fission shows an increase i n  symmetry with energy and becomes symmetric 

a t  about 40 Mev energy of the  helium ions.  There i s  no s ign i f ican t  d i f ference 

i n  the asymmetry of f i s s i on  f o r  the  th ree  uranium isotopes.  Tokal reac t ion  

cross sections,  including those f o r  both f i s s i o n  and spa l la t ion  react ions ,  i n -  

d icate  a nuclear radius parameter r s l i g h t l y  l a rge r  than 1 .5  x 10-'~crn. 
0 
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I. INTRODUCTION 

1-4 
This paper extends the  invest igat ions  of the  present s e r i e s  on f b -  

sion and spa l la t ion  react ions  i n  the heaviest  element region. Spal la t ion r e -  

actions i n  the heaviest  elements are pa r t i cu l a r l y  i n t e r e s t i ng  because the  f i s -  

s ion process provides a prominent competing react ion (not found i n  l i g h t e r  

elements a t  high exc i ta t ion  energies) which can have e f f e c t s  on the  cross-  

sections of the  other react ions .  I n  addit ion,  the  f i s s i o n  process i s  i n t e r -  

e s t i ng  in i t s  own r i gh t .  

The investigations which are being pursued i n  the  present program a re  

primarily of t a rge t  nuclides of atomic number greater  than o r  equal t o  88, 

vhere f i s s i on  threshold energies are roughly comparable t o  nucleon binding 

energies.  We have been concerned pr inc ipa l ly  with nuclear react ions  induced 

by pa r t i c l e s  of l e s s  than about 50 Mev energy, with the hope t h a t  a t  these 

r e l a t i ve ly  low energies the compound nucleus theory can be used as  a s t a r t i n g  

point i n  describing the  charac te r i s t i cs  of the nuclear react ions .  



1-4 
Previously reported work has indicated, f i r s t  , t h a t  f i s s i o n  compete a 

successful ly  with spa l la t ion  react ions  t ha t  proceed by the  formation of a 

compound nucleus, and, second, t ha t  reactions involving t h e  emission of charged 

pa r t i c l e s  proceed by d i r e c t  in te rac t ion  mechanisms. I n  pa r t i cu l a r ,  f i s s i o n  

competes with neutron emission a t  every stage of the  neutron evaporation chain, 
1 

There has been noted, however, a s t r i k ing  e f f ec t  of the  mass number of t he  

t a rge t  on the r e l a t i ve  p robabi l i t i e s  of f i s s i on  and neutron emission: neutron 

emission competes more successful ly  a s  the mass number of the  t a rge t  is  i n -  

creased. The surpr is ingly  large  cross sections f o r  the  production of t he  

nuclide correspbnding t o  the  (a7p2n) reaction have been shown t o  be due t o  t he  
3 react ion ( a , ~  ), i n  which a t r i t o n  ra ther  than three  separate  pa r t i c l e s ,  i s  

emitted.3 Furthermore, it has been suggested t h a t  an appreciable f r ac t i on  of 

the (a7xn)  reactions a r e  produced by d i r ec t  in te rac t ion  mechanisms. 
1 

I n  the f i r s t  paper of t h i s  se r ies ,  the var ia t ion  i n  the  f i s s i on  mass 

yie ld  d i s t r ibu t ion  with bombarding energy of helium ions was reported f o r  

plutonium isotopes. It was found t h a t  the t r ans i t i on  from predominantly 

asymmetric t o  symmetric f i s s i on  occurred a t  helium-ion bombarding energies 

between 30 and 40 Mev. 

This paper w i l l  repor t  cross-sections f o r  helium-ion-induced react ions  

of u ~ ~ ~ ,  lJ235, and IJ2380 The study of these isotopes was undertaken t o  de te r -  

mine the  e f f ec t  of changing the  atomic number and mass of the  t a rge t  nucleus, 

t o  compare with the  work on the plutonium isotopes, and a l s o  t o  see i f  the  

s t r i k ing  mass e f fec t  on the  spa l la t ion  reactions i n  the  plutonium isotopes i s  

apparent f o r  uranium isotopes.  It was a lso  hoped t h a t  a comparative study of 

the f i s s i on  mass yie ld  d i s t r ibu t ion  i n  u ~ ~ ~ ,  u ~ ~ ~ ,  and U238 would shed some 

l i g h t  on f i s s i on  asymmetry. 



11. EXPERIMENTAL PROCEDURES 

Preparation of t a rge t s  

The u~~~ used i n  these bombardnents had an isotopic  p u r i t y  of approxi- 

mately 96%. There was about 3% U238 and l e s s  than 1% U234 present i n  the  

material .  The u~~~ generally had an isotopic  pu r i t y  of g rea te r  than 99.9%. 

The U238 a lso  had an isotopic pu r i t y  of greater  than 99.9%. The techniques 

used i n  these experiments were general ly  those described by Glass e t  al. 
1 

-- 
Most of the t a rge t s  were prepared by electrodeposit ion of 0 . 1 t o  2 mg of 

hydrated uranium oxide over an area  of about 1 cm2 on a dish-shaped aluminum 

disk. The amount of mater ia l  deposited, which was of uniform thickness,  was 

determined by d i r ec t  alpha counting, weighing, or both. These t a r g e t s  were 

then mounted i n  a water-cooled microtarget  holder5 which a l s o  served a s  a 

Faraday cup fo r  beam in t ens i t y  measurements. 

Bombardments 

Aluminum or platinum f o i l s  of measured thickness were used t o  degrade 
6 

the helium ion beam t o  the  desired energy. The i r r ad i a t i ons  were f o r  a 

period of two t o  three hours fo r  each ta rge t ,  with beam currents  of 5 t o  10 

micro-amperes. Because of the f a c t  t h a t  only moderate amounts of a c t i v i t y  

were produced, the chemical separations of the  various f i s s i o n  and spa l la t ion  

products were generally performed on the  whole t a rge t .  However, t h r ee  ex- 

periments were performed i n  which 1 - m i l  me ta l l i c  u~~~ f o i l s  (- 93% isotopic  

pur i ty )  were bombarded and one experiment was performed i n  which a 1 - m i l  me ta l l i c  

U238 f o i l  (> 9%) was bombarded. This procedure resu l ted  i n  the  production of 

suf f ic ien t  a c t i v i t y  t o  permit a l iquots  t o  be taken for  the  various f i s s i o n  prod- 

uct  elements, making possible a study of a wider se lect ion of f ission-product 

elements and a more complete determination of the  mass y i e ld  curve. The pr inc i -  

p a l  disadvantage of the  use of uranium f o i l s  was t ha t  the  uranium f o i l  reduced 

the  helium-ion beam energy by 3 t o  5 Mev, resu l t ing  i n  a range i n  energy of the  

helium ions which caused the  react ions .  

Chemical procedures 

The usual chemical procedure7 involved dissolving the  t a r g e t ,  backing 

p la te ,  and aluminum cover f o i l  i n  ac id ic  solution containing known amounts of 



f i s s i o n  product c a r r i e r s  and radioact ive  t r ace r s  ( N ~ ~ ~ ~  and ~ u ~ ~ ~ )  f o r  the  

spa l la t ion  products. F i r s t  the neptunium, aLd then the plutonium, was r e -  

moved from the t a rge t  solut ion by coprecipi ta t ion i n  the I V  oxidation s t a t e  

with zirconium phosphate under the  proper oxidizing or reducing condit ions,  

The neptunium f rac t ion  was fu r the r  pu r i f i ed  by coprecipitat ion wi th  lanthanum 

f luor ide  and conversion of the  f luor ides  t o  hydroxides, followed by  d i s -  

solut ion i n  acid  and the ex t rac t ion  i n t o  benzene of a  neptunium (IV) thenoyl- 

t r i f luoroacetone chelate complex. 

