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Recoil  P roper t i e s  of ~ i ~ ~ ~ { & ,  pxn) S p a l l a t i o n  Products* 

t W i l l i a m  R .  Pierson ,and Nathan Sugarman - 
Enrico Fermi I n s t i t u t e  f o r  Nuclear S tudies ,  

Univers i ty  of Chicago, 

Chicago, I l l i n o i s .  

ABSTRACT 

Recoil  p r o p e r t i e s  of products of BiPog (p, pxn) r eac t lone  
. . 

a t  a  bombarding proton energy of 450 Mev have been measured a n d .  

compared with those  p red ic ted  from t h e  Monte Carlo cascade 

c a l c u l a t i o n s  of ~ e t r o p o l i s  -- e t  a l .  Agreement 4 s  good, although 

i t  appears  t h a t  t h e  c a l c u l a t i o n  overest imates  t h e  t r a n s v e r s e  

momentum component and does not p r e d i c t  a s  r a p i d  a change i n  
. . 

t h i s  component with mass number a s  t h a t  observed. 

. . . . 

The e f f e c t  on t h e  r e s u l t s  caused by s c a t t e r i n g  of t h e  

r e c o i l i n g  nuc le i  during t h e  s topping process  i s  shown t o  be ' 

important .  

206 . Approximate va lues  f o r  t h e  y i e l d  r a t i o s  Bi205/Bi . , 
PO 205/~i 205, and PO 206/~i 206 a r e  presented .  ' The l a t t e r  two 

seem higher  than  those  previous ly  r epor ted .  



. . I d INTRODUCTION. ' . , . ' . . 

Reactions of nuc le i  with p a r t i c l e s  of kinet: ic engrgy 
.. . . . . . , , .. 

of t h e  o rde r  of 100 Mev a r e  though t , to rp roceed  by a two-step 
. . ' :: . . . .  

. . . i '  
. . 

process f i r s t  suggested by s e r b e i ( ~ ~ j .  I n  , t h e  f i r s t ,  s t ep ,  : , 

commonly c a l l e d  t h e  cascade, o r  prompt cascade, t h e  i n c i d e n t  
. . . . .  . ,. . . .  .' L . . 

p a r t i c l e  makes c o l l i s i o n s  with ... . i n d i v i d u a l  . nucleons . and genera tes  
. . .  

a  prompt shower o r  cascade of f a s t  nucleons, some of whiqh may 

escape t h e  nucleus.  The . res idua1 nucleus i s  l e f t  :with e x c i t a -  
. . 

t i o n  energy, u s u a l l y  much l e s s  than  t h e  bombarding energy, and 

some k i n e t i e  energy. k he second s t e p ' i s  t h e  l o s s  of exc ; i ta t ion  

energy by: part icle. ' :evapoa~at.$on and' gamma-ray emission. :FLssion 

may occur during d e - e x c i t a t i  on. Monte'.Carlo' ca lcula t ior i s  of t h e  

cascade s t e p  have been  performed i(?? f o r  a  vsir ie ty of nuc le i  

and bombarding-.energies i n  .orde'r t o  provide' a  b a s i s  f o r  ' t e s t i n g  

t h i s '  d e s c r i p t i o n  or high-energy nuclear  r e a c t i o n s .  Thes:e 

c a l c u l a t i o n s  can be made t o  y i e l d  e s t ima tes  f o r  t h e  p r o b a b i l i t i e s  

( c r o s s , s e c t i o n s )  f o r  formation of t h e  va r ious  p o s s i b l e  g,roduct 
. > . . 

n u c l e i  and t h e  momenta of t h e s e  nuc le i ,  provided t h a t  t h k  . . 
. .. 

e f f e c t s  of t h e  de -exc i t a t ion  s t e p  a r e  considered.  Cross: 
. . . . 

. . . . 

s e c t i o n  measurements have been . . made, (377) . . and many have .been 

compared with t h e  Monte Carlo c a l c u l a t i o n s .  However, , t h e  
. .  . I- . 

.: (2) 
momentum p r e d i c t i o n s  ( 8 9 9 )  of t h e  Monte Carlo c a l c u l a t i o n s  

. .  . . . . . 

have been Less ex tens ive ly  s t u d i e  $'&12) The purpose o f  .. t h e  . 

'work repor ted  i n  t h i s  paper i s  t o  ob ta in  r e c o i l  data(13).: f o r  
. . . . . . 

c e r t a i n  s p a l l a t i o n  products,  as a  t e s t  of t h e  momentum ., 



p r e d i c t i o n s  of t h e  Monte Carlo c a l c u l a t i o n s ,  The products  of . .  

~ i ~ O ~ ( p , p x n )  r e a c t i o n s  (where t h e  no ta t ion  (p,pxn) s i g n i f i e s  

a l s o  a l l  o t h e r  r e a c t i o n s  which l ead  t o  t h e  same products  .- 

(p, p r 0 x  a)) o r  (p, rr+(x+l) n) , f o r  example) a t  a bombarding proton 
. . 

energy .o f  450 Mev were i n v e s t i g a t e d .  The r e s u l t s  obt,ained a r e  
. . 

c o n s i s t e n t  with t h e  r e s u l t s  of e a r l i e r  experiments ,  (I4) a n d  i n  

f a i r  agreement with t h e  Monte Carlo p r e d i c t i o n s  (8,9)  . . 
. . 
. . .  . 

. . 

11. EXPERIMENTAL METHOD 

The i r r a d i a t i o n s ,  two hours i n  length ,  were d ~ n e  i n .  

: t h e  c i r c u l a t i n g  beam of t h e  450' Mev proton synchrocyd;lotron: 

, of t h e  Univers i ty  of Chicago. The, r e c o i l  t a r g e t  assemblies  
' ) .  

i r r a d i a t e d  may be d i s t ingu i shed  a s  " th ick - t a rge t  " o r  " th in -  

, t a r g e t " ,  depending on whether W, t h e  th ickness  of t h e  bismuth 

t a r g e t ,  i s  l a r g e  o r  ve ry  small compared ' to t h e  ranges o f . the :  

r e c o i l  n u c l e i .  

Both types  of assemblies  employed ca tche r  f o i l s  of 

s u f f i c i e n t  th ickness  t o  s t o p  a l l  r e c o i l  n u c l e i  which escape 

from t h e  bismuth. The two types  of assemblies  a r e  depic ted  
. . 

i n  F igs .  1 a n d . 2 ,  where T i n d i c a t e s  t h e  bismuth t a r g e t s ,  F 

and B ( o r  U and D) t h e  forward and backward ( o r  up and down) 

ca tche r s ,  r e spec t ive ly ,  A t h e  a c t i v a t i o n  f o i l s ,  and G t h e  .. 
f o i l s .  The whole assembly was wrapped i n  1 - m i l  aluminum. The 

t h i c k  bismuth t a ~ ~ e t s ' ( 8 l . g .  1) were prepared by r o l l i n g  5.5-mil . 



bismuth ribbon, with frequent  hea t ing ,  down t o  about 1 . 2  t o  '' 

i . 8  m i l  ( W  30 t o  45'mg/cm2) atid c u t t i n g  out  p i e c e s  from t h i s  

'. with'  a  template,  u s u a l l y  1 .5  cm x 2.0 cm. The t a r g e t s  prepared 

in '  t h i s  w i y  a r e  not b r i t t l e  and appear  t d  have: ve ry  smooth 
. , , .  . . . . i  

s u r f i c e s  . The va.lue of w w i s d e t  errriined b y  weighing and d i i i d -  
- . .  . . ' .. . 

i n g  by t h e  knbwn a r e a , -  and should' be dccura te  t o  about 2%, 

. . 
exclus ive  o f  i ' n h ~ m o ~ e n e i t i e s .  . .. 

