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-Y"" ""'m .. -, Ranges i n  NI" a re  reported f o r  N i S B ,  N i s 7 ,  Cogs, Case, 

I 5 B coS7, and Co reco i l  ions resul t ing from the bombardment of 

I NiSB with 46 t o  68 MeV helium ions. The thick target-thick catcher 

I method was used t o  obtain average recoi l  ranges i n  the beam d i -  

I rection. Measured ranges have been compared with theoret ical  

I range predictions, calculated assuming f u l l  momentum t ransfer  

I from the incident helium ions t o  the reco i l  ions. Theoretical - , - <  

I range curves were corrected f o r  the Influence of& par t i c le  and 

I nucleon evaporation. Experimental ranges measured from reaction 

I thresholds t o  excitation function peaks agree with the corrected 

I theoret ical  curmes t o  within 10s. Recoil ranges f o r  CoB7 and 

N i s 7  a re  shown t o  have predominate contributions from a low .................................................................. 
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momentum t rans fe r  process i n  the energy range corresponding t o  the 
. . 

'high energy t a i l  of the  exci ta t ion functions. A t  higher energies 

the ranges, and exci ta t ion functions a r e  shown t o  increase, con- 

s i s t e n t  with the onset  of N i S 8  & ,5 nucleon) compound nucleus 

reaction contributions. Recoil ranges fo r  ~ 0 ~ ' ;  Cose, and coSe 

a r e  consistent  with f u l l  mbmentwn t r ans fe r  over t'he e n t i r e  energy 

range studied, including. those ranges corresponding t o  the high 

energy t a i l  of the coS8 exci ta t ion function. Recoil ranges f o r  

N i S e  a r e  consistent  with f u l l  momentum t rans fe r  up t o  the peak of 

the  exci ta t ion function, a f t e r  which the range decreases sharply 

a s  a competing low momentum t rans fe r  reaction becomes predominant. 

We discuss the d e t a i l s  of the  reaction mechanism responsible fo r  

the high energy t a i l s  of the  NiS7 ,  coS7, and ~ i "  exci ta t ion 

.functions: I n  the  case of the exci ta t ion function f o r  the forma- 

t i o n o f  NI" We present evidence t h a t  the interact ion i s  between 

the incident helium ion and one o r  two neutrons, ra ther  than an 

' (A', i&#) i n e l a s t i c  sca t te r ing  followed by nucleon evaporation. We 

conclude tha t  we cannot d i f f e ren t i a t e  between these t,wo mechanisms 
. . 

. i n  the  case of the  reactions forming ~ 1 ' ~ -  and coS7. 

.. . . I, INTRODUCTION. ' 

Many measurements of exci ta t ion functions have' been under- 
1 '4 

taken t o  provide data t o  t e s t  the  s t a t i s t i c a l  theory of nuclear 

reactions,  Some of the reactions t o  be discussed i n  t h i s  work - 
(A , f i n ) ,  (4 p ( & , & p n )  and (6 ,&2n)  reactions of ~i~~ A 

5 '8 have been s tudied  extensively by several  groups. There a r e  

disagreements between the experimental exci ta t ion functions f o r  

these reactions and. the predictions of the  s t a t i s t i c a l  theory i n  
9-11 its most commonly applied form. ~ ~ e c l f i c a l l y ,  the experimentally 



measured yield  r a t i o s  of and N ~ ~ ~ / C O ~ "  a r e  very much 

lower than predicted by the s t a t i s t i c a l  theory, and the high energy 

t a i l s  of the exci ta t ion functions a r e  not predicted by theory. The 

discrepancies could a r i s e  e i t h e r  from s igni f icant  d i r ec t  reaction . 

contributionsS (which would make a  comparison w i t h  s t a t  i s t l c a l  

theory inva l id)  o r  from a f a i l u r e  of the  s t a t i s t i c a l  theory i n  the  

form i n  which it has been applied (or  t o  a  combination of these).  

T h i s  work was undertaken i n  an e f f o r t  t o  d i f f e ren t i a t e  between 

%Re g o ~ s l b l e  ezpLaaatAon8, Bs deternine the reastisn msshmlame An 

general, and i n  pa r t i cu la r  t o  see where a comparison w i t h  the 

s t a t i s t i c a l  theory i s  valid (1.e. where reactions appear t o  be 

proceeding by a  compound nucleus mechanism). I n  a subsequent work, 

- the s t a t i s t i c a l  theory w i l l  be applied t o  those reactions shown t o  

proceed by a  compound nucleus mechanism:', 

From exci ta t ion functions alone,. one may only speculate a s  

t o  the  mechanism of a  reaction,  Measurements giving more specif ic  

information include angular d is t r ibut ions ,  angular correlat ions,  

and reco i l  range measurements, 

Alpha p a r t i c l e  angular d is t r ibut ions  resu l t ing  from helium 

ion bombardment of I?e5' and Cu e3-6s with helium ions of 21 t o  

47 MeV a r e  symmetric about 90' cam, and have energy d is t r ibut ions  
12'14 

consistent  with evaporation spectra,  This data implies tha t  the  

preponderance o f  (A ,&3 reactions i n  t h i s  region do proceed by a  

compound nucleus mechanism, but i t  does not give specific informa- 

t ion  on the mechanism responsible f o r  the  high energy t a i l s  of 

the exci ta t ion functions, This i s  because the cross section i n  

the t a i l  region of exci ta t ion functions may be only 1 - 10% of the 

 total^^ emitting cross section a t  a  given bombarding energy, Thus 
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i f  the  angular d i s t r i b u t i o n s  of  react ions  leading t o  exc i t a t i on  

function t a i l s  were asymmetric about go0, the  observation of t h i s .  :, - 

asymmetry might be l o s t  due t o  the  preponderant con t r ibu t ions  of 

' o the r  & emit t ing react ions .  Angular co r r e l a t i on  measurements would' 

su f f e r  s imi l a r  d i f f i c u l t i e s ,  due t o  t he  competitive behavior of 

reac t ions  proceeding by the  compound nucleus mechanism. I 

The measurement of r e c o i l  ranges of r e s idua l  nuclides leaves 

no ambiguity a s  t o  the  react ion being invest igated.  The r e c o i l  

range is, a s  w i l l  be discussed, qu i te  s ens i t i ve  t o  devia t ions  from 

symmetry about go0 c  .me of 'the emitted alpha p a r t i c l e .  In  t h i s  

work we repor t  measured mean r e c o i l  ranges i n  the beam d i r ec t ion  

f o r  t he  ' ,  , 6 ,  p ,  : p ,  ( d i , 4 2 n p ) ,  ( 4 , 4 2 n ) ,  and 

( 4 , 3 p n )  reac t ions  induced i n  ~i". 

We w i l l  first discuss  t he  t h e o r e t i c a l  p red ic t ions  of r e c o i l  

ranges i n  n icke l  f o r  t he  nuclides of i n t e r e s t .  We w i l l  d iscuss  

the  cor rec t ions  t o  the  predicted ranges due to '  changes i n  momentum 

and d l  r ec t ion  of  the  r eco i  1 .products r e su l t i ng  from p a r t i c l e  evapora- 

t i on ,  y ie ld ing  t h e o r e t i c a l  range-energy r e l a t i o n s  f o r  t he  r e c o i l  

nuc le i  of i n t e r e s t .  We w i l l  then present  and compare the  experi-  

I mental ranges with the  values ca lcula ted assuming a  compound nucleus 

mechanism, and discuss  t he  implicat ions of these  r e s u l t s  with 

respect  t o  react ion mechanisms. 

11. EXPERIMENTAL PROCEDURES 

A.  Targets  and Catcher F o i l s  

Targets  were prepared by e l ec t rop la t i ng  99.95$ .enriched I 
~ i "  onto 0.2 m i l  gold f o i l s .  Each gold cathode was individauldy 

weighed and measured p r i o r  t o  use t o  determine i t s  ' thickness; 

~ thicknesses varied between 9.3 and 10.0 mg/cm2. The p l a t  ing  
I chimneys used gave c i r c u l a r  ~ l a t e s  of 1 .go. cm diam. ' The t a r g e t  

. *  , 
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thicknesses varied between 4.07 and 9.52 mg/cm? The catcher- 

degrader f o i l s  used were 99.5% pure aluminum, 2.02 mg/cm2 thick. 

Two s e t s  of t a rge t s  were bombarded, Each stack consisted of  
-. . . 