The plutonium was pur i f i ed  by s imi la r  f luor ide  and hydroxide p rec i -  

p i t a t i ons  followed by an ion-exchange column step,  i n  which the  plutonlum I V  

was f i r s t  adsorbed on Dowey A - 1  anion exchange r e s in  from concentrated hydro- 

ch lor ic  acid  and then reduced t o  the  I11 oxidation s t a t e  and e lu t ed  from the  
8 

res in .  The neptunium and plutonium were electrodeposited onto platinum 

counting p la tes .  The f i s s i o n  products were pur i f i ed  by t e c h i q u e s  adopted 

from those described i n  the  compilations by bIeinke9 and L i n b e r .  
10 

Detection of radia t ions  

rnum The f i s s i on  products were mounted on previously weighed alum' 

p l a t e s  f o r  weighing and counting. The dis integrat ion r a t e s  were determined 

using end-window "Amperexf' geiger counter tubes,  Appropriate cor rec t ion  

factors1' were applied t o  obtain d i s in tegra t ion  r a t e s  from the measured count- 

ing r a t e s .  The i n t e n s i t i e s  and energies of alpha-emitting spa l l a t i on  prod- 

ucts  were measured by use of multichannel alpha-pylse analyzers. The countfng 

r a t e s  of spa l la t ion  products which decay by negatron emission o r  e l ec t ron  

capture were determined with a  methane-flow windowless proportional  eounter. 

Counting e f f ic ienc ies  fo r  t h i s  counter have been measured or  est imated fc? 

each pa r t i cu l a r  isotope involved. Table I l i s t s  the nuclides produced by 

spa l la t ion  reactions,  together with t h e i r  nuclear propert ies and counting 

e f f i c i enc i e s  used i n  t h i s  work. 



Table I 

NUCLEAR PROPERTIES AID CC 
I 

Pr inc ipa l  
Isotopes t mode of 

1/2 decay 

Pu 232 36 Dl E.C. 

20 m E.C. 

9 h E.C. 

26 m E. C. 

2.7 yr a 
44 d E.C. 

89.6 yr a 

35 In E.C. 

4.4 d E.C. 

410 d E.C. 

22 h E.C., B- 
2 . 1 d  p- 

Percent 
alpha 

emission Source 

12 a 

counter 
counting 

e f f ic iency  
(percent)  Source 

Estimated from the alpha systematics. I. Perlman and J. 0. Rasmussen, 

Handbuch der Physik ( sp r inge r -~e r l ag ,  ~ e r l i n )  VqL. 42, 1957. 
Thomas, Vandenbosch, Glass, and Seaborg, Phys. Rev. 106, 1228 (1957). 

d 
- 

Private communication, R ,  We H f f  and F. Asaro (1957). 

Estimated by authors. 

By "milkingn daughter U234 and determining i t s  alpha d i s in tegra t ion  r a t e ,  

see Reference 12. 

This work, mass spectrometry. 

This work, by "milking" daughter Pu236 and determining i t s  alpha d i s i n t e -  

gration r a t e .  Percent negative be ta  decay from T. 0. Passel l ,  Ph.D. t he s i s ,  

University of California,  June 1954 (unpublished); a lso  Universi ty of 

California Radiation Laboratory Report UCRL-2528, March 1954 (.unpublished). 

This work, by "milking" daughter Pu238 and determining i t s  alpha d i s i n t e -  

gration r a t e .  

This work, by 4fi-counting t o  determine absolute dis integrat ion r a t e .  

This work, by 431-counting and by counting K x-rays. !The number of K x-rays 
per  d is integrat ion was taken as 0.55, from Rasmussen, Canavan, and Hollander, 
Phys. Rev. 107, 141 ( 1957) . 



111. RESULTS 

Spa l la t  ion reactions 

The cross-sections cbtained at each energy f o r  the  spa i i a t i on  7~eactior.s 

of the  various uranium isotopes are shown i n  Tables I1 t o  I V .  Ine spa l l a t i on  

cross-sections have been p lo t ted  as a l'unction of helium-ion energy 4n Figs.  

1 t o  5. The product which was observed i s  indicated i n  the  t ab l e s ,  I n  t h e  

cases where was the  product, only the 22-ham i s m e r  was cbsezve5. 
240 

Similarly,  when Np was the  product only the  f o r  the 60-minute isomer 

was measured, The standard deviation due t o  random e r ro r s  i s  believe? t o  be 

about f 10% f o r  most of the  spal la t fon cross sections.  Estimated systematic 

e r ro rs  r a i s e  the  t o t a l  est imates standard deviation t~ between + 15% and f 25$, 

I n  the case of the u~~~ (a,pn) and (a,kn) react ions ,  the  yie lds  of t he  prcducts 

N~~~~ and ~u~~~ were d i f f i c u l t  t o  measure, and the  l im i t s  of e r r o r  may be as  

much as f 50%. 

Fission yie lds  

The measured cross-sections f o r  the  fsrmation of various f i s s i o n  prodlwt 

isotopes are shown i n  the left-hand columns of Tables V t o  V I I .  Since absolute 

cross-sections were not measured i n  the  bombardments of u~~~ and U238 me ta l l i c  

f o i l s ,  it was necessary t o  normalize these r e s u l t s  i n  some way t o  the  absolute  

cross-sections obtained from other bomb-dments. This was done by taking t he  

average of normalization fac tors  obtained by in te rpo la t ion  of smooth excsitaticn 

function curves f o r  the  absolute f i s s i on  y ie lds  of several  isotopes,  l3 The 

median energy of the helium ions inducing the f l s s i o n  i n  the foil bombardments 

was a l so  calculated from these curves. 
4 Gibson, Glass, and Seaborg have made a p r e l im ina~y  study of the  charge 

d i s t r i bu t i on  i n  medium energy f i s s ion .  Their conclusion i s  t h a t  the  chazge 

d i s t r i bu t i on  i n  f i s s i on  a t  these energies i s  not  completely described e i t h e r  by 

the  equal charge displacement noted a t  low energies l4,15 o r  by t he  constant  

charge t o  mass r a t i o  which has been suggested t o  be occurring i n  very high 
16 

energy f i s s i on .  However, the  l a t t e r  pcs tu ia te  appears t o  give a b e t t e r  cor-  

re la t ion .  A few primary yie lds  measured i n  t h i s  work plus tke primary y i e ld s  

measured by Gibson have been used t o  construct  a charge d i s t r i bu t i on  curve 

which i s  s l i g h t l y  d i f f e r en t  from t h a t  of Gibsor, et ,1., bxt l i k e  -ckeTrs, i s  



based on the  postulate of equal  charge t o  mass r a t i o .  4 ~ 2 0  This curve was used 

t o  correct  the observed f i s s i o n  product cross-sections f o r  the  loss  of y ie lds  

of members of the same mass chain with higher atomic number, and the  corrected 

cross-sections are shown i n  the right-hand columns of Tables V t o  V I I .  The 

mass number of the apparent f i s s ion ing  nucleus used i n  appl icat ion of the  curve 

was es,timated from the  be s t  values f o r  the  center  of symmetry of the  f i s s i o n  

yie ld  curves. Additional discussion of the  problem of nuclear charge d i s t r i -  

bution i n  medium energy f i s s i o n  w i l l  be given by Gibson, Glass, and Seaborg, 

and the problem w i l l  not be discussed fu r ther  here .  