. . . .. . . 8 .  . 

- The ca tche r  f o i l s  were e i t h e r  of 6.9. mg/,/cm2 (1 m i l )  

2 aluminum .. . o r  2.6 , mg/cm . $(0.05 mil)  gold, of dimensions adequate 

(2 .0 .  cm x 2.5 cm) t,o. over lap  t h e  edges of t h e  bismuth t a r g e t s  

i n  t h e  assembly and thus  . catch  . a l l  r e c o i l s  escaping t h e  b i s -  

muth. Act iva t ion  f o i l s  i d e n t i c a l  t o  t h e  ca tche r s  were included 

f o r  corrdct ' ing f o r '  i m p u r i t i e s  i n  t h e  ca tche r s  which might g ive  
.. ; .  . . 

r i s e  t o i  the '  product a c t i v i t i e s  being s c r u t i n i z k d .  Guard f o i l s  
2 ,  , 

of  g o l d  vi'ere used i n  those  cases  i n  whidh t h e  c a t c h e r s  were 

gold; otherwise they  were dispensed with,  s i n c e  t h e  wrapper 
. . .  

of 'the assembly 'was of thk Same mate r i a l  a s  t h e  ca tche r s .  

  he p o s s i b i l i t y  of e f f e c t s  a r i s i n g  f r o m  t h i n  e l a c e s  o r  p inholes  
. . 

i n  t h e '  goid  f o i i s  was checked by car ry ing  o u t a n  experiment 

w i t h a  st 'ack of t h e s e  f o i l s  a s  ca tche r s .  The r e s u l t s  showed 
. . .  . .  . . 

no evidence of t h e s e ' e f f e c t s .  

The t h i n  bismuth t a r g e t s  were prbpared by evaporat ing 
. . 

' 2 a  ' th in  f i lm (about 0 . 2  wg/cm ) of 'bismuth, 2.5 '  cm x 2.5 cm, 

onto '  3.2 cm x 3.2 cm aluminum o r  gold f o i l s .  These l a t t e r  

f o i l s  served as ca tche r  f o i l s ;  as shown i n  Fig.  2. Since 



t a r g e t s  s u f f i c i e n t l y  t h i n  t o  al low escape of more than  about 

95% of t h e  r e c o i l s  could not be achieved, i t  was 'necessary  t o  

have two complete sub-assemblies i n  each t h i n - t a r g e t  assembly, 

wi th  t h e  t a r g e t  evaporated onto t h e  backward ca tche r  In one 

sub-assembly and onto t h e  forward ca tche r  i n  t h e  o the r ,  as 

shown. The evaporat ions were c a r r i e d  out f o r  both t a r g e t s  

s imultaneously and i n  such a way t h a t  t h e  th icknesses  deposi ted 

were always wi th in  10% of each o t h e r  a s  est imated from t h e  t o t a l  

a c t i v i t y  produced. With t h i s  arrangement, i t  was ,a  simple , 

mat te r  t o  .correct  f o r  t h e  e f f e c t  of th ickness  of t h e  t q r g e t ,  
I 

by s u b t r a c t i n g  t h e  ca lcu la ted .  t a r g e t  . a c t i v i t y  f rom ' the  a c t i v i t y  

of t h e  f o i l  on which t h e  t a r g e t  had been depos i ted .  

The bismuth used i n  t h e  t h i c k - t a r g e t  experiments was 

cleaned before r o l l i n g  and again  af te rwards  by washing i n  O.5M 

HN03, water, and acetone.  Af te r  t h e  ta r@& assembly had been 

pu t  together ,  i t  w a s  s t o r e d  i n  vacuum u n t i l  bombardmenb time. 

F a i l u r e  t o  observe t h e s e  precaut ions  and t o  c l ean  t h e  r o l l e r s  

c a r e f u l l y  o r d i n a r i l y  l e d  t o  l a r g e  e r r o r s .  For example, a l lowing 

a t a r g e t  assembly t o  s t and  i n  t h e  open a i r  f o r  about 6 months 

p r i o r  t o  bombardment r e s u l t e d  i n  a reduct ion  of about 15$ i n  

t h e  amount of a c t i v i t y  escaping from t h e  t a r g e t .  . . 

( I5 )  t h a t  There i s  some evidence from t h i s  l a b o r a t o r y .  

i n c r e a s e s  i n  c a t c h e r - f o i l  a c t i v i t y  may be observed i n  t h i c k -  

t a r g e t  experiments on magnesium, phosphorus,and potassium 

r e c o i l s  from a copper t a r g e t  i f  t h e  t a r g e t  ' f o i l  has  a rough 



s u r f a c e  o f  coarseness  comparable t o  the  r e c o i l  ranges being 

measured. Measurements f o r  ~ i . ' ~ ~ ~  using rough arid smooth 

bismuth t a r g i e t s  d i d  not show t h i s  e f f e c t  . Of g r e a t e r  import - 
ance were h i g h  va lues  o f .  ca tcher . - fo i l  a c t i v i t y  i n  t h i c k - t a r g e t  

- experiments when t h e  t a r g e t '  was s o  : t h i c k : ( +  m i l )  - t h a t  t h e  ' ' 

number .of r e c o i l  nuc le i  escaping from t h e  edges of : the  t a r g e t  

f o i l  was apprec iable .  Most of t h e s e  r e c o i l s  a r e  s t o p p e d ) i n  

t h e  ca tche r  f o i l s ;  f o r  5.5-mil bismuth t a r g e t s  t h i s  r e s u i j t s  
. . 

. ., .. . . . 
i n  c a t c h e r - f o i l  a c t i v i t y  va lues  some 5 t o  10% h igher  than  t h e  

. . . .  . ... . .  . . . 

c o r r e c t  va lues  i n  t h e  case  of  t h e  backward ca tche r  f o i l ,  ,.and 
. . .  

.. . . . . .  , . . . * . . i  . . .  

1 t o  2$ i n  t h e  case of t h e  forward ca tche r  f o i l .  This ef-fect  
. . . ,  ,, , . . . 

. . 

i s  not s e r i o u s  f o r  t h e  t a r g e t  th icknesses  (-1.5 m i l )  used i n  
. . . . . . 

: .?, :.. . . ..: . 

theoe  experiments. 
. . . ., 

. . ,  
. . 