. ten ~i~~ on gold ta rge ts ,  each followed by an aluminum catcher f o i l .  

Additionally each stack had nine ~e ' '  on gold t a rge t s  followed by 

aluminum catcher f o i l s .  .The ~ e ' v t a r g e t s  were par t  of a separate , 
expe2Iment being run concu~rent ly ;  the r e s u l t s . o f  t h i s  experiment 

w i l l  not be discussed i n  d e t a i l  i n  t h i s  work. Targets were arranged 

with the nickel on the downatraim a ide  eaf the goold r ~ l . 1 ~  with 

respect t o  the beam; aluminum catcher f o i l s  followed the nickel.  

Each complete ta rge t  stack was wrapped i n  a s ingle  k y e r  of 5.0 
' 

mg/cm2 aluminum f o i l  f o r ' e a s e  of handling. 

B, Bombardments 

Bombardments were performed on the University of California 

Lawrence Radiation Laboratory 88" s p i r a l  ridge cyclotron. The 

two ta rge t  stacks were each bombarded f o r  approximately 15 min  i n  

a zero degree beam port  33 f t  from the accelerator.  A 1/2" d i m  
. , 

graphite collimator was placed 12" i n  f ront  of the ta rge t  holder. 

The integrated beam on the two runs was 0. l l"and 0..3O,~A-h 
. . 

respectively. 

The energy of the incident helium ion beam is estimated t o  

be 692 1 MeV. This estimate i s  based on the extract ion radius 

and cyclotron frequency, The calculated values were found t o  give 
. . 

good agreement with energy determinations based on aluminum range 

measurements :5 

C. Chemistry 

Targets and t h e i r  respective catcher f o i l s  were dissolved 

separately i n  8~ HC1 solutions t o  which Co and Fe ca r r i e r s ,  and 
. . 

Mn and Na holdback c a r r i e r s  had been added. Additionally, Ni 



c a r r i e r  was added t o  the  so lu t ions  containing the  ca tcher  f o i l s .  

I The r e su l t i ng  so lu t ions  were passed through Dowex -1 anion 

s exchange columns, which were r insed with equal volumes of 8 M. HC1. 

I Cobalt and i ron  complexes were re ta ined on the  r e s in ,  a l l  o the r  
16 

ions  were i n  the  e luant .  Cobalt was removed from the  column with 

' 4 M HC1, and  was prec ip i ta ted  a s  ' K ~ C O  ( ~ 0 2 ) ~  ' ~ ~ 0 .  Yields were k 

subsequently determined color imetr ica l ly .  

Five m g  of Co c a r r i e r  was added t o  each N i  sample e lu ted 

from the  columns. Af te r  f i v e  days the  so lu t ions  were again 

separated by ion exchange a s  i n  t he  i n i t i a l  separat ion above. I n  

t h i s  time 90% of t he  ~ i "  had decayed t o  co5', s implifying spectro-  

ecopy f o r  ~i~~ X -rays/ The e luted solut ion containing N i ,  Mn, Alj 

I and Na was made bas ic  with a n  excess of NaOH, p r e c i p i t a t i n g  

hydroxides of NIand  Mn. The hydroxides were dissolved i n  a  

minimum volume. of 6~ HC1. The r e s u l t i n g  solut ion was made a l k a l i n e  

with an excess of  N k O H .  Several  drops of 3% H202 were added t o  

the  amrnoniacal solut ion t o  oxidize manganese t o  t he  +4 oxidation 

I s t a t e ,  i n  which form i ts  hydroxide i s  insoluble  i n  amrnonlacal 
++ 

solut ion.  The r e su l t i ng  N i  ( N H ~  )4 solut ion was d i lu ted  with 

' - .  d i s t i l l e d  water;and exeess dimethylglyoxime was added t o  p rec ip i -  

t a t e  N i .  Separation of N i  and Mn was necessary because of the  

s i m i l a r i t y  of half l i v e s  and X-ray spect ra  of ~i'' and ~ n ~ ' ;  

t r a c e r  amounts of Mn would coprec ip i ta te  with nickel-dimethyl- 

glyoxime i f  no p r i o r  separat ion had been performed. Nickel y i e l d s  

were subsequently determined color imetr ica l ly .  

D. Recoil  Ranges 

I n  t h i s  sec t ion  we d i scuss  the problems pecu l i a r  t o  the 

range determination of each isotope invest igated,  We at tempt  t o  
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make an est imate of the  accuracy of each s e t  of determinations 

I based on poss ible  e r r o r s  i n  chemical y i e ld s ,  t a r g e t  thickness,  and, 

most important, counting,  s t a t i s t i c s .  In  general,  branching r a t i o s ,  

abundances, and de tec tor  e f f i c i e n c i e s  do not e n t e r  i n t o  a consider- 

a t i o n  of the  accuracy, s ince  r a t i o s  of a c t i v i t i e s  i n  ca tcher  f o i l  

and t a r g e t s  a r e  required, and t h e  above mentioned e f f i c i ency  1 

f a c t o r s  cancel.  Where such cor rec t ions  were required, we mention 

them b r i e f l y  and consider them i n  the  est imate.  of e r r o r  quoted. 

The preslaisn Q$' the msasured pang&@ appgara An genemh t o  be Far 

b e t t e r  than the  e r r o r s  w e  quote; a  few points ,  however, seem t o  

have e r r o r s  f a r  outs ide  those estimated. The rad ia t ion  observed 

f o r  each isotope studied i s  summarized i n  Table 1, w i t h  add i t iona l  

pe r t i nen t  decay data'. The measured mean projected r e c o i l  ranges 

(ca lcula ted w i t h  Eq. (1 )  of the  following sec t ion)  a r e  l i s t e d  i n  

Table 11. 

Three determinations were made of the  .160 MeV 'If-ray 

photopeak a rea  f o r  each N i  sample ( t a r g e t s  a n d  ca tchers ) .  A l l  

a r ea s  were extrapolated t o  a  common time by use of the  ~i'' half  

l i f e  quoted i n  Table I, and averaged f o r  each. sample. The th ree  

counts were taken a t  per iods  of one t o  four  weeks a f t e r  the  bom- 

bardment, Photopeak a rea  precis ion f o r  the  t a r g e t  f o i l  samples 

was 3%, and f o r  the  ca tcher  f o i l s  approximately 7%, ind ica t ing  

. t h a t  the measured photopeaks decayed with the proper ha l f  l i f e .  
se ' 4- 

We e s t a t e  the  Mi ranges t o  be accurate  t o  - 10%. 

Nickel057 ranges were ca lcula ted from the  r e l a t i v e  a c t i v i -  

t i e s  of t h e  3 6 h p  + radia t ion,  extrapolated t o  a common time. A l l  

samples from the  catcher  f o i l s  were of : the  same thickness wi thin  



576, and so a l l  had the  same counting eff ic iency.  samples from 

the  t a r g e t s  varied wide.1~ i n  sample thickness (see  Table II 

column 2 ) ,  requir ing eff ic iency cor rec t ions  t o  thicknesses comparable 

t o  the  ca tcher  f o i l  samples, These correct ion 's  were obtained from 
17 ' 

ca l ib ra t i on  curves of the  end window propor t ional  counter used; 

the  ca l ib ra t i on  was by the  method of  ~ a y h u r d  and ~ r e s t w o o d t ~  We . 4 

est imate the measured range3 t o  be accurate  t o  f 108. 

Ranges of coS5 r e c o i l s  were determined by monitoring the  

/? + rad ia t ion  with an end window propor t ional  counter. A l l  samples 

were of comparable thickness; a c t i v i t y  l e v e l s  were very s a t i s f ac to ry ,  
+ 

We est imate these  ranges t o  be accurate t o  - 7%. Gamma pulse 

height ana lys i s  was performed on a l l  cobalt .samples from catcher  

f o i l s  within 20h of bombardment time. N o  evidence of ~ a ~ '  

a c t i v i t y  was found, which indicated t h e . e f f i c i e n c y  of the Na hold- 

back c a r r i e r  used i n  the chemical separat ions.  

Gamma-ray spectroscopy was used i n  obtaining ~ 0 , ~ '  a c t i v i t i e s  

i n  t a r g e t  and catcher  f o i l s .  The main problem i n  these  measure- 

ments was the  low a c t i v i t y  of some of the  ca tcher  f o i l  samples wi th  

respect  t o  background. Because of t h i s  d i f f i c u l t y  we,est lmate t h a t  
+ 

the  co5' ranges quoted a r e  acaurate only t o  - 158. 