Mass yie ld  curves f o r  representative energies are  shown i n  Figs. 6 t o  

8. The l imi t s  of e r r o r  a re  estimated t o  be about + 15% f o r  most of the  mass 

chains reported. However, a t  higher energies, p a r t i c u l a r l y  f o r  u ~ ~ ~ ,  the  chain 

yie ld  corrections became qui te  sizeable,  and the  errqxs  may be somewhat g rea te r .  

The number of neutrons emitted as  est imated from the  center of symmetry 

of the f i s s i on  mass y i e ld  curve is  indicated i n  Figs. 6 t o  8 and i n  the  next t o  

l a s t  row of Tables V t o  VII. It should be emphasized t h a t  the  r e f l ec t i on  of 

mass yie ld  curves does not give any information as t o  whether the  neutrons a re  

emitted before or a f t e r  the  f i s s i on  process takes  place bu t  includes con t r i -  

butions from both sources. However, some information on t h i s  subject  implied 

by other types of data w i l l  be discussed l a t e r .  

The t o t a l  f i s s i on  cross-sections obtained by in tegra t ion  of the  f i s s i o n  

mass yie ld  curves are  shown i n  the l a s t  row of Tables V t o  V I I .  The t o t a l  

f i s s i on  cross-sections are  compared with the summed spa l l a t i on  cross-sections 

i n  Figs. 9 and 10. No f igure  i s  shoWl fo r  IJE38, as  it was impossible t o  meas- 

ure yields for  most of the (a,xn) reactions because of the  long half  l i v e s  of 

the products. The importance of the f i s s i on  process i s  r e ad i l y  apparent from 

these f igures .  

Total cross sections 

The t o t a l  react ion cross-sections as  obtained from the  sum of the  ex- 

perimental f i s s i on  and spa l la t ion  cross-sections a re  shown i n  Figs, 11 t o  13. 

Theoretical cross-sections fo r  compound nucleus formation a s  given by B l a t t  

and ~ e i s s k o ~ f ' ~  are shown f o r  two values of the  nuclear radius  parameter, 
-13 r = 1 . 3 ~ 1 0 - ~ ~ c r n a n d r  = 1 . 5 x 1 0  cm. Theseexpe r imen ta l r e su l t s  i n -  

0 0 

dicate  a value of the nuclear radius parameter s l i g h t l y  g rea te r  than r = 1.5 
0 

x 10-l~ cm. 



IV. DISCUSSION 

The general fea tu res  of the  exc i ta t ion  functions f o r  spa l la t ion  r e -  

actions i n  the uranium isotopes are  i n  many ways qui te  s imi la r  t o  those t h a t  

have been determined f o r  o ther  very heavy elements.  he cross-sections 

fo r  the  (a ,n)  and (a,p) react ions  do not vary much with energy and are seldom 

more than a few mil l ibarns  i n  magnitude. The exc i ta t ion  functions f o r  the  

(a,xn) react ions  ( f o r  x grea te r  than 1) have peaks which decrease i n  magnitude 

a s  x increases.  The cross-sections f o r  the  (a,2n), (a,3n), and (a,4n) r e -  
235 act ions  of u~~~ are  considerably smaller than those f o r  U A s imilar  mass 

e f f e c t  occurs i n  the plutonium isotopes.  The cross-sections fo r  react ions  i n  

which charged pa r t i c l e s  a re  emitted are  qui te  large  compared t o  the (a,xn) 

react ion cross sect ions .  

I n  order t o  explain the  r e l a t i v e l y  low cross-sections f o r  the  spa l -  

l a t i o n  react ions  of the  plutonium isotopes, Glass and co-workers have prcposed 

t h a t  both f i s s i on  and the  major par t  of the  (a,xn) react ions  involve compound 

nucleus formation and t h a t  i n  the  break-up of the  compound nucleus f i s s i o n  

competes more successfully than does spa l la t ion  t o  claim the  l a rger  share of 
1 

the t o t a l  cross-section.  The decrease i n  the  peak heights  f o r  the  successive 

(a,xn) react ions  has been in te rpre ted  t o  mean t h a t  f i s s i o n  i s  competing suc- 

ce s s fu l l y  a t  each stage of t he  evaporation chain i n  a compound nucleus react ion.  

Thus the  peak cross-section of the  (a,3n) react ion i s  lower than the peak cross-  

sect ion of the  (a,2n) reac t ion  because i n  the  former case f i s s i on  has had th ree  

chances t o  compete with neutron emission compared with two chances i n  t he  l a t -  

t e r  case. The long " t a i l s "  on the (a,xn) exc i ta t ion  functions and the  r e l a -  

t i v e l y  high cross-sections f o r  the react ions  involving t he  emission of charged 

pa r t i c l e s  suggest d i r e c t  in te rac t ions  of the p ro j ec t i l e  with a few nucleons on 

the  nuclear surface.  If a d i r ec t  in te rac t ion  occurs i n  which one o r  more 

nucleons are emitted without leaving much exc i ta t ion  energy i n  the nucleus, 

then the  res idua l  nucleus may not be su f f i c i en t l y  exci ted t o  undergo f i s s i o n .  

Thus the  products of the  d i r e c t  in te rac t ion  type reac t ions  often survive f i s s i o n ,  

whereas the  products which are  formed by evaporation of neutrons from a compoimd 

nucleus tend t o  be eliminated by f i s s i on .  This means t h a t  exc i ta t ion  functions 

fo r  react ions  i n  the  very heavy elements often s t r i k ing ly  demonstrate t he  



importance of d i r e c t  in teract ion mechanisms even a t  r e l a t i v e l y  low bombarding 

energies. Most of the  r e su l t s  reported here can be explained i n  t he  framework 

of the  ideas mentioned above. 

Compound nucleus spa l la t ion  reactions 

The cross-sections reported f o r  the  (a,xn) react ions  ind ica te  t h a t  

f i s s i on  i s  competing more e f f ec t i ve ly  i n  the  bombsrdments of u~~~ than i n  those 

of Pu239. I f  one considers just  the  difference i n  f i s s i o n a b i l i t y  p red ic ted  
z 

through use of the  parameter - , t h i s  observation i s  su rpr i s ing  because the  A z2 
curium isotopes produced from pua3' have l a rge r  values f o r  - than do t he  A 
corresponding plutonium isotopes from u~~~ However, i f  we consider t he  

neutron binding energies of the intermediate nuclei  and of the  products formed 
239 i n  the (a m) reactions of u~~~ and Pu , we see t h a t  the  neutron binding 

18 
energies are  higher fo r  the plutonium isotopes produced i n  u~~~ bombardments 

239 than f o r t h e  corresponding curium isotopes producedin Pu bombardments. 