. . ,  The. th ick-barget  assemblies  were o r i e n t e d  as 'shown 

i n .  Fig.  ..18 (&):',. if o r  . the :cf orward-.backward'.' .experiments, ' and as 

shown i n  Fig:,.. 1 (b.), ,  f o r  t h e  "perpendicular t t  experiments. ., For 

%he l a t t e r . e x p e r i m e n t s ,  the-  p lane  of t h e  assembly i s  canted 

a t  l o 0  to.i.the incoming .beain rath.er  . t han  p a r a l l e l  t o  it, i n  
. . 

o r d e r  to avoid a decrease  of t h e  beam i n t e n s i t y  deep:--inside 

t h e  t a r g e t  from mult ' lple s c a t t e r i n g .  If t h i s  precaut ion  i s  

.not .  . taken, . t h e  measured c a t c h e r - f o i l '  a c t i v i t i e s  w i l l  ' be hLgher 
. . 

t han  they ' shou ld  be. . . . . . . 

. . . . .'. 
. . 

The maximum i n t e n s i t y  of t h e  c i r c u l a t i n g  beam f o r  
. > 

. .. 

t h i c k - t a r g e t  runs was about 1/8 f u l l  beam, so  chosen t o  avoid 



melt ing  t h e  bismuth. Lower beam i n t e n s i t i e s  gave t h e  same 

r e c o i l  r e s u l t s ,  i n d i c a t i n g  t h a t  thermal e f f e c t s  a re .unimpor tant  

a t  1/8 f u l l  beam. On t h e  o t h e r  hand, i t  was apparent from . 

comparison o f  th in- ta . rge t  runs  a t  var ious  i n t e n s i t i e s  t h a t  t h e  

r e c o i l  r e s u l t s  i n  t h a t  case  were independent of beam i n t e n s i t y ;  I 

consequent ly t h e  t h i n - t a r g e t  assemblies were i r r a d i a t e d  a t  f u l l  

beam. 

. , '  
. . . . , i . " 

Afte r  i r r a d i a t i o n , '  t h e  assimbiy h a s  taken  a p a r t ,  t h e  

f o i l s .  were d isso lved  and a kniwn weight of bismuth b a r r i e r :  
. . 

w a s  added t o  'eadh s o l u t i o n .  sepa ra t ion  of bismuth ( s e e  ~ p p e n d i x )  
. - ,  . . 

was begun immddiately ' i n  o rde r  t o '  minimize ' t h e  con t r ibu t ion .  of.  
. . . I 

. .  . . 

polonium precursors . '  La te r  s t e p s  i n  t h e  separa t ion  were delayed 
.!' 

u n t i l  t h e  bismuth i so topes  o f '  mass A < 203 had mpgtly decayed' , 

. . 

away. The f i n a l  p r e c i p i t a t e s  were weighed i n  o r d e r ' t p  determine 

the  a . ,  raclio.chemica1,. . .  y i e l d . ,  These p r e c i p i t a t e s .  then  were d i s -  . 

solved  a.nd.known weights,,  of lead c a r r i e r  were added. The lead  

daughters  52-hr Pb 203 and 68-min ~ b ~ ~ ~ 5  were then  removed f r o g  

t h e i r  bismuth pa ren t s  (both about 12-hr) a f t e r  an  appropriate 

203 four  hours f o r  pb2O4=) and pe r iod  (about 33 hours f o r  Pb , 
p u r i f i e d  .. . ( see  ~ p p e n d i x )  , and t h e  y i e l d s  determined gravimetr ic -  

a l l y .  v The , bismuth parent  f r a c t i o n  was then  p r e c i p i t a t e d  about 

5-6 days l a t e r  f o r  t h e  determinat ion of BI2O5 and ~ 1 ~ ' ~ .  The 

samples, normally about 10 mg/cm2 th ick ,  were mounted on 
- 

aluminum cards  and counted with gamma-ray spectrometers .  



Decay of Pb 203 generally was followed for about seven 
204m half-periods. Decay-curve analysis was necessary for Pb - 9 

Bi205, and ~i~~~~ The latter two species were counted for 

about four months, beyond which time background problems made 

it impracticable to continue. Duplicate analyses were usually 
. . 

done,on all but the backward-catcher and activation foils, 
. . 

and agreement was usually better than 1% for the bismuth samples 

and 4% for the lead samples. 
. . 

The determination of the recoil properties of Bi 20 3 

(via pb203), Bi205; and ~i~~~~ was made with 1/8" thk x 1-1/2L11 

diameter N ~ P  (TL) crystals as detectors. The -single-channel 

spectrometers were set to accept the K x-rays accompanying the 

electron-capture decay of these species. For Bi 204m 
. . 

204 (via ~b -1, 
a 7/8" thk x 1-1/2" diam ~a1(Tl) crystal was used and the 

spectrometer was set for the peak of the 375-kev gamma."ray 

which follows,the isomeric transition. The energy . selection . 

and the use of crystals of minimal thickness, together with 
- .  

shielding, reduced 
.. . 

the background counts 

minute, depending on the crystal and channel setting. The 

phototubes used (EMI 9536~) have no measurable gain dependence 

on counting rate, at least over the range of rates encountered 

in this investigation. The instruments were checked frequently 
- 

with appropriate standards, and minor electronics adjustments 

were made as needed to.keep the window of the single-channel 

analyzer centered at the proper energy and of the proper width. 



Simultaneous counting of t h e  g ross  a c t i v i t y  was performed 

wi th  another  s c a l e r ,  t h e  purpose of which was t h e  detiermiq- 

a t i o n  of  t h e  coincidence c o r r e c t i o n  ( T  - 6 psec)  .,and. the.. 

p a r a l l e l  c o l i e c t i o n  of d a t a .  
. . 

The r e s u l t s  of t h e s e  experiments a r e  repor ted  i p ' t h e  

fo l lowing terms: I f  FX equals  t h e  a c t i v i t y  of a given spec ies  - 

in c a t c h e r - f o i l  X divided by t h e  t o t a l  a c t i v i t y  of  t h a t  spec ies  ; 

i n  t h e  e n t i r e  assembly, then  f o r  t h e  t h i c k - t a r g e t  experiments 

( s e e  Fig.  1) t h e  q u a n t i t i e s  F ~ W ,  FBW, FUN, and FDW (and t h e  

average FpW of F $ J  and F ~ W )  a r e  given.  For t h e  t h i n - t a r g e t  

experiments (F ig .  2) t h e q u a n t i t y  FF i s  given (FB = 1 - FF 

f o r  W = 0 ) .  

111. RESULTS 
. . 

A .  Prel iminary Experiments 

Preliminary experiments were conducted f o r  t h e  purpose 

of  a s c e r t a i n i n g  t h e  ex ten t  t h a t  thermal e f f e c t s  (duripg bombard- 

ment)and polonium precursors  a f f e c t  t h e  r e s u l t s .  

1. Thermal e f f e c t s .  As mentioned e a r l i e r ,  bombardments 

conducted with high- and low-in tens i ty  beams- were fo,und $0 give  

t h e  same r e c o i l  r e s u l t s ,  i n d i c a t i n g  t h a t  thermal e f f e c t s  were 

of no consequence . i n  . t h i s  work. The following experiment was 

performed t o  make t h i s  poin t  more secure .  