The ,120 MeV gamma-ray a c t i v i t y  due t o  co5' decay was 

determined one month a f t e r  bombardment, A pulse  height analyzer  

was used with a 1-1/2" x 1" NaI c rys t a l .  Counting s t a t i s t i c s  were 

s a t i s f a c t o r y  f o r  a l l  samples, We est imate these  ranges t o  be 
f a .  

a ccura te  t o  - 8s. 



Cobalt -58 a c t i v i t i e s  were measured by )/-ray spectroscopy 

of the  .810 MeV phbtopeak, It was necessary t o  cor rec t  t he  a r ea  

under the  .810 MeV photopealc f o r  contr ibut ions  from ~0''. This  was 

done by ca l cu l a t i ng  the  -810 MeV f- ray a c t i v i t y  due t o  CO*' based 

on the  a rea  under t he  1.26 MeV case bC -ray photopeak. The c r y s t a l  4 
19 

e f f i c i ency  curves of Heath were used f o r  t h i s  ..purpose. Coincidence 

cor rec t ions  were applied. Th i s  procedure of ten  resu l ted  i n  taking 

d i f fe rences  i n  numbers d i f f e r i n g  by a s  l i t t l e  as 25%. For t h i s  

reason we have not ca lcula ted co5* ranges f o r  t he  first bombard- 

ment (0.11 + A-h beam). For the  second s e t  of f o i l s  which showed 
+ 

higher d i s in t eg ra t ion  r a t e s  we es t imate  an accuracy of - 15$ f o r  

the c05' ranges l i s t e d  i n  Table 11. 

111. RANGE-ENERGY RELATIONSHIPS 

A. General Discussion 

A s  s t a t ed  i n  the introduction,  w e  have measured average 

r e c o i l  ranges i n  the  beam d i rec t ion ,  & , f o r  react ion products of 

i n t e r e s t .  We have used the th i ck  t a r g e t ,  t h i ck  catcher  method, 

where both the  t a r g e t s  and catcher  f a i l s  were severa l  times th i cke r  

I than the  maximum r e c o i l  ranges encountered. .Under these  experi-  

I mental condit ions the  re la t ionsh ip  between the  t a r g e t  . thickness,  T, 

the  experimentally measured f r ac t ion  of the  t o t a l  a c t i v i t y  i n  the  
20 catcher  f o i l ,  f ,  and the mean range, Ex, i s  

Fg = fT. ( 1 )  

We wish t o  compare the  experimentally measured ranges with 

t h e o r e t i c a l  ranges calculated assuming f u l l  momentum t r ans fe r  i n  

I the Initial react ion,  . l e e .  



where ER represents  t h e  r e c o i l  energy of the  compound nucleus 
I r e s u l t i n g  from helium ions  of k ine t i c  energy EA and mass M,<, 
i 
I i n t e r a c t i n g  with a t a r g e t  of mass % t o  give a f i n a l  react ion 

product of mass MR. The calcula t ion of t he  range values i s  

~ Complicated .by two fac tors .  F i r s t ,  t he  v e l o c i t i e s  of  the  r e c o i l s  

~ encountered i n  t h i s  work a r e  such t h a t  e l ec t ron ic  and nuclear I 

~ stopping a r e  both s ignigicant ;  ne i the r  may be ignored i n  ca l cu l a t i ng  

~ t h e o r e t i c a l  ranges. Secondly, the  masses of r eco i l i ng  atoms and 

1 s8eppP~g medium nearly equal, r s  tha t  oorreatiena fsr sca t tk r -  
ing  a r e  not t r i v i a l .  

B. Theoret ica l  Ranges 

Theoret ica l  range ca lcu la t ions  f u l f u l l i n g  the  n e e d s  of 

t h i s  work have recent ly  been performed by Lindhard, Scharff ,  and 

I 21 
Sh io t t  ( he rea f t e r  referred t o  a s  LSS). Their  r e s u l t s  a r e  presented 

a s  a  un iversa l  set of range-energy curves expressed by the  dimension- 

l e s s  va r i ab l e s  f , € where 

and 

where the  subscr ip t s  1 and 2 denote the  r e c o i l  ion and stopping 

I medium respect ively .  R represents  the  range i n  'cm, N the  number 

of atoms of stopping medium per  cm3, and % the  r e c o i l  ion 

k i n e t i c  energy. The symbols a,, M, and Z have the i r  customary 

denotation. When e l ec t ron ic  stopping a s  w e l l  a s  nuclear stopping 

i s  considered, a family of curves  i n  the P - E plane r e s u l t s ,  

I where ... 



and 

The t h e o r e t i c a l  curve shown i n  Fig. 1 was calcula ted from the  

/c;. - E curves of US, in terpola ted f o r  k = 0.16, f o r  a  r eco i l i ng  

ion of 2=27, A=56 i n  ~ 1 ' ~ .  Corrections f o r  s c a t t e r i n g  ( ca l cu l a t ed ,  

by US) were appl ied ,  t o  get; ranges i n  the  beam d i rec t ion .  The 

maximum deviat ion between the  range values ca lcula ted f o r  any 

isotope studied i n  t h i s  work and the  average value (A=56, 2-27) 

used above does not exceed 3$ (see  Eqs. ( 2 ) - ( 6  The absc i sm of 

Fig. 1. gives  the  incident  helium ion energy; the  re.coi1 energy 

may be calcula ted with Eq. ( 2 )  using MR = 56. For a  100 MeV 

helium ion, the  r e c o i l  energy would be 5.8 MeV. The range- 

momentum curve has a l s o  been shown i n  Fig. 1; note that the  range 

is  s o l e l y  propor t ional  ne i the r  t o  energy nor t o  momentum. 

The t h e o r e t i c a l  range curve of Fig. 1 was calcula ted,  

a s  s t a t ed  above, f o r  a  mass 56 r e c o i l  ion which had received f u l l  

momentum t r a n s f e r  from the  incident  helium ion beam. The ranges 

measured experimentally i n  t h i s  work a r e  (with t he .  exception of 

@oS8 r e c o i l s )  f o r  ES r e c o i l s  which have emitted an 6 ' p a r t i c l e  

and one t o  th ree  nucleons before t ravers ing  any s ign i f i cab t  p a r t  

of t h e i r  range. T h i s  p a r t i c l e  emission may profoundly a f f e c t  the  

r e c o i l  ranges. Before comparing the  experimental range values 

with the  t h e o r e t i c a l  range curve of Fig. 1, appropr ia te  cor rec t ions  

must e i t h e r  be applied t o  the  experimentally measured ranges o r  t o  

the  t h e o r e t i c a l  range curve. Our purpose i s  t o  determine whbre 

experimental r e c o i l  values correspond t o  reac t ions  characterized by 



fo re  choose t o  const ruct  a t h e o r e t i c a l  range curve ( a s  a  function 

of incident  helium ion energy) corresponding t o  such a  s i t ua t ion .  

We w i l l  then compare the  experimentally determined ranges with 

these  t h e o r e t i c a l  p red ic t ions  t o  determine where such a  correspon- 

dence e x i s t s .  In t he  reaaining paragraphs of t h i s  sect ion we 

s h a l l  d i scuss  these  cor rec t ions  t o  the  range-energy curve of Fig, 1) 

and const ruct  corrected range-energy curves ( ~ i g .  2) .  We s h a l l  

show t h a t  the  cor rec t ions  t o  the  range-energy curve a r e  g r e a t e r  

for,&emias;bsn than for nu~leon  emission, and that the range i a  

f a i r l y  i n sens i t i ve  t o d p a r t i c l e  anisotropy and energy, so long as 

the  emitted & p a r t i c l e  i s  symmetric w i t h  respect  t o  go0 c  .m. We 

s h a l l  a l s o  show t h a t  the  mean r e c o i l  range is qu i t e  s ens i t i ve  t o  

a forward peaking of the  emitted cfC p a r t i c l e .  

1. Range Corrections - f o r  Alpha P a r t i c l e  Ehission 

We wish t o  reca lcu la te  the  range energy curve on the  

assumption t h a t  the  r eco i l i ng  nuc le i  each evaporate an A p a r t i c l e  

before t ravers ing  t h e i r  range., Evaporation ca lcu la t ions  which 

consider  mul t ip le  p a r t i c l e  emission pred ic t  an average cL energy 

of e l 2  MeV f o r  nuc le i  of mass 60 a t  i n i t i a l  exc i t a t i ons  of 48 t o  

70 MeV?= We s h a l l  use t h i s  average value i n  our ca lcula t ions .  Use 

of the  f u l l  spectrum does not introduce a  s ign i f i can t  i n t o  

the  f i n a l  r e s u l t s ,  a s  w i l l  be discussed i n  t he  following para- 

graph. 