This has two e f f ec t s .  The f i r s t  e f f e c t  i s  on the  r e l a t i v e  p robab i l i t y  f o r  

neutron emission. From a s t a t i s t i c a l  point  of view a neutron with a low 

binding energy i s  e a s i e r  t o  evaporate than a neutron with a higher binding 

energy, and thus neutron emission w i l l  tend t o  be more probable i n  the  plutonium 

reactions than i n  the  uranium react ions .  A corre la t ion of the r e l a t i v e  prob- 

a b i l i t y  of neutron emission and f i s s i on  i n  terms of neutron binding energies  
n2 
&- 

and f i s s i on  thresholds - closely  r e l a t ed  t o  - - A 
indicates  t h a t  neutron emission 

v i l l  compete more favorably with f i s s i o n  i n  the reactions of ~u~~~ than i n  the  

reactions of U 233 . l9 The second way by which higher neutron binding energies  

favor f i s s i on  i n  the  reactions of uranium i s  re la ted  t o  the f a c t  t h a t  f i s s i o n  

thresholds are lower than neutron binding energies i n  the elements considered. 

Therefore a nucleus t h a t  has survived f i s s i o n  long enough t o  evaporate a l l  of 

the  neutrons t ha t  the  o r ig ina l  exci ta t ion energy would allow may s t i l l  have 

suf f ic ien t  res idual  exci ta t ion t o  undergo f i s s i on .  Z0 Thus f i s s i o n  has an 

addi t ional  chance t o  occur when neutron emission can no longer compete, The 

higher the  neutron binding energy the  l a rge r  w i l l  be the  exc i ta t ion  energy 

range i n  which such f i s s i on  can occur, i f  one neglects the  var ia t ion  i n  t he  

f i s s i on  threshold. Although no f i s s i on  thresholds have been measured exper i -  

mentally fo r  elements heavier than plutonium, it i s  l i k e l y  t h a t  the  v a r i a t i o n  

i n  f i s s i on  thresholds between the plutonium and curium nucle i  w i l l  counteract  

t h i s  e f f ec t  t o  a ce r t a in  extent .  19 



The strong e f f ec t  of the mass number on the r e l a t i ve  probabi l i ty  of 

neutron emission and f i s s ion  observed i n  both the reactions of the  uranium 

isotopes and the reactions of the  plutonium isotopes can a l so  be explained 

by arguments along similar l ines .  The e f f e c t  appears t o  be much greater than 

the e f f ec t  due t o  1 / A  predicted on the bas i s  of the f i s s i o n a b i l i t y  parameter 
- z2 l9 Therefore it seems quite l i k e l y  t h a t  the most important fac tor  i s  the 
A * 

e f f ec t  of the neutron binding energies on the probabili ty f o r  neutron emission. 

It i s  well  known t h a t  there i s  a general t rend  f o r  neutron binding energies t o  

decrease with increasing mass number, f o r  a given atomic number. %s one 

can a t t r i bu t e  the higher cross sections f o r  the (a,xn) react ions  f o r  the 

heavier isotopes of a par t icular  element pr inc ipa l ly  t o  the  grea te r  ease with 

which neutron-rich isotopes can evaporate neutrons. 
2 2 

Jackson has devised a schematic model for  (p,xn) react ions  i n  heavy 

elements. I n  h i s  treatment he combines the r e su l t s  of Monte Carlo calculations 

f o r  the  probabi l i ty  af the various prompt processes with the r e s u l t s  of a 

simplified evaporation model. H i s  ca lculated cross sect ions  show reasonable 
8 

agreement with the experimental r e su l t s  of Bel l  and ,SkarsgardZ3 and Kelly 

for  ( p , ~ )  reactions of lead and bismuth i n  the energy range up t o  100 Mev. 

The evaporation model devised by Jackson has incorporated in to  it the 

following assumptions: (1)  the neutron energy spectrum i s  given by E exp 

(-'/T) where 6 i s  the kinet ic  energy of the neutron and T i s  the nuclear 

temperature, ( 2) neutron emission occurs wherever it i s  energe t ica l ly  pos- 

s ib le ,  (3)  proton evaporation i s  neglected, and (4) the nuclear temperature 

T i s  independent of exci ta t ion energy. This l a s t  assumption i s  contrary t o  

what one would predict  *an most nuclear models. However, it is doubtful t ha t  

any large e r rors  are introduced by t h i s  approximation. According t o  Jackson, 

the probabili ty t ha t  a nucleus with i n i t i a l  exci ta t ion energy E w i l l  evaporate 

exactly x neutrons i s  then given by 

1 " n -x where I (z,n) i s  Pearson's incomplete gamma function, I (z,n) = - 1 x e dx 
X n: 0 

and ax = (E - $. B ~ )  / T. B i s  the  binding energy f o r  the  i t h  neutron and 
-, i 
ZL 

T i s  the nuclear temperature. 



I f  we wish t o  extend the model given by Jackson t o  helium-ion induced 

react ions  of f iss ionable  elements, two d i f f i c u l t i e s  a r i s e .  The f i r s t  i s  t h a t  

no Monte Carlo calcula t ions  have been made f o r  the  case where the  p r o j e c t i l e  

i s  a helium ion. Thus the  contribution of d i r e c t  in te rac t ions  o r  s im i l a r  

prompt processes w i l l  f o r  the  present have t o  be ignored i n  the  ca lcu la t ion .  

On the other hand, comparison of the calcula ted p robab i l i t i e s  f o r  evaporation 

with the experimental r e s u l t s  can be used t o  est imate the  contr ibut ion of 

d i r ec t  in teract ions .  Secondly, we must make a modification t o  include the  

e f f e c t  of f i s s i on  competition. 

The f i s s i on  competition w i l l  be considered i n  the  framework of compound 

nucleus formation followed by competition between neutron emission and f i s s i o n  

a t  each stage of the  evaporation chain. There are  two e f f e c t s  t o  consider: 

f i r s t ,  f i s s i on  occurs while neutron emission i s  energe t ica l ly  possible,  thus  

destroying nuclei  during t he  ea r ly  stages of the  evaporation chain, and, second, 

some f i s s ion  occurs a f t e r  a l l  of the  possible neutrons have been evaporated, 

thus destroying nuclei  whose exci ta t ion energy i s  l e s s  than the  binding energy 

of the l a s t  neutron, and which would otherwise have de -excited by gamma emission. 

The probabi l i ty  t h a t  an excited nucleus w i l l  emit a neutron i s  given by 
/'n i t s  branching ra t ioa4  ( l e v e l  width r a t i o )  f o r  neutron emission /$ ri * - 

(henceforth designated a s  ~ n ) .  Similar ly  the  branching r a t i o  f o r  f i s s i o n  i s  n, 
I S  given by /$. fi, or  Gf,  and the  branching r a t i o  f o r  gamma r ay  de-exci ta t ion 

by ' /  P l o r  G . m e  denominator, H r contains terms f o r  a l l  t he  
i r : i' 

I I -  

possible modes of decay of the  compound nucleus. However the  assumptions w i l l  

be made t ha t  the widths f o r  proton evaporation and f o r  gamma-ray de-exci ta t ion 

a re  negligible wherever neutron emission o r  f i s s i o n  i s  energe t ica l ly  poss ible .  