. s  
. 3 

A f o i l  of bismuth w a s . i r i a d i a t e d  with 450-Mev protons 
<. . 

f o r  two hours 'and then  clamped'between s e v e r a l  s h e e t s  of 2.6. 
. . 

mg/cm2 Au.  his s t a c k  of f o i l s  was al lowed t o  s t and  f o r  a few 

hours a t  room temperature,  100°C, and 200°C; counting t h k  gold 

f o i l s  a f t e r  each  pe r iod . '  ~ o t i ~ e a b l e  B c t i v i t y  wa$ found i n  t h e  
. 

gold f o i l s  a f t e r  hea t ing  a t  100°C, and considerably more' a f t e r  

h e a t i n g  t o  200°C, with su .bs tant ia1  amounts appearing i n  t h e  
. . . .  

f a r t h e r  f o i l s . .  Gamma-ray : spec t ra  of .  t h e  f o i l s  i n d i c a t e d  t h a t  
. . : 

t h e  chief  gomponent was probably t h e  K x - r a y  of a n  element i n  
. . .  

t h e  neighborhood of bismuth; subsequent chemical sepa ra t ions  . 
. . 

showed t h a t , , t h e  a c t i v i t y  . was . not bismuth. Therefore thermal . . . . . . . . . . .  . . .  . . .  

e f f e c t s  p l a y  no r o l e  i n  t h e  case  of bismuth, but t h i s  may not 

;. h e  t r u e .  f o r  r e c o i l  n u c l e i  o f  nearby elements.  ., . - .  . . . . . . . . . .  . . . . .  . . .  

. . . , 
' 2. Polonium precurso r s .  Polonium was removed a s  : soon as 

. . . .  

prac t icabi '& (about one hour) a f t e r  bombardment ( s e e  Appendix) . 
Nonetheless, a . s izable  p a r t  . . o.f t h e  observed bismuth a c t i v i t y  

. . 

i s , . forhed  from decay of polonium, judging from c ross  s e c t i o n  
. . . .  . . . . 

da.!.a(3)4,7). Therefore,  i t  was deemed adv i sab le  t o  t e s t  t h e  
* . .  . .  . . .  . . . . 

: . e f fec t  of polonium precursors  on the ,b i smuth  r e c o i l  r e s u l t s .  
. . 

. , . This.  .was done . . by i s o l a t i n g  a s e t  . 
..I of, . . Bi 205 and B i  

. . 
206 samples a t  

t h e  usua l  time, and comparing t h e  FFW values  with t h e  FFW, 
. . 

va lues  . . .  ,obtained ' from a s e t  i n  which t h e  chemical s e p a r a t i o n  of . . . . .  . . . . 

bi,smuth from . polonium was delayed s e v e r a l  days.  
2 ..,/ , 

. . 

The con t r ibu t ion  of polonium precursors '  caused t h e  

a c t i v i t y  i n  t h e  second s e t  of  samples t o  be some 13 t o  14% 



(depending on t h e  t ime) h igher  than  t h a t  i n  t h e  f i r s t  s e t .  

The FFW f o r  Bi205 was 0.7% lower, which i s  not s i g n i f l c a n t .  
- 

Hpyever t h e  FFW f o r  Bi206 was 6% lower, which impl ies :  t h a t  .. 

t h e  FFW f o r  Po 206 must be .about haLf. that, . , f o r  . .. 

Bi206. The accuracy (+2%) - o f  t h e  measurements limits t h e  FFw. ; 

205 and Bi205 t o  <23%.. d i s p a r i t y  between ,Po - I .  . .  
. . 

. . 

From these resl.l~.t.s i t  ~ O ~ ~ O W S  that. poLonium hao a. 

n e g l i g i b l e  e f f e c t  on t h e  FFW of Bi 206 determined i n  t h e  usua l  

way (1. e . wf t h  samples separa ted  soon a f t e r  bombardment), 

beCause only  about 0.16% of t h e  Bi206 i n  t h a t  case i s  formed . 
,.  , . . 

by Po 206 decay. The e r r o r  i n  FFw"for Bi 205 as nomally . . , 

measured i s  l e s s  than  4%, es t imate@ from themeasured  
.' 

po205/~i2'5 y i e l d  ra t io  a n d  t h e .  aforementioned' limit of disparity 

i n  FFW ,between Po 205 a n d ~ j , ~ ~ ' .   bout 18% . . of t h e  . Bi . 205 .' , when . ' 

205 ' . separa ted  . . a t  t h e  usua l  time, i s  fo'rmed from ,Po . . decay,..) . . ., ' 
. . . a  2 

. . 
. . 

I f  t h e '  i s o b a r i c  y i e l d  r a t i o  and d i f f e r e n c e  i n  r e c o i l .  

behavior  between polonium and bismuth a t  mass number 205 are 

t y p i c a l  of mass numbers 204 and 203, then  t h e  maximum e r r o r s  i n  

FFW a t t r i b u t a b l e  t o  polonium precursors  should be about 3% and 
" 

7% f o r  Bi204 and B i  203 r e s p & c t i v e l y .  However, t h e  data f o r  mass 
.-. .. .. 

numbers 205 and 206 suggest t h a t  t h e  d i s p a r i t y  i n  FFW between 
. . 

polonium and bismuthmight  d e c r e a i e  w i t h  mass number, i' which 

case  t h e  e r r o r s  f o r  B i  *04 and ~i 203 would ',be l e s s  than  t h e s e  

f igures . .  . . . . . . .  
3 .  



.. Half-p.eriods adopted. f o r  t h e s e  c .a lculat ions a r e :  ': 15. day 
206 f o r  Bi205 and 6.0 day f o r .  Bi . , a s  determined i n  the :  p resen t  

work; 1.8 h r  f o r  .po205 and 8,8 day f o r  Po206, from tQe Nuclear 

Data Sheets  (16). . . .  . . . . .. 

. .  . 
206 ' 206 and Bi205/ The y i e l d  r a t i o s  ~ 0 ~ ~ ~ / ~ ~ ~ ~ ,  Po /Bi , 

. . 

Bi206 were ca lcu la ted  from t h e s e  experiments' and a r e  presented  

i n    able I:. For t h e  ~ i ~ ~ ~ / ~ i ~ ~ ~  y i e l d  r a t i o ; .  i t  w a s  necessary 
. .  . 

t o  make an  assumption regarding t h e  counting $f f i c i e n c i e s  . 
. ; '  

. . 
Equal counting e f f i c i e n c i e s  (wi th in  - +208) were assumed; f o r  t h e  

two spec ies  with t h e  counting arrangement u s e d  (count ing K, 
. . :. 

x: r ays  with t h e  source 0.. 1 cm 'from a 1/81t-thick c r y s t a l )  . The I 

20 6 ~ i * ? ~ / B i  . r a t i o  i s  concordant with e a r l i e r  work(4) .  The 

205 pom5/ii . , - and ~ o ~ ~ ~ / l 3 i ~ ~ ~  . y i e l d  r a t i o g  a r e , ,  howeveq; h igher  

than  those  c a l c u l a t e d  from published ( 3 ~ 4 )  d a t a .  Recent 

meas.urements (7) a t  a proton energy of 135 Mev g i v e  Po 205 and 
. . 

20 6 Po , .  y i e l d s  which are,much h igher  (about 70 mb) than  those  

found Ly Iiunter and Mi l l e r  (4)  (about 10 mb) a t  380 Mev. 