An example of t he  influence of cfC emission on r e c o i l  energy 

-might emphasize the importance of the  correct ion,  I f ,  f o r  example, 

a  r eco i l i ng  ion of 4.5 MeV k i n e t i c  energy emitted a  12 MeV C< 

1 p a r t i c l e  i n  t he  forward d i rec t ion ,  the  r e su l t an t  r e c o i l  energy 

would be 1.4 MeV5 if the  ,c were e m i t t e d  i n  the  backward d i r ec t ion ,  

the  r e su l t an t  r e c o i l  energy would be 9.3 MeV. If the  emitted 6 



p a r t i c l e  energy were 8 MeV, the  r e su l t an t  r e c o i l  energies  would 

be 1.8 and 8.3 MeV respect ively ,  and f o r  a  16 MeV d;, 1.3 and - 
9.6 MeV. The change of t he  average range, Rx , f o r  the  8 o r  16 MeV 

& emission i s  l e s s  than 1.5% of t he  value calcula ted f o r  a  12 

MeV M . ., 

I n ' t h e  preceeding paragraph we have, shown t h a t  the  use of 

an average 6;- p a r t i c l e  energy i n  place of the  complete spectrum 

is a good approxlmation. The next considerat ion should be the  

angular d l s t ~ . & b u t i ~ r !  si Bbo amigtod 6 pastldole The owtr?e@o@ 

one m i g h t  consider range from an i so t rop ic  distr1but;ion to one i n  

which a l l  & p a r t i c l e s  a r e  emitted i n  the  forward and backward 

d i r e c t i o n s  along the  beam ax is .  Experimental measurements of alpha 

p a r t i c l e  angular d i s t r i b u t i o n s  show t h a t  the re  i s  considerable 

anisotropy i n  t h i s  mass region with 27 and 48 MeV incident  helium 

ions i3  Since the  incident  helium ions  of t h i s  work had energies  of 

46 t o  68 MeV, we might a l s o  expect a  g r e a t . d e a 1  of  anisotropy i n  

these  p a r t i c l e  angular d i s t r i bu t ions .  We have, therefore ,  

' . calcula ted one range curve with the extreme assumption t h a t  ha l f  ,. 

. . .  
. t h e  alphas a r e  emitted a t  0°, and ha l f  a t  1 8 0 ~ .  T h i s  curve is 

. . 

presen.ted i n  Fig.. 2. . ' 

We a l s o  wish t o  consider the case of i so t rop ic  ,-iCemfsslon. 

We have calcula ted the  t h e o r e t i c a l  range curve f o r  i so t rop ic  (cam.) 

emission of 12 MeV alphas,  w i t h  the r e l a t i onsh ip  
0 

0=180 
f R{P / )  cos@sinade 

= O & ~  x 

laoO sinOdO 
(7)  

where R(PX') represents  the  range of the  r e c o i l  of momentum Px / 

alon; the  Px' momentum vector ,  and the  o ther  q u a n t i t i e s  a r e  



% .  Gefined i n  the  momentum vector  diagram of Fig. 3.  The in tegra-  

t i o n  was ac%ual ly  done g r a p h i c a y  due t o  the  inconvenient func t iona l  

dependence of range and momentum i n  the region of i n t e r e s t ,  The 

r e s u l t  of t h i s  ca l cu l s t i on  i s  shown i n  Fig. 2. It ma#e seen t h a t  . . 

t h i s  r e s u l t  does 

curve calcula ted 

not d i f f e r  appreciably form the  O0 - 180' range 
. . 

above. A '/sin 0 angular d i s t r i b u t i o n  l i e s  betweeta 

the two previously ca lcula ted values, and s ince  it d i f f e r s  so 

l i t t l e  from the  case of i so t rop ic  emission t h i s  curve has not been 
. . 

shown i n  Fig. '2. 

3. Range Corrections_ Due t o  Nucleon Emission 

Evaporation ca lcu la t ions  p red ic t  average neutron and proton 

k i n e t i c  energies  of 3-5 and 7.5 MeV, respect ively ,  f o r  , n u c l e i  

cons idered . in  t h i s  work?" The r e l a t i v e  average momenta due t o  

p, and n aviss ion a r e  therefore  1,0:0.38:0,27. Since a s  many 
L. . . 

as th ree  nucleons are emitted i n  add i t ion  t o  the  c.(c i n  the  reac t ions  

studied i n  t h i s  work, .it i s  des i rab le  t o  consider t he  influence of 

nucleon emission on r e c o i l  range. We note i n  Fig, 2 t h a t  the  range 

calcula ted assuming a forward-backward angular d i s t r i b u t i o n  i s  

within 3% of the  range calcula ted f o r  an i so t rop ic  d i s t r i b u t i o n  f o r  

incident  helium ions  between 45 and 70 MeV, We s h a l l  therefore ,  

f o r  s impl ic i ty ,  assume a forwa:rd-backward angular d i s t r i b u t i o n  

f o r .  nucleon emission i n  order  t o  ge t  an est imate of the  e f f e c t  of 

nucleon evaporation on mean r e c o i l  range. The l'nfluence of nucleon ,* 
emission was calcula ted by allowing successive neutron and/or 

proton emission i n  t he  forward and backward d i r ec t ions  t o  follow 

an i n i t i a l  6 p a r t i c l e  emission, a l s o  a t  0' and 1 8 0 ~ .  The r e s u l t s  

of the  ca lcu la t ion  f o r  the  ~ i ~ ' ( ~  ,gi p2n) coSS react ion a r e  shown 

i n  Fig. 2. Values f o r  o ther  permutations o f  nucleon-emission w i l l  

be shown i n  subsequent Figs. where appropriate?. For the  N i 5 a .  



(& , 3 p n ) ~ o ~ ~  react ion,  the  t h e o r e t i c a l  range curve was corrected f o r  

nucleon emission by allowing the th ree  protons and a neutron t o  be 

successively emitted from the  r e c o i l  ion, 'each nucleon having a 

0" - 180" angular  d i s t r i bu t ion .  I n  general ,  the  change i n  t he  

ca lcula ted ranges due t o  nucleon emission is  within the  experimental 

unce r t a in t i e s  of the  measured ranges. 4 

2. S e n s i t i v i t y  - of Range t o  Symmetry about go0 of the  Emitted Alpha - - -- 

The presedlng d L o c u ~ ~ A e n  i a d l e r t e r  that tho range i s  f a i r ly  

in sens i t i ve  t o  the 6 i .part icie  angular d i s t r i bu t ion ,  so long as  the  

'angular d i s t r i b u t i o n  is ' symmetric about go0 c .m. A ' d i r ec t  i n t e r -  

ac t ion  would show a predominant forward peaking f o r  the  6; p a r t i c l e ,  

and so we wish t o  inves t iga te  the s e n s i t i v i t y  of the  mean r e c o i l  

range t o  d i r e c t  i n t e r ac t ion  processes. To do t h i s  we have taken 

the  e n t i r e l y  a r b i t r a r y  example' of the  p a r t i c l e  being emitted a t  

45" t o  t:w'bearn d i r ec t ion  w i t h  30 MeV k i n e t i c  energy. The r e s u l t  

o f  t h i s  ca lcu la t ion  i s  shown i n  Fig. 2. If we had assumed a 12 MeV2 

particle emitted a t  4 5 O  t o  bhe beam, the  predicted mean.range would 

be a t  most 57% of t h a t  ca lcula ted f o r  a symmetric angular d i s t r i b u -  

t ion ;  the  g rea t  decrease i n  range is caused no't so much by the  

energy of the  emitted 6 a s  by the  forward peaking. Weconclude ' 

the re fore  t h a t  the mean r e c o i l  range i s  qu i te  s e n s i t i v e  t o  t he  

symmetry about go0 c .me of the  emitted p a r t i c l e .  