However the gamma-ray branching r a t i o  i s  taken as u n i t y  wherever ne i ther  f i s -  

sion nor neutron evaporation i s  energet ical ly  possible.  When the  exc i t a t i on  

energy i s  greater  than the  f i s s i o n  threshold and l e s s  than t he  binding energy 

of the l a s t  neutron, G i s  taken t o  be unity.  Hence t o  take i n t o  account t h e  f 
f i s s i on  competition along the  evaporation chain, we mul t ip ly  the p robabi l i ty ,  

P (E,x), defined above, by terms, G t o  give a new probabi l i ty  t h a t  the  
n i  ' 

or ig ina l  compound nucleus w i l l  not only evaporate x neutrons but w i l l  a l s o  

survive f i s s i on  during the evaporation process. 



After a l l  of the  neutrons have been evaporated, t he  res idua l  nucleus 

may e i t h e r  undergo f i s s i o n  or  may de-excite by gamma emission. We make the  

somewhat a sb i t r a ry  assumption t h a t  i f  the  r e s idua l  nucleus has an exc i ta t ion  

energy grea te r  than the  ac t iva t ion  energy f o r  f i s s i o n  it w i l l  undergo f i s s i on  

and t h a t  i f  the  nucleus has an exc i ta t ion  energy l e s s  than the  ac t iva t ion  

energy fo r  f i s s i on  it w i l l  de-excite by gamma emission. I n  Jackson's model, 

the f i r s t  incomplete gamma function gives the  p robab i l i t y  t h a t  the  o r ig ina l  

compound nucleus w i l l  emit a t  l e a s t  x neutrons; the  second the  p robabi l i ty  t h a t  

the  res idua l  nucleus w i l l  have an exc i ta t ion  grea te r  than the  binding energy 

of t he  l a s t  neutron. Therefore, t o  account f o r  f i s s i o n  competition at  the  

f i n a l  s tage,  we replace the  l a s t  incomplete gamma funct ion of Jackson by one 

giving the  probabi l i ty  t h a t  the  res idua l  nucleus w i l l  have an exc i ta t ion  greater  

than the  act ivat ion energy f o r  f i s s i on .  The r e s u l t  i s  a narrowing of the  peak 

of the  t heo re t i c a l  exc i ta t ion  functions,  i n  b e t t e r  agreement with experiment. 

Using these considerations, one can express t he  cross  sect ion f o r  a 

react ion following compound nucleus formation as 

f X 
where A, = (E - 2 Bi - E ~ ~ )  / T .  

i 

Eth  
i s  the  act ivat ion energy f o r  f i s s i o n  f o r  t h e  r e s idua l  nucleus. The sub- 

s c r i p t s  1, 2- -X  on the  Gn fac to r  r e f e r  t o  the  branching r a t i o  f o r  emission of  

the l s t ,  2nd, --, x t h  neutron from the  compound nucleus, cr is  the cross 
C 

sect ion f o r  the  formation of the compound nucleus a t  the  pa r t i cu l a r  energy 

considered. The neutron binding energies were taken from Hyde and Seaborg, 
18 

and t he  f i s s i o n  ac t iva t ion  energies were calcula ted from a semi-empirical 

equation r e l a t i ng  f i s s i o n  thresholds t o  spontaneous f i s s i o n  ra tes .  19 

It i s  necessasy t o  evaluate the  G quan t i t i e s  and t o  choose a value of 
n 

the nuclear temperature. Not a g rea t  deal  i s  known about the  var ia t ion  of 

I n /  rf w i t h  exc i ta t ion  energy and nuclear type (2, A, even-odd character ,  e t c  . ) . 
The following ass pt ion about rnj rf w i l l  be made: 

(1) '/ r, i s  independent of exc i t a t i on  energy. 



( 2 )  
r 

"/ r f o r  even-even nucle i  i s  twice as  great  as  l'n 
/ r f  

f o r  even-odd nucle i .  (1t w i l l  not be necessary t o  consider 

odd-odd products i n  the  present calcula t ions .  ) 

(3)  Aside from even-even and even-odd e f f ec t s ,  there  i s  a general 

t rend f o r  n/ rf t o  vary with mass number. 

The f i r s t  assumption as  a f i r s t  approximation obtains support from the  

shape of exci ta t ion functions f o r  f a s t  neutron-induced f i s s i o n  and a l so  from an 

analysis  by Batze12' of high energy spa l la t ion  exc i ta t ion  functions.  The same 

conclusion was reached by Glass and co-workers from analysis  spa l la t ion  ex- 
1 

c i t a t i o n  functions. There i s ,  however, some evidence t h a t  / rf  increases 

with increasing exci ta t ionsZ6 The second assumption a r i s e s  from the  be l i e f  

t ha t  the  odd-mass product of the  evaporation of a neutron from an even-mass 

nucleus has a higher l e v e l  densi ty  than the even-mass product from an odd-mass 

nucleus; the  fac tor  of two used was taken from an est imate by Weisskopf. 27 

Pn  The var ia t ion  of / rf with mass number has been evaluated from a p lo t  of 

the neutron t o  f i s s i on  width r a t i o s  

actions i n  various uranium isotopes. 

increase by a fac tor  of 1.3 per un i t  increase of mass number A. 

Using the above considerations, one needs t o  choose only two parameters 

t o  calcula te  exci ta t ion functions f o r  a l l  of the  possible a,xn) react ions .  

These are  the  nuclear temperature T and a mean value fo r  "/ rf. C a l c u l ~ t i o n s  
235 have been made fo r  the a,xn) react ion cross sections of u~~~ and U A mean 

(geometric) value fo r  In/ Vf o 0 6  fir u2j3 and 0.29 ro; u~~~ and nuclear 

temperatures of 1.41 Mev and 1.35 Mev respect ively  were found t o  give the  be s t  

f i t  t o  the  exper' e n t a l  data. The neutron branching r a t i o s  aerived from the  

mean values of '/ rf are  i l ~ s t r a t e d  i n  Table V Y I I I ,  i n  Figs. l k  and l j  the  

calculated curves are compared with the experimental points .  Considering the  

s impl ic i ty  of the model, t he  agreement with those fea tures  of the  exci ta t ion 

functions believed t o  r e s u l t  from compound nucleus formation i s  good. The 

agreement with the peak cross sect ion values f o r  the (a,2n), (a,3n), and (a,4n) 

reactions supports the assumed var ia t ion of rn/ rf with mass number and nuclear 



I n  view of the  success i n  reproducing ce r t a in  fea tures  of the  spal-  

l a t i on  exc i ta t ion  functions using the branching r a t i o s  shown i n  Table V I I I ,  

it seems ju s t i f i ab l e  t o  use these branching r a t i o s  t o  ca lcu la te  t he  f r ac t i on  

of the f i s s i on  t h a t  occurs before the  emission of various numbers of neutrons. 

Given an i n i t i a l  exci ta t ion energy of the  compound nucleus, we can a l so  calcu- 

l a t e  the  average exci ta t ion energy at  which f i s s i o n  occurs. It is  assumed 

tha t  the  average exci ta t ion energy of a res idua l  nucleus a f t e r  the  emission of 

a neutron i s  given by the  i n i t i a l  exc i ta t ion  energy minus the  binding energy 

of the neutron and minus 2 T, where the  nuclear temperature T has been taken 
235 as 1.41Mev  for^^^^ and1.35 M e v f o r U  . 