. . . . 

B; Recoil  Measurements 
. . . . . ,  ... .. 

.. a . -. , The. experimental  daea a r e  presented . i n  Tables I1 and.: 

111.. Three: de terminat ions  ... of t h i c k - t a r g e t  FFW v a l u e s  f o r  

composite samples of Bi 205 and B i  205 with aluminum ca tche r  

f o i l s  gave r e s u l t s  i d e n t i c a l  with va lues  obtained from t h r e e  

similar experiments with 'gold ca tche r  f o i l s .  Therefore,  Table 

I1 shows t h e  t h i c k - t a r g e t  d a t a  averaged without regard t o  t h e  

c a t c h e r - f o i l  ma te r i a l .  However, t h e  r e s u l t s  of t h e  t h i n - t a r g e t  



experiments depend s t r o n g l y  on t h e  c a t c h e r - f o I l : m a t e r i a l ,  as 

i s .  apparent i n  Table. ,111. Therefore,  Table II shows t h e ,  t h i n -  

t a r g e t  da ta  f o r  aluminum ca tche r s  only.  The e r r o r s  quoted i n  

t h e  t a b l e s  a r e  t h e  est imated s tandard  dev ia t ions  of' t h e  mean 

due t o  random e r r o r s .  They do not inc lude  systematic  e r r o r s  
. . . . 

due t o  polonium precursors  o r ,  f o r  t h i c k - t a r g e t  experiments, 
. . 

t a r g e t  su r face  e f f e c t s .  The number of acceptable  dete:rminations 
I . ', . '  , 

...A . . . 
made f o r  t h e  FFW and FBW values  given i n  Table I1 are:, , pass, 

. . .  . , . .  . 

20;, 3; mass 204, 3; masses 2o5'and 206, 6; f o r  t h e  FpW,, va lues  
. . . . . . 

of' Table 11: mass 203, 4; masses 205 and 206, 1; and f o r  t h e  
. . 

. . 
. .,. . 

F - va lues :  masses  203, 205, 206, 1 eac4. '  
..; .P 

' - I  L .  . . 

:. For' t h e . d a t a '  of Table 111, an  i n i t i a l l y  pure. bi.smuth: 

f r a c t i o n  was i s o l a t e d  a t  . t h e  same time ' a f t e r  t h e  entX ,of 

bombardm'ent ' i n  each case 4 6  hr:) .and courit ed . about ' 2 hours.. . I 
. . .  

l a t e r  ." In t h i s  way t h e  s e v e r a l  decay chains .  p r e s e n t .  (:mostly 

mass numbers 203 and 204, with some 201 and 202) were always 

present .  i n  t h e  same propor t ions  f o r  each run a t '  t h e  t lme o f -  

counting, enabl ing t h e  e f f e c t  of t h e  c a t c h e r - f o i l  ma te r i a l  t o  

be s tud ied  without having t o  i s o l a t e  any p a r t i c u l a r  nuc l ide .  

The number of accep tab le  determinat ions made f o r  t h e  q u a n t i t i e s  

g iven  i n  Table I11 a r e :  A I B - A I F ,  6 ;  A 1  -Au , 2; AuB-AuF, 1; ,. B '  F 



TABLE I. 

Ratios of yields of bismuth and polonium isotopes of masses 205 and 206 

No. of 
'det ermina - 

tions 

Ratios from literature a t a  

&nnettb Hunter & PUllerC 

a. Most of the .quoted error arises from uncertainties in the half- 

periods or, for ~ i ~ ~ ~ / ~ 1 ~ ~ ,  relative counting effi~~iencies. 

b. .Reference 3. This work was done with 375- and 453-Mev protons. 

c. Reference 4. This work was done with 380-Mev protons. 

d. Counting efficiencies'for ~i~~ and B $ ~ ~  were assumed to be equal, 

within + 20% (see text). , 



TABLE 11- 

Recoil Results . 

Nuclide Species Thick target, A1 and Au catchers Thin target, A1 catchers 
counted - 

b. Errors quoted are random errors. For systematic errors, see text. 
plane 

a. FpW is taken as the average of FUW.and FDW. The influence of the 10' angle between the target/and the 

beam is responsible for the differences between these latter quantities. 



TABLE 111. 

Thin-target experiments showing e f fec t  of use of gold inatead of alum1,num f o r  the  catcher f o i l s .  Activity meaeured 

l a  a mixture of mas8 chains 201, 202, 203, and.204 i so la ted  i n  Ident ica l  manner I n  each experiment. 

catcher f o i l  Experimental Calculated FA from Monte. carloa 
Backward . Forward F p / P ~  

Uncorrected Corrected for:  
Ycatterlng bVaP Scat. & map. 

a .  The calculated F ~ F ~  value i n  each case is  obtained by averaging the E'p/rBvalues f o r  a l l  events which 

ul t imate ly  lead t o  bismuth nuclei of mass numbers 199-207 inclusive,  making estimates of the  number of 

p a r t i c l e s  evaporated a f t e r  the  knock-on cascade. 

b. Because of def ic iencies  of the evaporation and sca t t e r ing  models used, the  t o t a l  correction had t o  be 

estimated by combining the  evaporation and sca t t e r ing  corrections a s  independent d is t r ibut ione,  which 

is  not a va l id  procedure unless one e f fec t  i s  very small r e l a t i v e  t o  the  other.  
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IV. THE MONTE.CARL0 CALCULATION 
., . 

The quantities sought from the calculation for compar- 

ison with experiment are FFW, FBW, and FpW of each nuclide for 

thick-target experiments, and FF and FF/FB for thin-target 

experiments. First the quantities fFW, fBW, fpW, and fF for 

each recoil are obtained from the calculhtion. The value of 

FpW, etc. for any nuclide (z,A) will then be the average fFW, 

etc. of all recoils which are destined to become final nuclei 
. . . . 

of that Z and A. ("Final nucleus'' is used to signify the . 

nucleus remainingoafter the evaporation process.) 

. . 

m e  method for calculating fFW, etc. of a given recoil, 

and for determining the Z and A of the final nucleus, is as 
. . 

. - follows. 

i 

The original outputs (2) of the Monte Carlo calculation 
* 

are: thk.identity (2,fi) and excitation energy (E ) of the 

residual -nucleus (i . e . the nucleus remaining after 'the knock- 
on caibad&), the kinetic energy of each emitted: hascade 

particle (p-roton, rkutrdn; and pion) as measured inside the 

nuiiebs, and two of the three direction cosines for each 

cascade particle. Starting with the cascade-particle energies 

and direction cosines, and accounting for the nuczear 

potential energy, Porile has computed the component of 

momentum along the.beam for each residual nucleus. He could 
. I . '  

not compute the transverse. momentum component exactly, . because 



t h e  Monte Carlo d a i c u i a t i o n  had not k e p t  t r ack 'o f  t h e  s i g n  of 

t h e  t h i r d  d , i r ec t ion  cos ine  f o r  each p a r t i c l e .  Therefore he 
. . .  ( I . ' ,  . . .  