D. Accuracy of Theoret ica l  Range Curves - 
The authors  (Lss) of t he  range theory we have used have 

compared ava i lab le  experimental range measurements w i t h  t h e i r  

t h e o t e t i c a l  p r e d i c t ~ o n s ? ~  . Due t o  the  paucity of experimental data  

i n  the .a- ,f region of t h i s  work, and due t o  inconsis tencies  of 

1.: . some of t he  experimental measurements which a r e  ava i lab le ,  i t  is  
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d i f f i c u l t  t o  s t a t e  the  accuracy of the  t h e o r e t i c a l  curves. We 

would est imate the  curves t o  be cor rec t  t o  f 10% i n  the region under 

discussion i n  t h i s  work. Additional evidence f o r  t he  accuracy 

quoted l i e s  i n  comparison with the  r e s u l t s  of ~ e ~ ~ ( m , 3 n ) ~ i ~ ' ,  

~ e "  (A , p 2 n ) ~ o S 7 , ~ e S e  (.& , p 3 n ) ~ o ~ ~ ,  and Fe5' (a ,p4n)coS5 r e c o i l  

ranges where the  incident  helium ion energies  varied between 46 and4 

68 M ~ v ? ~  

A t e s t  of i n t e r e s t  t o  the  present  problem would be a  compari- 

eon between the expermental range8 ~f t h i s  work whish most likaly 

correspond t o  f u l l  momentum t r a n s f e r  and the  t h e o r e t i c a l  ranges. 

Ranges measured a t  react ion thresholds must necessar i ly  correspond 

t o  f u l l  momentum t ranafe r .  We have chosen. to  compare ranges i n  

the  region from thresholds t o  the  peaks of exc i t a t i on  funct ions  

with the  t h e o r e t i c a l  range curves. I n  Fig. 4 measured range values 

a r e  shown trith t h e o r e t i c a l  p red ic t ions  f o r  N i S e ,  Ni5', coS5, coS8 

and CO" r e c o ~ l s ~ ~  The agreement i s  w i t h i n o u r  es t imates  of the 

e r r o r s  of the  r e c o i l  range measurements. We conclude from the  
+ 

considerat ions above t h a t  the  - 10s est imate  of e r r o r  f o r  the  

t h e o r e t i c a l  range curves i s  reasonable. 

IV. RESULTS AND DISCUSSION 

T h i s  sec t ion i s  divided i n t o  two pa r t s .  . In  the  first p a r t  

we s h a l l  present  t he  experimental r e c o i l  ranges and re la ted  exci- 

t a t i o n  functions. We s h a l l  d iscuss  the  s ignif icance of the  r e c o i l  

ranges w i t h  respect  t o  momentum t r a n s f e r  i n  the i n i t i a l  i n t e r -  

ac t i on  and the angular  d i s t r i b u t i o n  of the  emitted 6 p a r t i c l e s .  

I 
I n  t he  second p a r t  we s h a l l  speculate on the  d e t a i l s  of the d i r e c t  

I react ion mechanism respbnsible f o r  the  high energy t a i l s  of the  

~i", and coS7 exc i t a t i on  function.  
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A .  Recoil Ranges and Exci ta t ion n n c t i o n s  

Exci ta t ion funct ions  f o r  the  production of coS5 and co5' 

from N i S 8  + helium ions a r e  shown i n  Figs. 5 and 6; the  r e l a t ed  

r e c o i l  ranges a r e  a l s o  displayed i n  these  Figs. The r e c o i l  ranges 

f o r  both react ions  a r e  cons i s ten t  with f u l l  momentum t r ans fe r  from 

the  incident  helium ion beam, implying an &-pa r t i c l e  angular  A 

d i s t r i b u t i o n  which i s  symmetric about 90' c .ma f o r  the  NI** (d ,,A p2n) 

CO" react ion,  and symmetry about 90' c .m. f o r  the nucleons emitted 

i n  the  N i S 8  (& , jpn )~ose  react ion.  

Exci ta t ion funct ions '  f o r  the production of ~ i "  and coS7 

a r e  shown i n  Figs. 7 and 8, a s  a r e  the  r e l a t ed  r e c o i l  ranges. 

For both products the  r e c o i l  ranges near threshold a r e  consis tent  

w i t h  f u l l  momentum t rans fe r .  The next r e c o i l  values  ava i lab le  

a r e  f o r  the  reac t ions  induced with 46 MeV helium ions.  A t  t h i s  

p o i n t . t h e  exc i t a t i on  funct ions  have passed t h e i r  maxima and have 

s t a r t e d  i n t o  a high energy t a i l ,  The r e c o i l  range f o r  coS7 a t  t h i s  

point  i nd i ca t e s  t h a t  f u l l  momentum t r a n s f e r  p e r s i s t s ,  but adjacent  

values i nd i ca t e  t h a t  the  moxien'clm t r a n s f e r  i s  rap id ly  decreasing, 
" '  a s  t he  t a i l  becomes more pronounced. We bel ieve  i t  i s  safe  t o  

assume t h a t  f u l l  momentwn t r a n s f e r  p e r s i s t s  i n  the  production of 

CO*' between 28 and 46 MeV incident  helium i o n  energy, s ince  ~ e c o i l  

ranges a t  28 and 46 MeV show f u l l  momentum t ransfer . .  In . . the  a se  

of the  ~i~~ r e c o i l  range a t  46 MeV, momentum transfer i s  Signif i -  

can t ly  l e s s  than complete, and decreases rap id ly  wi'th increas ing 

incident  helium ion energy. The peak of the  ~ i " ( : r ,  i))) ~ i "  

exc i t a t i on  function may r e s u l t  the re fore  from both compound nucleus 

and d i r e c t  i n t e r ac t ion  contr ibut ions;  the  sum of these  must be 

g rea t e r  than the  compound nucleus contr ibut ion alone. It may be 

concluded therefore  t h a t  the  low y ie ld  of  Ni5' w i t h  respect  t o  C O ~ ~  
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a t  the  exc i t a t i on  function peaks may not be a t t r i b u t e d  t o  an 

(6- ,A') d i r e c t  react ion mechanism, but i s  r a t h e r  a  property of the  

decay of the  compound nucleus. The e f f e c t  of t he  28 nucleon s h e l l  

on l e v e l  d e n s i t i e s  may be the  explanation f o r  the  low N i  57 , 

7925'27 
y i e ld s ,  

It may a l s o  be concluded from Figs. 7 and 8 t h a t  the  prepon- 

dera te  reac t ions  leading t o  t he  exc i t a t i on  function t a i l s  of coS7 

and N i S 7  a r e  low momentum t r a n s f e r  o r  "d i rec t t t  react ions ,  i n  which 

the emitted <fi; particle 6s peaked forurard, Xn Par t  W sZ t h i s  

sec t ion  we shall d iscuss  the  d i r e c t  react ion mechanism i n  g rea t e r  

d e t a i l .  

A t  t he  highest  energies  shudied i n  t h i s  work, the exc i t a t i on  

funct ions  f o r  the  production of and ~i~~ s t a r t  t o  show a  rapid 

increase which i s  a l s o  r e f l ec t ed  by an increase i n  r e c o i l  range. 

T h i s  f ea tu re  probably corresponds t o  the  onset of the bJiS8( &,3p2n) 

co5 and ~ i "  (i , 2 p ~ n ) ~ i S 7  compound nucleus reac t  ions, which i s  
8 

cons i s ten t  with the  p red ic t ions  of the  s t a t i s t i c a l  model. 

The exc i t a t i on  function f o r  the  N i S 8 ( 6  , & p n ) ~ o ' ~  react ion 

w i t h  the  associa ted r e c o i l  ranges i s  shown i n  Fig. 9. The exc i ta -  

t i o n  function e x h i b i t s  a  high energy t a i l ,  which apparently r e s u l t s  

from reac t ions  with f u l l  momentum t r ans fe r .  A considerat ion of 

poss ible  *xperimental e r ro r s ,  notably photopeak in tegra t ion  of the  

ca tcher  f o i l  $- ray spect ra ,  leads  u s  t o  est imate a maximum of 30s 

low momentum t r a n s f e r  component i n  the  exc i t a t i on  function t a i l .  

Thus the  preponderance of reac t ions  leading t o  coS9 i n  t h i s  region 

( ~ & ~ 6 0 - 6 8  M ~ V )  may not be a t t r i b u t e d  t o  a d i r e c t  in te rac t ion ,  but 

must be ascribed t o  a  compound nucleus mechanism, The f a i l u r e  of 

a  s t a t i s t i c a l  theory ca lcu la t ion  (with an assumed 2 J + 1 spin  

d i s t r i b u t i o n )  t o  reproduce t h i s  t a i l  must, therefore ,  be ascribed 

-- 



t o  a f a i l u r e  of the  theory i n  the  form i n  which i t  has been applied,  

r a t h e r  than t o  a d i r e c t  react ion mechanism. 