I n  Table I X  the percentage of t o t a l  f i s s i ons  occurring a f t e r  the  

evaporation of various numbers of neutrons are l i s t e d  f o r  th ree  helium-ion 

bombardment energies. The second row gives t he  i n i t i a l  exc i t a t i on  energy 

corresponding t o  the helium ion energy. The l a s t  row gives the  average ex- 

c i t a t i on  energy a t  which f i s s i oq  i s  occurring f o r  each of the  th ree  i n i t i a l  

excitation energies i n  the  ease of each isotope. Calculations by Coffin and 

Halpern give r e s u l t s  which are  i n  subs t an t i a l  agreement with those reported 
- 

here . 26 
It can be seen from Table IX t h a t  most of the  f i s s i o n  prekedes neutron 

235 evaporation f o r  he l im- ion  induced f i s s i o n  of u~~~ and U This conclusion 

i s  i n  apparent disagreement with the  observations of Harding and ~ a r l e ~ , ~ ~  who 

measured the  angular d i s t r ibu t ion  of neutrons from the  bombardment of na tu r a l  

uranium with 147 Mev protons. They concluded t h a t  the g r ea t e r  p a r t  of the  

neutron emission occurred before f i s s i on ,  with only 2.5 + 1 neutrons being 

emitted from the  moving fragments. Although it i s  poss ible  t h a t  a t  high energy 

the p robabi l i ty  f o r  neutron emission increases f a s t e r  than the  p robabi l i ty  f o r  

f i s s ion ,  the  l a s t  3 o r  4 stages of  the  evaporation chain should occur a t  ex- 

c i t a t i o n  energies comparable t o  those of the nucle i  i n  t h i s  work; t h a t  i s ,  a t  

energies such t h a t  f i s s i on  w i l l  be followed by the  emission of from 5 t o  7 
neutrons. However Marquez has pointed out t h a t  had Harding and Far ley assumed 

what appears t o  be a more reasonable value f o r  the  average energy of the  emit- 

t ed  neutrons, they would have found t h e i r  r e s u l t s  consis tent  with the  neutrons' 

being emitted a f t e r  f i s s ion .  30 



Direct in teract ions  

Examination of Figs. 14 and 15 shows t h a t  almost a l l  of the  (a,n) exc i -  

t a t i on  functions and the high energy pa r t  of the  (a, 2n) exc i ta t ion  function c m -  

not be accounted f o r  by a compound nucleus model. It has been mentioned e a r l i e r  

that d i r ec t  in te rac t ion  mechanisms must be important i n  these  reactions.  I n  

general, however, it has been expected t h a t  the  e f f e c t s  of d i r e c t  i n t e r ac t i on  

would be seen only a t  p ro j ec t i l e  energies above 50 Mev. I n  the  react ions  of 

non-f issionable nuclei ,  the prominent compound-nucleus -spal la t ion react ions  

usually mask out any small e f f e c t s  due t o  d i r ec t  in teract ion.  The region of 

f iss ionable  nuclides i s ,  therefore,  a pa r t i cu l a r l y  good place t o  study the  

direct-interaction-spallation react ions  with f a i r l y  low energy pa r t i c l e s  be-  

cause the react ions  which involve compound nucleus formation a re  l a rge ly  elim- 

inated by f i s s i o n  competition. 

One reasonable mechanism fo r  t he  (a,n) and (a ,p)  react ions  i s  a "knock- 

on" reaction i n  which the  h e l i m  ion s t r i k e s  a nucleon, which i s  then emitted. 

The product of the  (a,2n) react ion can be formed i n  the  following three  ways: 

(1) by evaporation of two neutrons from the  compound nucleus and (2 )  by e j ec -  

t ion  of the f i r s t  neutron by a d i r ec t  in te rac t ion  mechanism followed by 

evaporation of t he  second neutron, and (3) by e jec t ion  of both neutrons by a 

d i rec t  in te rac t ion  mechanism. The "tail" of the  exc i ta t ion  function f o r  t h e  

(a, 2n) reaction i s  very l i k e l y  due t o  an i n i t i a l  knock-on followed by the  

evaporation of the  second neutron. Many of the  d i r e c t  in te rac t ions  i n  which 

one neutron i s  knocked out w i l l  leave the  nucleus with enough energy t o  

evaporate a second neutron. Fission tends t o  cu t  down the  products, but  not  so  

severely as it cuts  down the  products from the react ion involving the  evaporation 

of two neutrons, since i n  the  l a t t e r  case f i s s i o n  has two chances t o  compete with 

neutron emission whereas i n  the  former it has only one. The f a c t  t h a t  the  " t a i l "  

on the (a,2n) exc i ta t ion  function f o r  u~~~ i s  lower than t h a t  f o r  u~~~ and Pu 239 

i s  consistent with increased f i s s i on  competition a t  the  evaporation stages of 
233 the reactions of u~~~~ A comparison of the (a,2n) exc i ta t ion  functions of U , 

u ~ ~ ~ ,  and ~u~~~ with those of lead shows t h a t  the  peaks have been cut  down by  

f i s s i on  more than have the " t a i l s " ,  an observation t h a t  lends fu r ther  support 

t o  the idea t ha t  the  peaks, being due t o  i n i t i a l  compound nucleus formations, 

suffer  from f i s s ion  competition twice, whereas the t a i l s ,  being due p a r t l y  t o  



d i r ec t  in teract ion,  su f fe r  from f i s s i o n  competition a t  most only once. The 

contribution of d i r ec t  in teract ions  t o  the  exc i ta t ion  functions f o r  the  (a,3n) 

react ion appears t o  be f a i r l y  small. Seactions proceeding by d i r e c t  i n t e r ac t i on  

mechanisms probably contribute t o  the  peak i n  the  curve represent ing t he  ( a , ~ n )  

cross sect ions  and possibly t o  t ha t  i n  the  curve representing the  (a,3n) cross 

sections.  It i s  l ike ly ,  however, t h a t  the  observed products of the  (~11,411) r e -  

act ion are  due almost e n t i r e l y  t o  react ions  going by a compound nucleus mech- 

anism. 

There i s  l i t t l e  doubt tha t  the  products of the  (a,p2n) reac t ion  of the  

heavy elements are  produced almost e n t i r e l y  by the d i r ec t  emission of high energy 

t r i t o n s ,  without the  formation of a compound nucleus .3 The y i e ld  of tritium 
3 from helium-ion bombardment of has been measured and found t o  be s l i g h t l y  

l a rger  than the  amount t h a t  would be expected i f  the  e n t i r e  cross sec t ion  fo r  

the  (a,p2n) reac t ion  - as  measured radiochemically through the  y ie ld  of the  

product nuclide i n  t h i s  work - was due t o  the  (a,t) react ion.  The cross sect ion 

f o r  the production of the  nuclide corresponding t o  the "(a,p3n) reaction" i s  

probably due t o  the  react ion (a , tn)  . Thus the  y ie ld  of tritium would be expected 

t o  be higher than the  radiochemical y i e ld  of the  product due t o  the (a,t) r e -  

action because of the  contribution of ( a , t n )  and (a,t f i s s i o n )  react ions .  The 

observation t h a t  the  y ie ld  fo r  the product of the  u~~~ (a,p3n) react ion (which 

includes the contribution of the u~~~ (0,411) react ion)  i s  much l e s s  than the  

y i e ld  f o r  the  product of the  U238 (a,p3n) react ion indicates  the  increased f i s -  

sion competition i n  the neutron def ic ien t  isotopes.  