, 

made a computation o f ,  t h e  t r a n s v e r s e  momentum, component by. 
, . . . ,. . 

chqosing t h e  s i g n  of t h e  t h i r d  d i rec t ior i  cos ine  randomly, 
. .. 

which amounts t p  assuming t h a t  t h e r e  i s  no-angu la r  c o r r e l a t i o n ,  
. . . . . .  . 

a b o u t , t h e  axis defined by t h e  proton beam, between t h e  p a r - ,  
. . 

. . 

t i c l e s  i n  t h e  cascade. , . 

From t h e  two components, the.'magnitude of t h e  t o t a l  

momentum Po and i t s  d i r e c t i o n  Qo r e l a t i v e  t o  t h e  beam can be 

computed f o r  each resi 'dual  nuc'leus. . The e x c i t a t i o n -  energy'. .  

, EX of gach r e s i d u a l  nucleus i s  a l s o ,  known from t h e  Monte 

Carlo data ,  from which one can es t imate  t h e  number of 
' . I. 

. . 

p a r t i c l e s  evaporated and hence t h e  Z and A of each f i n a l  

nuc leus ,  

For .our  c a l c u l a t i o n s , t h e  es t imate  of t h e  number of 
. . .  . . 

p a r t i c l e s  . . evaporated was made without considering t h e  
. -. . I ,  . , . ., , 

evaporat ion. ,of  p a r t i c l e s  o t h e r  than neutrons.  jacks on,'^ 
, . 

. c a l c u l a t i o n s  '17,18) ' on heavy element? i n d i c a t e  t h a t  proton 

evaporat ion . .  . .should be small  f o r  f i n a l  nuc le i  d i , f f e r ing  l e s s  
. , ?  . . 

t h a n  10 mass numbers from t h e  t a r g e t ,  i . e .  f o r  exc i t a t , ions  . . 

l e s s  than  ab,out 100 Mev. . . .  , .  . . . .  . . . 

I There a r e ,  ' however, o t h e r  evaporat ion c a l c u l a t i o n s  

which ind ica te .  t h a t ,  depending upon t h e  value$ chosen f o r  ' 

v a r i o u s  input  p r o t o n  evaporat ion might be ' q u i t e  

common. For example, us ing  a  va lue  of 10 f o r  t h e  l e v e l  



d e n s i t y  parameter a  one . f inds  t h a t  the.. evaporat.ion . calcula,t , ion 
" 4 -'. . .  : . . .- . .. . : . .  . 

of  D o ~ t r o v s k y  . . e t  a l ( 1 9 )  would l ead  t o  the,  p r e d i c t i o n  t h a t  , a t  
. . . . .. . , , .  . .  . .  : .. . - 

100 Mev.,of i n i t i a l  e x c i t a t i o n  one . r e s i d u a l  nucleus out  of t h r e e  
. . .  

w i l l  evaporate  a proton, . , .  and a small f r a c t i o n  w i l l  evaporate  
. . . . ., . 

o t h e r  charged p a r t i c l e s .  This  ca lcu la t ion .was  . . performed.with 
% .  . .. . 

, . .  .. . . . . ,  ! . . .. 
-i3 cm. , F e n  more extengive a r a d i u s  parameter ro of , T o  3 x 10 

Proton (and ... a l p h a - p a r t i c l e )  evaporat ion i s  p red ic ted  .by a more 
- .  

, . ., , . (20),  which i n d i c a t e s  qhat r e c e n t  evaporat ion c a l c u l a t i o n ,  
.. . 

charged-par t i c l e  evaporat ion w i l l  occur most of t h e  t.ime from, . . . I . .  . 

bismuth nuc le i  ac s u c h , , i n i t i a l  e x c i t a t i o n s  and that charged-. 
. . . .. . . ' ./ 

p a r t i c l e  evaporat ion i s  , , s ign i f i czn t  (i. e .  ..one nuc,leus out  of 
- t  . . - 

f i v e )  even a t  40-50 Mev o f ' i n i t i a l  e x c i t a t i o n .  This l a t t e r  
. . .. . .  . 

c a l c u l a t i o n  was performed with a more , recent  program '(21) 

which al lows cor rec t ions  f o r  p a i r i n g  and s h e l l  e f f e c t s .  , 

. , '  . . .  .. . . . 

- .. . . . . . . . .. 
-13 cm f o r  t h e  Poss ib ly  t h i s  ,calculation! *') ,,cho,osing 4.&7 x 10 . , 

.. . . . . 

r a d i u s  parameter and us ing  Cameron s ( p a i r i n g  cor rec t ions ,  
> , . . 

overes t imates  t h e  ex ten t  of charged-par t ic le  evaporation, s i n c e  
, . . . . . . . . . 

t h e  observed y i e l d s  ('1 of t h e  l i g h t e r  bismuth n u c l e i  do n o t  

seem t o  be r e l a t i v e l y  low as predicte 'd  by t h e  c a l c u l a t i o n .  It 
. .  . .  . . 

does' d e d n d t r a t e  'that .evaporatio'n c a l c u l a t i o n s  'do not provide 

a sound b a s i s  fo?ign'&ing p r b t o n  evaporat ion .' ' . : 

. . . . . . .  . . : .  
' . . . .. . ._ . _.. . . . . . ' .  1 - . . . .. .. . 

The number of, neut,rons .evaporated,  i ?  c a l c u l a t e d  i n  . .. . .  , " .  . , . . .  . , . , . . .. 

t h e  p r e s e n t  work . . on t h e  , . :  . assumption - t h a t  ,,each neutron evaporat ion 
. , . .  I : .... . . 

removes 11.4 Mev of exc i t a t ion .ene rgy ,  t h e  average amount 
' . . . . .  1 1 . 1  . .  ... 0 

, . . .  . 

obta ined  from Jacksonf s (18) evaporat ion c a l c u l a t i o n s .  The 



number of neutrons evaporated i s  t h u s  s p e c i f i e d .  by t h e  e x c i t -  

a t i o n  of t h e  r e s i d u a l  nucleus.  (The genera l  f e a t u r e s  of t h e  

r e s u l t s  of t h e  c a l c u l a t i o n s  a r e  not  very s e n s i t i v e  t o  t h e  

assu,mption taken, as i n d i c a t e d  by c a l c u l a t i o n s  made with a 

c h o i c e  of 10 Mev p e r  nucleon.)  F o r  r e s i d u a l  n u c l e i  of l e s s  

than  11.4 Mev e x c i t a t i o n ,  one neutron i s  assumed t o  evaporate  

i f  t h e  e x c i t a t i o n  i s  g r e a t e r '  than  t h e  neutron binding 

energy (22) . For e x c i t a t i o n s  between 11.4 and '  22.8 Mev, one 
. ... . 

neutron 'evaporates;  f o r  e x c i t a t i o n s  between 22.8 and 34;2 , ' ' 

Mev, two neutrons'; and' so  on. The number, of neutrons - 

s p e c i f i e d  i n  ' t h i s  way i s  f requen t ly  not t h e  maximum number 

t h a t  could evaporate,  nor t h e  minimum number ( s e e  r e f s .  17, 
. . 