A probable explanation f o r  the compound nucleus t a i l  i s  t h a t  

i t  r e s u l t s  from ;< -ray de-excitat  ion successful ly  competing wi th  

emission of a four th  p a r t i c l e .  The r a t i ona l e  f o r  t h i s  explanation 

i n  t e r n s  of high angular momentum of the  "cool" nuc'leus (p r io r  t o  , 
emission of the  l a s t  p a r t i c l e ) ,  spin s t a t e s  ava i lab le  near ground, 

and the  angular  momentum an evaporated p a r t i c l e  may-remove, has ' 

been given elsewhere?' An o p t i c a l  model cElculat ion ind i ca t e s  ; 

angular momentum contr ibut ions  from 1 2 23% a r e  s ign i f i can t  a t  the  ' , 

hlghe.st bori~bbarding energies  of t h i s  -work: The case exc i t a t i on  

function t a i l  may represent  the  decay of compound nuc le i  formed 

w i t h  the  higher angular momenta of t he  t o t a l  spin d i s t r i bu t ion .  

If t h i s  were t he  case, the  f a i l u r e  of the  s t a t i s t i c a l  theory may' 

be ascribed t o  the  f a i l u r e  t o  include a s a t i s f a c t o r y  est imate of 

)j' -ray-nucleon emission competit ion. An a l t e r n a t i v e  explanation 

f o r  t he  compound , nucleus t a i l  would be p a r t i c l e  evaporation p r i o r  
. . 

t o  t he  establishment of s t a t i s t i c a l  equilbriwn. Both explanations 

would be va l id ,  although simple considerat ions of s ing l e  p a r t i c l e  

versus co l l ec t ive  motion make the  l a t t e r  explanation seem the  

l e s s  l i k e l y .  The present  experiments do not permit a . d e f i n i t e  

conclusion t o  be reached. 

We wish t o  emphasize t h a t  the  high energy t a i l  of the  

exc i t a t i on  function does r e s u l t  preponderately from a f u l l  momentum 

t r a n s f e r  react ion;  t he re  is, therefore ,  a s ign i f i can t  amount of 

physical  information on compound nucleus theory ava i lab le  i n  the  

t a i l  of t h i s  and o the r  exc i t a t i on  functions,  where f u l l  momentum 

t r a n s f e r  has been shown t o  exist .? Thus t h a t  p a r t  of the  exc i t a t i on  

function which has too often been l i g h t l y  dismissed a s  a d i r e c t  



i n t e r ac t ion  should be scrut in ized more c lose ly  f o r  information 

which p a r t i c l e  spec t r a l  measurement cannot ye t  give. For example, 

if the  f irst  explanation of the  previous paragraph were cor rec t ,  

t he  t a i l  of the  coS6 exc i t a t i on  function combined wi th  the  ~o~~ 

and ~e' '  exc i t a t i on  functions mlight be' used t o  study the  d i f fe rence  

i n  decay proper t i es  -of compound nuc le i  a t  t he  same exc i t a t i on  but 

of d i f f e r en t  angular momenta. Compound nucleus exc i t a t i on  function 

t a i l s  might a l s o  be used t o  est imate t he  angular momentum cut-off 

for inolden% ions, i . 9 ,  &ti app~ox&na%e1y what mpact. perametep 

inc ident  ions of a  given mass and energy cease t o  form compound 

nuc le i  and s t a r t  t o  reac t  predominantly a t  the nuclear surface . 
. . 

T h i s  information i n  turn  would be va luab le . i n  the ca lcu la t ion  of 

inverse  reac t ion  cross  sect ions .  

The exc i t a t i on  function and r e l a t ed  r e c o i l  ranges f o r  the  

N i S e  (6; ,6.2n)NiS8 react ion a r e  presented i n  Fig. 10. The r e c o i l  

ranges show a  f u l l  momentum t r a n s f e r  approximately up t o  the  peak 

of the  exc i t a t i on  function,  a f t e r  which the  momentum t r a n s f e r  

s t e a d i l y  decreases a s  the  incident  helium ion energy i n ~ r e a s e s .  

The decrease i n  momentum t r a n s f e r  t o  the  r e c o i l  ions  i s  accompanied 

by an increase i n  react ion c ross  sect ion,  ind ica t ing  a  competing 

low momentum t r a n s f e r  process i s  becoming increas ingly '  s i gn i f i can t .  

B e  ,Dfrect Reaction Mechanisms 

We have shown (par t  A of t h i s  s ec t ion )  t h a t  the high energy 
' 

t a i l s  of the  N i S 7 ,  co5?, and N i S e  exc i t a t i on  funct ions  r e s u l t  

predominantly from low momentum t r a n s f e r  reac t ions  i n  which the  

LC-par t ic le  i s  emitted i n  the  fo~ward  d i rec t ion .  The two most 

l i k e l y  mechanisms f o r  these  reac t ions  a r e  an i n i t i a l  i n t e r ac t ion  

between the  incident  helium Ion and a  nucleon (or  nucleons) of the  

nucleus, w i t h  t he  helium ion and nucleon (o r  nucleons) involved 
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being e jec ted d i r e c t l y ,  o r  a l t e r n a t i v e l y  on i n e l a s t i c  s c a t t e r i n g  of 

t he  incident  helium iono followed by nucleon evaporation from some 

spectrum of exci ted  N i 5 *  nuclei .  Some combination of the  l a t t e r  

mechanism could of course a l s o  be present .  If the ,&3 i n e l a s t i c  

- s c a t t e r i n g  + nucleon evaporation mechanism were the  predominant 

contrkbutor t o  the  reac t ions  under discussion,  then we would expect4 
57 / the  r a t i o s  fT' Co /;r ~i~~ and 6C05e/mi5e i n  the  exc i t a t i on  

function t a i l s  t o  be some combination of t he  r a t i o s  r e su l t i ng  from 

the decay of ~i~~ compound nuc le i  a t  a spectrum of exc i t a t i on  

energies.  Houck and ~ i l l e r h a v e  measured the  FeS4(&,p)~o5',  

FeS4 (6 ,n')Ni5', ~e~~ (:n ,pn)~056,  and FeS4 (,i- ,2n)NiSe exc i t a t i on  

functions with 7 t o  39 MeV helium ions: We sha l l  use these  exc i t a -  

t i o n  functions t o  evaluate t he  y ie ld  r a t i o s  discussed above ( thus  

we a r e  assuming t h a t  the  r eac t ions  of ~ e ' * , +  d;. proceed by a  compound 

nucleus mechanism). 

The r a t i o  , f l ~ o ~ ' /  '/GIJiS7 from the  react ion FeS4 + & v a r i e s  

between 2:l and 4:l. The corresponding r a t i o  i n  the  exc i t a t i on  

function t a i l s  of t h i s  work i s  3:l. While , this i s  consis tent  with 

the  decay of some spectrum of exc i t a t i ons  of Ni5', it is  not neces- 

s a r i l y  inconsis tent  with a d i r e c t  ( 6 ,nucleon) in te rac t ion .  We 

therefore  cannot d i f f e r e n t i a t e  between the  two proposed mechanisms 

f o r  the  co5' and IJiS7 exc i t a t i on  function t a i l s .  

The r a t i o  6 case/ . 6 N i 5 =  r e su l t i ng  from t h e  helium ion 

bombardment of ~ e ' ~  v a r i e s  between 100.:1 and 48:1 i n  the  exc i t a t i on  

i n t e r v a l  between 28 and 45 MeV. Based on t h i s  information we would 

pred ic t  that i f  the 2.5 mb ~i'' cross  sec t ion  ( f o r  68 MeV incident  

helium ion energy) were due t o  decay of ~i~~ nucle i ,  then the  y i e l d  

of coS6 from the  same i n e l a s t i c  & s c a t t e r i n g  process would be a t  

l e a s t  125 mb. In  Fig. g it may be seen t h a t  t he  corresponding y ie ld  



of coS8 i s  70 mb, and the  preponderate p a r t  of t h i s  y i e ld  r e s u l t s  
I1 from a f u l l  momentut~i transr 'er process r a the r  than from a low 

momentum t r a n s f e r  process. While i t  i s  cor rec t  t h a t  not a l l  the  
tt 

~ i "  yie ld  ( a t  68 MeV He energy) need necessar i ly  have resul ted  

from the  low momentum t r a n s f e r  process,  the  major por t ion d i d .  We 

cannot, therefore ,  f i nd  consistency with the  ~ e ' ~ ( 6 , 2 n )  and Fe 54 , 
* 

( 6 , p n )  r e s u l t s  by pos tu la t ing  a N i S 8  (6 ,A') Ni5* + nucleon evapora- 

t i o n  mechanism. This i n t e rp re t a t i on  would suggest a  d i r e c t  
I 

I (& , neutron)  o r  ( &two neutron) ~ e a c t l o n  meohanism. We present 

t h i s  argument more i n  t h e  s p i r i t  of speculat ion than a s  a  conclusion. 