A simple c l a s s i c a l  model can be used t o  show the  p l a u s i b i l i t y  of the  

idea t h a t  a d i r e c t  in teract ion between a helium ion and a nucleus can r e s u l t  

i n  the emission of a high energy t r i t o n  with the  nucleus l e f t  with a low 

exci ta t ion energy. Since such a react ion probably occurs a t  the  surface of the 

nucleus, the predominant force i n  determining the t r a j ec to ry  of the  incident  

and emitted charged pa r t i c l e  i s  the  coulombic force.  It i s  assumed t h a t  the  

helium ion approaches the  nucleus along the  hyperbolic path t h a t  i s  tangent t o  

the nuclear surface.  A t  the  nuclear surface,  the helium s p l i t s  i n t o  a t r i t o n  

and a proton, both moving with the same ve loc i ty  as t h a t  of the  helium ion at  

t ha t  point .  The proton i s  absorbed by the  nucleus and the  t r i t o n  moves away 

from the  nucleus along a hyperbolic path  tangent t o  the nucleus at  the  same 



point  t ha t  the helium ion  path was tangent. Calculations based on t h i s  model 

show tha t  a 4O-~ev helium ion incident on a U238 nucleus can cause the  emission 

of a 24 -~ev  t r i t o n ,  with about 2 Mev of exc i ta t ion  given t o  the nucleus. 

Although there  i s  no d i r ec t  evidence t h a t  deuterons a re  emitted i n  the  

"(a,pn)" reaction,  there  i s  other evid-ence t h a t  t h i s  i s  l i k e l y  t o  be a con- 

t r ibu t ing  process. I f  one remembers t h a t  the  y ie ld  reported here f o r  t he  U 238 
n I .  A 

(a,pn) IYpLW react ion i s  t h a t  f o r  one isomer only, a comparison of the  exc i -  

t a t i on  functions f o r  the  (a,pn) react ions  of u ~ ~ ~ ,  U238, and Pu 
238 1 

show 

tha t  they are  a l l  of about the same magnitude, although the  t a rge t  nuclides 

vary g rea t ly  i n  f i s s i onab i l i t y .  The differences i n  shapes of the  exc i ta t ion  

functions fo r  the (a,pn) reactions are not understood completely. The f a c t  

t ha t  the  product of the  u~~~ (a,pn) react ion i s  long-lived N~~~~ which was 
240 

d i f f i c u l t  t o  i den t i fy  and t ha t  only one isomer of the  U238 (a,pn) Np r e -  

act ion was observed somewhat complicates the  p ic tu re .  However, by comparing 

the  exci ta t ion functions fo r  the u~~~ (a,pn) and the  u~~~ (a j2n)  reac t ions?  

one can f ind  a t  l e a s t  p a r t i a l  evidence f o r  d i r ec t  emission of deuterons. I f  

the  " ( ~ l , ~ n )  reaction" took place by the  emission of a separate proton and 

neutron, e i t he r  by formation of a compound nucleus o r  by  d i r ec t  in te rac t ion ,  

a s imilar  mechanism should a l so  cause the  emission of two neutrons with a t  

l e a s t  equal frequency, wi th  the r e s u l t  t h a t  the  cross sect ion f o r  t he  (a,2n) 

react ion would be a t  l e a s t  as large  as  t h a t  f o r  the  (a,pn) reaction.  I n  

ac tua l  fac t ,  the cross sect ion f o r  the  (a,2n) reac t ion  of u~~~ is  much smaller 
233 than t ha t  fo r  the (aJpn)  react ion of U . 

The (a,m) reac t ion  was the most promSnent spa l la t ion  reac t ion  observed 

i n  the bombardment of U238 with helium ions. It i s  doubtful t ha t  compound 

nucleus formation accounts fo r  much of t h i s  cross sect ion since the  coulomb 

ba r r i e r  would make it very d i f f i c u l t  t o  evaporate an alpha pa r t i c l e .  This 

view i s  supported by the  low yields of (d,an) reactions observed i n  the  bom- 
239 bardment of u~~~ and Pu . l2 Several  possible mechanisms remain. One 

mechanism fo r  t h i s  reac t ion  i s  a d i r ec t  in te rac t ion  of the  bombarding p a r t i c l e  

with a neutron i n  the  di f fuse  rim of the  nucleus, r e su l t i ng  i n  the  neutrons 

being knocked out without the  capture of the bombarding p ro j ec t i l e ,  With t h i s  
-. 

type of mechanism the  cross section f o r  the  (a,ap) react ion should a l so  be 

f a i r l y  prominent. Another pos s ib i l i t y  i s  i n e l a s t i c  sca t te r ing  of the  



incident alpha par t ic le ,  with the excited ta rge t  nucleus evaporating a neutron. 

With t h i s  type of mechanism, the cross section f o r  the (a,-) reaction should 

be much l e s s  than tha t  f o r  the (a,m) reaction because of coulomb ba r r i e r  d is -  

crimination against charged par t ic le  evaporation. Unfortunately, no cross 

sections fo r  (a,ccp) reactions have been studied i n  the heavy elements so tha t  

it i s  not possible t o  choose between the two mechanisms on t h i s  basis.  S t i l l  

a t h i r d  poss ib i l i ty  i s  a coulomb excitation process, but the probabili ty fo r  

t h i s  does not seem t o  be large enough t o  account fo r  the observed cross section. 

~ e r k l e ~ l  has measured a cross section of 70 mb fo r  the (a,m) reaction 

of ~u~~~ a t  46 Mev, which i s  quite comparable i n  magnitude t o  tha t  found fo r  

the ( a , m )  reaction of U238. ,is would indicate tha t  the l a s t  two mechanisms 

are not very l ikely,  for  i n  those cases one would expect tha t  f i s s ion  would 

compete with the neutron emission and the (a,an) reaction would be l e s s  prob- 
197 able for  U238 than fo r  Au . 

One interest ing consequence of the large contribution of a d i rec t  

interaction mechanism i n  spallation reactions fo r  highly fissionable nuclei  

i s  i l l u s t r a t ed  i n  Figs. 9 and 10. The curves showing the percent of t o t a l  

reaction cross section due t o  spallation reactions i s  seen t o  decrease with 

increasing energy f o r  u~~~ and ~ u ~ ~ ~ ,  while f o r  u~~~ the curve r i s e s  a t  the 

highest energies. This i s  at t r ibuted t o  the prominence of compound nucleus 

type spallation reactions a t  the lower energies with increased chances fo r  

f i ss ion  competition a t  the higher energies i n  the u~~~ and reactions. 

However, the major par t  of the spallation reactions i n  u~~~ proceed through 

d i rec t  interaction mechanisms and these become more probable a t  higher energies. 

This does not imply tha t  there i s  a larger amount of d i rec t  interact ion taking 

place for  u~~~ than for  u~~~ and but t h a t  the fract ion of the spal- 

la t ion  reactions tha t  go by direct  interact ion i s  larger  fo r  u~~~ than f o r  
235 pu239 and U . 