23, 24) . I n  p a r t i c u l a r ,  one c a l c u l a t i o n  (20) suggests  a 

r a t h e r  wide spread' of r e s i d u a l  n u c l e i  f o r  a given f i n a l  

n u c l e u s .  However, cons idera t ion  of t h e  va r ious  ' ac tua l  

: ~ o k ~ e t i n & ~ r o c e s s e s  a t  a  given e x c i t a t i o n ,  r a t h e r  tha,n what 

amounts t o  a n  average process ,  should have l i t t l e  e f f e c t  on 

t h e  r e s u l t s .  
. . 

I f  t h e  e f f e c t  of momentum imparted by evaporat ion 

i s  ignored, t h e  v e l o c i t y  of t h e  f i n a l  nucleus can be taken 

t o  be t h a t  of t h e  r e s i d u a l  nucleus.  .If s c a t t e r i n g  i s  a l s o  

ignored, then  t h e  va lue  of t h i n - t a r g e t  FF f o r  a s p e c i f i c  , ' 

. ' 

n u c i i d e  may be a s c e r t a i n e d  j u s t  from t h e  8, va lues  f o r  t h e  '. 

r e c o i l s  leading  t o  t h a t  nucl ide .  



3 ' .. i . ,. 

 he' t h i c k - t a r g e t .  fW v a l u e  (mg/cm2 B i )  f o r  t h e  f i n a l  
. ; . .  . 

nucleus i s  given by t h e  folloiving express ions  i f  - s c a t t e r i n g '  

... . . . . .  and.  evaporation.. r e c o i l  a r e  ignored:;.. . - - - . . . . . . . . .  ..... .. ' .  

. . .  . . . . . . . . .  ~. . . . .  7 l '  , f F ~  R cos eo ( f o r  e <-; zero f o r  e 6 g )  
0 2 

" ; (1) , 
. - . : . .  . .  I' . . .  

0 
, . . . .  , . .  : :  . . .., . 

, fgW = - Ro cos €3 0 '  . ( f o r  €3.2; 0. 2 zero,  f o r  e0<$),, , , , , (2) ,  

. 'Here €3, i s  t h e  angle  between t h e  beam and t h e  d i r e c t i q n  o f .  . 

motion of t h e  r e s i d u a l  nucleus as given by t h e  Monte:Carlo 
. . .  

c a l c u l a t i o n  (which i s  &l&, i n  t h i s  &se, €3, f o r  t h e  f i n a l  
. . . , . . 

n u i i e u i ) ,  and ' t he  range R, of  t h e  f i n a l  nucleus (mg/cm2 'B i )  

i s  obtained f rom t h e  kinetic energy Eo by use  of a range- 

energy r e l a t i o n :  

The va lue  of Eo i s  given by: 
. . . . 

: : *  . . . . ' * '  ;2 . . . . .  . . .  

Po 
. . 

. A 
' , : ,  : E d  ',K P x  931.1 x no. . - (5) , 

0 
. . . . . a  , . 

with A. t h e  mass number bf t h e  r e s i d u a l  nucleus,  A t h e  m i s s  

number of t h e  ' f i n a l  ' n u c i e i s ,  and P, t h e  mome'ntum of t h e  
. . . . .  

r e s i d u a l  ' n u c l e i s  i n  Mev/c as g iven .by  t h e  .Monte Carlo calcu-  
. . i ' 

l a t i o n .  Due t o  evaporat ion r e c o i l ;  t h e  a c t u a l  €3, R, 'E, and P 
. . . . . . .  . . . .  

of t h e  f i n a l  h&leus may be q u i t e  d i f f e r e n t  from t h e  Q0, Ro, 
. . . . '. . . .  

Eo,and Po obtained from t h e  Monte Carlo f c a l c u i a t i o n  a l o n e .  
.... . . 

. . . . . . . .  



The e f f e c t s  of evaporat ion r e c o i l  and s c a t t e r i n g  w i l l  

now be d iscussed .  

1. Evaporation c o r r e c t i o n .  - .  .. .Evaporation was' assumed 

t o  be i s o t r o p i c  i n  t h e  frame of t h e  moving nucleus.  E a c h .  . 

e v a p o r a t e d n e u t r o n  was ass igned a momentum Pe o f 8 0  Mev/c, 

corresponding t o  a k i n e t i c  energy of 3.4 Mev as d i c t a t e d  by 

t h e  evaporat ion assumptions made e a r l i e r .  Expressions were 
. . 

t hen  der ived  f o r  c a l c u l a t i n g  i' and YW values  i'or Mcii f i n a l  

.. ' . .  . . , . . 

. . The expression f o r  t h i n - t a r g e t  f F  f o r  , a . .  r e c o i l  . with 

0 l e s s  than  7r/2 ' ( o r  f o r  1 - f F  i f  0 i s  g r e a t e r  than  7r/2)is: 
9 . , 

i f  n P <. Po cos 0, (6) ' ,  e 
'e Po 

f ~ = l  - 'I2 P cos Qo (1 - - cos 8,) Sn (PI) d P1 
0 P1 

Here - n i s  t h e  number of neutrons evaporated, P1 i s  t h e  

magnitude of t h e  r e s u l t a n t  of t h e  Pe vec to r s ,  and sn(pl)dpl 

i s  . . .  t h e  f r a c t i o n  of t h e  P1 v e c t o r s  with magnitudes between P1 
. . . . 

and P1 + dP1; sn(pl)dpl i s  given e x a c t l y  and i n  Gaussian 

approximation by Hsiung e t  a1 (25). (For - n = 5 t h e  Gaussian 

approximation i s  i n  good agreement with t h e  exact  expression 

and was used f o r  a l l  cases  of - n >5.) S imi lar ly ,  f o r  t h i c k  

t a r g e t s ,  f F W  and fgW a r e  given by t h e  sumof  t h e  fol lowing 

approximate expressions f o r  and P1 i n  t h e  t h r e e  ranges 



s p e c i f i e d .  Here, Pl(max) i s  equal  t o  Po o r  nPe, whichever i s  

smal l e r .  

f o r  P1 < Po cos eo 
. . . " 

fBw (i) = o 

3 * ( cos Go - 
+ 2 cos Go , , 1 2  

+ $ (2) cos Qo - 3  + (2) 7 tSn(Pi)dPl 

. . 

, f o r  Po  cos eo < P1 < Po 

f o r  p1 > po ,- (10.) 

The F and FW values  f o r  each nuc l ide  were then  obtained by 

averaging over a l l  t h e  appropr ia t e  f i n a l  n u c l e i  as before.  I n  
. , 

t h e s e  der ivat ions. ,  t h e  small mass change of t h e  nucleus during 

evaporat ion was neglec ted .  