It may be s ign i f i can t  t h a t  the  t a r g e t  nucleus cons i s t s  of a  closed 

p'g'on s h e l l  and two neutrons outs ide  a closed neutron she l l .  

V. CONCLUSIONS 

The t h e o r e t i c a l  range-energy curves f o r  heavy ions due t o  

L indhard  e t  .alT1 provide a usefu l  t o o l  f o r  the  i n t e rp re t a t i on  of 
I .  

-- 
r e c o i l  measurements. We have compared some of the  experimentally 

measured ranges of t h i s  work with t h e o r e t i c a l  curves corrected f o r  

the e f f e c t  of p a r t i c l e  evaporation. The ranges which have been 

compared w i t h  theory correspond t o  po in t s  on the  exc i t a t i on  funct ions  

between thre,shold and maxima; agreement . i s  t o  w i t h i n  0 The 

r e c o i l  ranges i n  t h i s  region a r e  qu i te  s e n s i t i v e  t o  symmetry about 

90'. of emitted & p a r t i c l e s ,  and there fore  a r e - a  usefu l  t o o l  i n  

gaining t h i s  information on the  6 p a r t i c l e  angular  d i s t r i bu t ion .  
5 7  

Since the  peak of the  Co exc i t a t i on  function i s  apparently 

due t o  a  compound nucleus mechanism, the  low y i e ld  of ~i~~ must be 

explained I n  terms of the compound nucleus react ion mechanism. It 

has been suggested t h a t  the  low y ie ld  r e s u l t s  from the  influence 
7925'27 

of the  28 nucleon s h e l l  on l e v e l  dens i t i es .  Low momentum 

transfer, reac t ions  account f o r  the  preponderance of reac t ions  



-23- 

producing N i S 7  and coS7 i n  the  region of the  high energy t a i l s  of 

the  exc i t a t i on  functions,  inlplyitlg t ha t  the  emitted & p a r t i c l e s  

a r e  peaked i n  the  forward d i r ec t ion ;  A t  the  highest  energies  

s tudied i n  t h i s  work, both exc i t a t i on  funct inns  and r e c o i l  ranges 

show an increase cons i s ten t  with t he  onset of the  ~ i ~ ~ ( ( f i ~ 3 p 2 n ) ~ o ~ ~  

and N i S *  ( d J 2 p 3 n  ) N i S 7  compound nucleus reac t i o n s  . 1 

The NiS8(<& , m p 2 n ) ~ o s S  and N i S 8  ( & , ~ P ~ ) C O ~ ~  r e a c t i o n s  appear 

t o  be proceeding by a compound nucleus mechanism over the  exc i t a t i ons  
38 * - s t u d i e d  l a  thfe w s ~ k .  "fhe #I (h ,&pa)0e5@ l ~ e e a l l  ranges ape also 

cons i s ten t  with a f u l l  momentum t r a n s f e r  over the  e n t i r e  energy 

range studied,  including the  values corresponding t o  the  high 

energy t a i l  of t he  exc i t a t i on  function. A s  i n  t h e  case of the  

~ i ~ ~ / ~ o ~ ~  r a t i o s  a t  the  exc i t a t i on  function peaks, we conclude t h a t  

the  anomalously low y i e l d s  of Ni5' with respect  t o  c05' must be 

explained wi thin ' the  framework of the  compound nucleus react ion 

model, r a the r  than a s  a d i r e c t  process.  A s  with the  N ~ ' ~ - c o  57 

exc i t a t i on  functions,  we suggest a probable.exp1anation of the  low 

N i S 6  y i e l d s  i s  a decrease i n  l e v e l  d e n s i t i e s  f o r  t h e  28 nucleon 

closed s h e l l .  

The ~i~~ (6 ,,,A 2n)Ni5' r e c o i l  ranges a r e  cons i s ten t  with a 

compound nucleus mechanism up t o  the  peak of the  exc i t a t i on  -' 

function; beyond t h i s  point  the re  i s  an increas ing contr ibution 

from a low momentum t r a n s f e r  react ion mechanism, accompanied by an 

increase  i n  c ross  sect ion a t  the  highest  energies  studied. We 

f e e l  t h a t  t h i s  data ,  when compared w i t h  F~'O(& ,2n)1i~' and , 

54 w 5 8  
Fe (r~,pn)co exc i t a t i on  functions,  implies t h a t  t he  d i r e c t  

process i n  question i s  between the  incident  helium ion and one 

o r  both neutrons, r a the r  than an ,d;') i n e l a s t i c  s c a t t e r i n g  
. . .  



process followed by nucleon evaporation. 
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a 
Table I. Decay c h a r a c t e r i s t i c s  of isotopes studied i n  t h i s  work 

Type of Energy of 
Radiation Radiation Assumed Detection 

observed . Observed ( M ~ v )  h a l f - l i f e  Apparatus 4 

6.1 day 
b 

3" x 3" NaI 
c r y s t a l  

NI.' 
,, t . .. 

/a continuous. 36.0 h r ,  End window 
proport ional  
counter 

coSs . . continuous ' 18.2 hr .  End window 
proport ional  
counter 

\ .." 
co5 I) f? 1.26 77 day . , 3" x 3". NaI 

. . 

c r y s t a l  

coS7 X' -120 
. '. 

270 ' day .: 1 1/211 g 1" 
' Na.1 c r y s t a l  

71 dayC . '  3'' x 3" NaI 
c r y s t a l  

l 

a D. Strominger, J. M. Hollander, and G. T. Seabog Rev. Mod. Phys. 
i 

30, 585 (1958),unless otherwise referenced. - 
I b D. 0. Wells,  S. L. B l a t t ,   and'^. E. Meyerhoff, Phys. Rev. u, 

1961 (1963) 

i 
I 

c The a rea  under the  . .810 MeV photopeak represented the  y i e ld  of 

C O ~ ~  and coS8. The f r a c t i o n  of the  peak due t o  coS6 was calcu- 

I l a t ed  from the  area of the  1.26 MeV photopeak (assuming 0.70- 

I 1.26 MeV t r a n s i t i o n s  per  .845 MeV t r a n s i t i o n )  and subtracted 

from the t o t a l  .810 MeV photopeak area  t o  obta in  the coS8 

I contr ibution.  



Table 11. Mean projected r e c o i l  rang& i n  llise of react ion 

products produced by helium ion bombardment of ~ i ' ~ .  

Average helium Target , Range in .  ~i~~ (mg/cm2) 
ion ener y ' th ickness  

i n  Target fiMeV)a (mg/cm2 ) ~ i "  ~i~~ co5' CoS6 ~0~~ coSe 

a .  Calculated wi th  the  range-energy values of W. H o  Barkas, 

University of California Lawrence Radiation Laboratory .Report 
UCRL-10292., 1962 (unpublf shed ) . 

b. Not calcula ted due t o  l a rge  statistical unce r t a in t i e s ,  
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FIGURE CAPTIONS 

FIG. 1 

Range-energy and range-momentum curves f o r  coS6 r e c o i l  ions  

i n  ~ i "  calcula ted from the  curves of U S  ( ~ e f .  21). The energy 

abscissae is ca l ib ra ted  a s  the  incident  helium Ion k ine t i c  energy4 

on a mass 58 t a r g e t ,  assuming f u l l  momentum t r a n s f e r  t o  the re- 

c o i l  of mags 56. The momentum (upper) abscissa@ i s  ca l ib ra ted  
112 ' ' 

i n  u n i t s  of ( 2 x 5 6 ~ ~ ~ )  , where ER i s  the r e c o i l  energy i n  MeV. 

.FIG. 2 

Theoret ica l  range-energy curves per t inen t  t o  t h i s  work. 