Fission 

The mass yield distributions of the f i s s ion  products are shown f o r  d i f -  

ferent  helium ion energies i n  Figs. 6 t o  8. It i s  seen tha t  f i ss ion  i s  predomi- 

nantly asymmetric a t  low energies and appears t o  become more symmetric as the 

excitation energy i s  increased, i n  agreement with previous work. 1,4,32 



However, it should be noted t h a t  the  increased symmetry i s  not due t o  the  

asymmetric peaks moving together,  bu t  r a the r  t o  an apparent increase i n  a 

symmetric mode causing the  va l ley  t o  r i s e  up f a s t e r  than the  wings. Com- 

parison of the  f i s s i on  y i e l d  curves, and p a r t i c u l a r l y  the  va l l ey  t o  peak 

r a t i o s  ( r a t i o  of the  cross sect ion at  the  minimum i n  the  y i e ld  d i s t r i bu t i on  

t o  the  cross section a t  the  asymmetric maxima) ind ica tes  t h a t  the re  i s  no 

s ign i f ican t  difference i n  the  f i s s i on  asymmetry i n  the  three  uranium isotopes 

studied. 

As i s  seen i n  Figs.  9, 10, and 13, the  t o t a l  f i s s i o n  cross sect ions  

f o r  the  three isotopes are  a l l  approximately the  same and account f o r  most of 

the  t o t a l  cross section.  Comparison of the  f i s s i o n  cross sect ions  determined 

i n  t h i s  work fo r  helium ion induced f i s s i o n  of u~~~ and U238 with the  r e s u l t s  

determined by ~ u n ~ e r m a n ~ ~  using an ionizat ion chamber show good agreement 

between the two methods. 
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Table I1 

Spal la t ion cross sect ions  (mb ) f o r  helium-ion - 

induced react ions  of U 233 



Table 111 

Spal la t ion cross  sect ions  (mb ) f o r  helium-ion - 

induced reac t ions  of U 235 

Product ,238 ,237 ,236 ,235 PU 234 Np238 Np236 



Table I V  

Spal la t ion cross sections ( m b )  f o r  helium-ion 

induced react ions  of U 238 

~p~~~ $37 Product 
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Table V I I I  

Neutron branching r a t ios  used i n  calculating u~~~ and U 235 

(a,xn) cross sections. The numerical subscripts re fer  t o  the emission 

of the 1 s t  , Znd, . . . i t h  neutron, 

,233 u235 Ratio 



Table I X  

The percentage of t o t a l  f iss ions occurring a f t e r  the evaporation of various 
235 numbers of neutrons in  the helium-ion induced f i ss ion  of u~~~ and U . 

Calculations for  three different i n i t i a l  excitation energies are l i s t e d  i n  

each case. 

Helium-ion energy (Mev ) 46 36 29 42 32 23 

Excitation energy (Mev) 40 30 2 3 37 27 18 

Neutrons emitted 

before f iss ion 

- - 

Average excitation 

energy of f iss ion 

(MeV) 



HELIUM ION ENERGY (Mev) 

233 Fig. 1. S p a l l a t i o n  e x c i t a t i o n  funct ions  f o r  (a,xn) r e a c t i o n s  o f  U . 
Ind ica t ed  l i m i t s  of e r r o r  on t h e  (a,kn) c ross  sec t ions  are 

r e l a t i v e  e r r o r s  only.  



HELIUM ION ENERGY ( M e 4  
MU-13642 

Fig. 2. Spal la t ion exc i ta t ion  functions f o r  (a,pxn) reac t ions  of U 233 

Indicated limits of e r ro r  on the (a,pn) cross sections.  a re  

r e l a t i ve  e r ro rs  only. 



HELIUM ION ENERGY (Mev) 
MU-13641  

235 Fig. 3. Spa l l a t ion  e x c i t a t i o n  funct ions  f o r  (a,xn) r eac t ions  of U . 
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HELIUM ION ENERGY (Mev) 

235 Fig. 4. Spal la t ion exc i ta t ion  functions f o r  (a,pxn) react ions  of U , 
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HELIUM ION ENERGY (Mev) 
M U - 1 3 7 0 6  

238 Fig. 5. Excitation funct ions  for s p a l l a t i o n  r e a c t i o n s  of U . 
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233 Fig. 6. Fission yie ld  curves f o r  helium-ion induced f i s s i o n  of U . 
The c i r c l e s  represent experimental points and the  t r i a n g l e s  

represent re f lec ted  points.  The number of neutrons assumed 

emitted i n  r e f l ec t i ng  the  curves a re  indicated f o r  each energy. 
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The c i r c l e s  r ep resen t  exper imenta l  po in t s  and t h e  t r i m g l e s  

r ep resen t  r e f l e c t e d  p o i n t s .  The num'~er o f  neutrons sssuned 

emi t ted  i n  r e f l e c t i n g  the curves a r e  i n d i c a t e d  for each energy. 
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n 238 ilig. 3. Fiss ion y i e l d c u r v e s  f o r  helium-ion i n d u c e d f i s s i o n  of U . 
The c i r c l e s  represent experimental points  and the  t r i a n g l e s  

represent  r e f l e c t e d  points .  The number of neutrons assumed 

emitted i n  r e f l e c t i n g  the  curves a r e  indicated  f o r  each enerzy. 
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Fig. 9. Excitation functions for fission and summed spallation 

reactions in u ~ ~ ~ .  Also shown is the percent of the total 
' 

reaction cross section going into spallation for u~~~ and 
239 also for Pu for comparison. 



HELIUM ION ENERGY (Mev) 
MU-13677 

Fig. 10. Exci ta t ion  functions f o r  f i s s i o n  and summed s p a l l a t i o n  

react ion i n  u ~ ~ ~ .  m e  dashed l i n e s  show the  percent  of the  

t o t a l  r eac t ion  cross sec t ion  going i n t o  s p a l l a t i o n .  
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Fig. 11. Total  f i s s i o n  yie lds  plus the observed spa l l a t i on  yie lds  fo r  

helium-ion bombardments of u ~ ~ ~ .  The c i r c l e s  represent experimental 

data. The dashed l i n e s  represent t heo re t i c a l  ?ompound nucleus 

formation cross  sect ions  and were taken from reference 17. 



HELIUM ION ENERGY (Mev)  
MrJ-13675 

Fig.  1 2 .  Tota l  f i s s i o n  y ie lds  p lus  the  observed s p a l l a t i o n  y i e l d s  
235 f o r  helium-ion bombardments of U The c i r c l e s  r ep resen t  

experimental da ta .  The dashed l i n e s  represent  t h e o r e t i c a l  

compound nucleus formation cross  sec t ions  and were 'calren from 

reference 17. 



238 
-7 g 1 ,  Total  f i s s i o n  yie lds  f o r  belium-ion bom7~ardInents of U . 

The c i r c l e s  represent  experimental data .  The dashed l i n e s  

represent  t heo re t i c a l  compound nucleus formation cross sect ions  

and were taken f r ~ m  reference 17. 
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rig. 14. Comparison of ca lcula ted and experimental exc i t a t i on  funct ions  

f o r  (a,xn) react ions  of u ~ ~ ~ .  The smooth curve represents  the  

calculated cross sect ions  and the  ac tua l  experimental points  a r e  

shown as c i r c l e s .  
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Fig. 15. Comparison of calculated and experimental excitation functions 
235 for (a,xn) reactions of U . The smooth curve represents the 

calculated cross sections and the actual experimental points are 

shown as circles. 
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