The curve designated "no !..-i< emission" is the  curve from LSS shown 

i n  FIG. 1. The curve above labe l led  l'..sotropic di' (12 M ~ V )  

emission" i s  the range-energy curve calcula ted assuming i so t rop ic  

(cam.) emission from the  reco3.1 ion of a 12 MeV CK . The next 

curve up, label led  "I? - B ~K'emission" i s  the  range curve calcu- 

l a ted  asswnhg the a lphas  (12 M ~ V )  were emitted 50% forward and 

50% backward (0' and 180'). The i.ppermost curve i s  the  range 

curve calcula ted f o r  t he  emission of two neutron3 and a proton 

subsequent t o  the  ,* , where a l l  emission 'is a t  0' and 180'. 

  he lowest curve (30 M ~ V . ~ ' '  , 14 = 45') i s  a range curve C ~ ~ C U +  

, l a t ed  . w i t h  the,'assumption t h a t  the A:. i s  re-emitted with 30 MeV 

k i n e t i c  energy a t  a c.m. angle of 45' t o  the  beam. 

P I G .  3,  

Vector diagram def in ing quan t i t i e s  used t o  ca l cu l a t e  ranges 

following emission of an ,iL wi th  an i so t rop ic  angular  d i s t r i b u t i o n ,  

The vector  F& represents  the  i n i t i a l  r e c o i l  momentum of the  ion 

along the  beam ax i s ,  13 the  change i n  r e c o i l  momentum due 

t o  the  emission of an - of momentum P . a t  an angle @ w i t h  
=-3- , , 
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r e spec t  t o  t h e  beam d i r e c t i o n ,  and Px  i s  t h e  r e s u l t a n t  ion  
%. " 

r e c o i l  momentum a t  an angle  t o  Lhe beam d i r e c t i o n .  

FIG. 4 

Comparison of measured r e c o i l  ranges from threshold  region 

t o  e x c i t a t i o n  func t ion  peaks wi th  t h e o r e t i c a l  ranges. The s o l i d  

l i n e  i s  t h e  t h e o r e t i c a l  p r e d i c t i o n  wi th  ,r. emission a t  0' and 4 

180°, t h e  dashed l i n e  i s  t h e  p red ic ted  range curve cons ider ing  

t h e  e f f e c t s  o f  an L-j;:, two neutrons and a  proton be ing  emit ted a t  

0' and 180'. T r i ang les  r ep resen t  ~i~~ ranges,  and inver t ed  

t r i a n g l e s  r ep resen t  ranges, as measured by Matsuo and 

Sugihara ( ~ e f .  24). Other p o i n t s  a r e  f o r  t h e  products  ind ica ted ,  

and were measured i n  t h i s  work. 

FIG. 5 \ 

58 
E x c i t a t i o n  funct ion  and r e c o i l  ranges f o r  N i  (I< ,&?2n)  

~ o ~ ~ r e a c t i o n .  E r r o r  f l a g s  on t h e  first a.nd l a s t  p o i n t s  of t h e  

r e c o i l  ranges g ive  a  v i s u a l  i n d i c a t i o n  of t h e  est imated accuracy 

of  t h e  p o i n t s ;  t h e  f l a g s  on t h e  e x c i t a t i o n  funct ion  p o i n t s  a r e  
' a measure of est imated p rec i s ion .  The s o l i d  l i n e  on t h e  r e c o i l  

range graph i s  t h e  t h e o r e t i c a l  p r e d i c t i o n  wi th  c o r r e c t i o n  f o r  

d'. emission a t  0' and 180~;  t h e  dashed curve has  a d d i t i o n a l l y  

been cor rec ted  f o r  evaporat ion of  two neutrons and a  'p ro ton  a t  

0,' and 180'. 

FIG. 6 

E x c i t a t i o n  func t ion  and r e c o i l  ranges f o r  N ~ ~ ~ ( , A , ~ ~ ~ ) C O ~ ~ .  

E r r o r  f l a g s  on first and l a s t  p o i n t s  r ep resen t  an e r r o r  e s t ima te  

f o r  t h e  r e c o i l  po in t s ,  and a p r e c i s i o n  es t ima te  f o r  t h e  c r o s s  

. s e c t i o n s .  The s o l i d  curve on t h e  r e c o i l  range graph i s  t h e  

t h e o r e t i c a l  range p r e d i c t i o n  f o r  t h e  case  o f  no 6. emission; 

i . e .  t h e  curve from Fig.  1. The dashed curve has been c a l c u l a t e d  



- on t h e  assumption t h a t  t h r e e  pro tons  and a  neutron have been evap- 

evaporated from t h e  recoil ion ,  with a  O0  - 180' angu la r  d i s t r i b u -  

t i o n .  

FIG. 7 

E x c i t a t i o n  funct ion  and r e c o i l  ranges f o r  t h e  product ion 

o f  Ni5 '  from N i S 8  + j_ . The c r o s s  s e c t i o n s  represented  by 

t r i a n g l e s  were repor ted  i n  Ref. 7; t h e  closed t r i a n g l e s  on t h e  

range graph a r e  due t o  Matsuo and Sugihara ( ~ e f .  24) .  E r r o r  

f lags sn First and l a e t  goLnts (QP this work) represent estimates 

o f  e r r o r  i n  t h e  case of  r e c o i l  ranges and p r e c i s i o n  i n  t h e  case  

o f  c r o s s  sec t ion .  The s o l i d  curve of  t h e  range graph i s  t h e  

t h e o r e t i c a l  range correc ted  for evaporat ion of a  12 MeV& wi th  

a  O 0  - 180' angular  d i s t r i b u t i o n ;  t h e  dashed curve a l s o  c o r r e c t s  

f o r  t h e  evaporat ion of a neutron w i t h  a  0' - 180' angular  d i s t r i b u -  

t i o n .  The dash-dot curve i s  t h e  range p r e d i c t i o n  f o r  emission 

of  a  30 M e v ~  a t  45' t o  t h e  beam; i t  i s  included f o r  re ference .  

FIG. 8 

E x c i t a t i o n  func t ion  and r e c o i l  ranges f o r  t h e  product ion of  

co5' from ~i~~ + 6 . The c r o s s  s e c t i o n s  represented  by t r i a n g l e s  

were repor ted  i n  Ref. 7; t h e  inver ted  t r i a n g l e s  on t h e  range 

' graph a r e  due t o  Matsuo and Sugihara ( ~ e f .  24). E r r o r  f l a g s  on 

t h e  f i rs t  and l a s t  p o i n t s  (of t h i s  work) r ep rese5 t  e s t i m a t e s  of  

e r r o r  i n  t h e  case  of r e c o i l  ranges,  and o f  p r e c i s i o n  i n  t h e  case  

of c r o s s  sec t ions .  The s o l i d  curve of t h e  range graph i s  t h e  

t h e o r e t i c a l  range cor rec ted  f o r  evaporat ion of a  12  MeV& wi th  

a O 0  - 180° angu la r  d i s t r i b u t i o n ;  the dashed curve a l s o  c o r r e c t s  

f o r  t h e  evaporat ion of a neutron wi th  a O 0  - 180° angular  d i s t r i b u -  

t ion.  



I FIG. 9 

Exci ta t ion function and r e c o i l  ranges f o r  the  ~i'* (A,, ~ p n )  

coS6 react ion.  Cross sect ions  represented by t r i a n g l e s  were 

reported i n  Ref. 7. Error  flags on the  f i rs t  and l a s t  po in t s  of 

the  r e c o i l  ranges and c ross  sec t ions  represent  an est imate of 

accuracy and precis ion,  respectively.  The s o l i d  l i n e  on the  b 

range curve i s  the  t h e o r e t i c a l  value corrected f o r  0' - 180° 

emission; the  dashed curve has add i t i ona l ly  been corrected f o r  

the  emission of a p and an n with a O0 - 180° angular  d i s t r i bu t ion .  

PIG. 10 

Exci ta t ion function and r e c o i l  ranges f o r  the  Ni5'(A, lL2n) 

N i S 8  r eac t  ion. Cross sec t ions  represented by t r lang les  were re-  

ported i n  Ref. 7. Error f l a g s  on the  f i rs t  and l a s t  po in t s  of 

the  r e c o i l  ranges and c ross  sect ions  represent  an est imate of 

accuracy and precis ion,  respect ively .  The so l id  l i n e  on the  range 
I 

curve i s  the  t h e o r e t i c a l  value corrected f o r  0' - 180' d- 

emission; the  dashed curve has . add i t l ona l ly  been corrected f o r  

the emission of two neutrons with a 0' -180 '  angular  d i s t r i bu t ion .  

~ 
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