If proton evaporat ion i s  extensive,  then  i t  w i l l  a f f e c t  
. . 

t h e  c a l c u l a t i o n .  A p r b t o n ' w i l l  normally evapora te  with a h igher  



k i n e t i c  energy than  a neutron, because of t h e  p o t e n t i a l  

b a r r i e r .  One consequence of t h i s  i s  t h a t  t h e  evaporat ion 

process  w i l l  tend t o  give' t h e  nucleus a much l a r g e r  momentkm'.. 

t h a n  would be expected without proton evaporat ion.  Another 

consequence of ignor ing  proton evaporat ion i s  that a proton 

g e n e r a l l y  w i l l  remove more e x c i t a t i o n  than,would a neutron, 

t h u s  causing t h e  t o t a l  number of p a r t i c l e s  evaporated t o  be 

smal l e r  than  would~otherwfse  be t h e  case.  Thus proton 

evaporat ion r e s u l t s  i n  a f i n a l  n u c l e u s . s h i f t e d ,  not only  one 

u n i t  down i n  Z, but a 'few u n i t s  upwards i n  A and, on t h e  

average,  with a  h igher  evapora t ion-recoi l  momentum. Thus, 

r e g a r d l e q , ~  o f  whether o r  not t h e r e  a r e  any d i f f e r e n c e s  i n  
. . 

r e c o i l  behavior between i s o b a r i c  Z = 8 3  and Z = 84 r e s i d u a l  

n u c l e i ,  proton evaporat ion from Z = 84 r e s i d u a l  nuclei .may 

ve ry  wel l  cause t h e  r e c o i l  p r o p e r t i e s  o f ' . t h e  Z = 8 3  f i n a l  
. . 

n u c l e i  t o  be somewhat d i f f e r e n t  from what they  would be i f  

pro ton  evaporat ion d id  not occur ,  One mi t iga t ing  f a c t o r  i n  

t h i s  problem i s  t h a t ' t h e  t o t a l  number of Z = 84 r e s i d u a l  

n u c l e i  from t h e  MonCke Carlo cascade c a l c u l a t i o n  i s  smal ler  

t h a n  t h e  t o t a l  number o f ,  Z = 8 3  r e s i d u a l  nuc le i  s o  t h a t  t h e  

bulk of t h e  Z = 8 3  f i n a l  n u c l e i  w i l l  come from Z = 83 r e s i d u a l  
.. . . . 

n,uclei ,  f o r  any amount of proton evaporat ion which might be 

reasonably ,. . expected, even f o r  t h e  h ighes t  e x c i t a t i o n s  i n  t h i s  
. , 

work, -130 Mev. . . 

The foregoing s ta tements  a l s o  apply  f o r  t h e  evaporat ion 

of  deuterons and t r i t o n s ,  which a r e  expected (lg) t o  evaporate  



less frequently. ^¬ mission of such particles in the cascade 
was al~oignored(~).) . ' .  

. . -  
. . .  

. . :t a . . 

similar effects; will result. from the evaporatian of' 
. .  . 

-high-energy 'neutrons'. A recent calculation(20) indicates 

that, at high excitations, the probability-of such neutrons 
. . . .  ' 1 .  , 
may not warrant ignoring ' them. 

. . . . 

. . 2. Scattering correction. ---The recoil nuclei are 
. , 

brought to rest by collisions with atoms of the material 

through which they pass. This gives rise to straggling along 
. , 

the initial path, the extent of which is 'commonly given in 
. . 

term$ of . a  skraggliAg pariiaeter p , viz : 

where R is the mean range of . . the particle,. The probability . 
. 

that the particle will come to rest at some point ~ ' i &  : 

commonly expressed by a Gaussian of standard deviation.0 about. 
; 1 : . . , 

R, i.e.: 

. , - . . 

. . .. 

,. . . The distribution is in fact not Gaussian (26,27i at 

low energies, but consists of an asymmetric peak at a value 
. . . .  . ,  . . 

smaller than R, followed by a pronounced exponential tail. The 

more nearly equal the masses of the colliding particles, the 

more the distribution deviates from a Gaussian. 



... ~ h k  va lues  .of  p 29) and t h e  . t h e o r e t i c a l  . 

p r e d i c t i o n s  of p a v a i l a b l e  (30,31) a r e  f o r  t h e  d i s t i i b u t i o n  

a long  t h e  d i r e c t i o n  of i n i t i a l  , .  motion of t h e  p a r t i c l e .  No 
t .. .- . 

measurements have been made . . upon t h e  d i s t r f b u t f o n  . . .  perpendicular  
. . ., . . - . , .  _ . I .  . . . . a  : . .i 

t o  . t h e  . d i r e c t i o n  of t h e  i n i t i a l  motion. For t h e  r e c o i l s  involved 
- .  . . . . . . . . .  . . 

. . .  , : . _  
\ . ?  

i n  t h e  present  study, t h e  a v e r a g e s i n  Q o . f r o m t h e  . .  Monte ..: . . .  Carlo . . 
. . .  ..... , . _  . . _ . I .  . . 

c a l c u l a t i o n  i s  0.82, s o  t h a t  t h e  l a t e r a l  component of s c a t t e r i n g  

i s  important .  The foilowing assumptions. 'wil l  be used i n  t h e  

: . . . .  . . . . . . .  . . .  . . 
L .  

(1)  I f ,  the., s topping . . mate r i a l  i s  bismuth , o r  gold,  . . t h e  .. : d i s t r i -  .- I .  

. . . .  , . . . . 

bution of stopped bismuth r e c o i l s  a long . . . .  any a x i s  i s  a , 

.. . . . . I .A. .- . . 

Gaussian d i s t r i b u t i o n  with p = 0.41, independent of 
, ..: 
..... r e c o i l  energy. 

('2) ' i f  t h e  s topping m a t e r i a l  i s  .aluminum', s c a t t e r i n g  .i's':.. ,. ' r '  

_ L  . . . 
ignored ' i n  t h e  t h i n - t a r g e t :  case ;  ,. : . ,  

. % .  ' " .  I . . '  . --- 
. . . . .  : 1 : . 4 . ' :  . ' . >. . . f . , ,  . . .  . . 

It can be shown t h a t  when M1 = Ma, i s o t r o p i c  s c a t t e r i n g  w i l l  
. . 

not  l e a d  t o  a s p h e r i c a l l y  symmetric d i s t r i b u t i o n  a s  assumed 

i n  (1). In order  t h a t  (2)  be va' l id,  "it  i s  only necessary t h a t  

none of t h e  d i s t r i b u t i o n  l i e  i n  t h e  backward f o i l .  This 
. . .  

condi t ion  i s  ve ry  n e a r l y  met i n  t h e  t h i n - t a r g e t  case,  because 
. . .  

t h e  average energy t r a n s f e r  and d e f l e c t i o n  pe r  c b l i l i i 6 n  a r e  
. . .  

both small f o r  bismuth moving through aluminum (Mi ' >z M2) . 

The case where aluminum ca$chers are used with a t h i c k  

bismuth t a r g e t  o r  where, i n  t h e  t h i n - t a r g e t  case,  one ca tche r  



i s  aluminum and t h e  o t h e r  i s  gold,  p resen t s  a s p e c i a l  problem 
. j .. 1. . . . . . . . . .  . . . . . .  8 ' ,  

. . 

i n  t h a t  s topping i s  . . t ak ing  : , .  p l a c e  i n  media of M1 - , M e  as w e l l  
. - . . . . . . .  . . . .  

as M >> 'M Fur ther  assumpt ionshad t o  be made . . .  f o r  t h e  case  
. . . . .  . . .  1 2.' . . I ". . . 

of t h i c k  t a r g e t  and a lumi~um ca tche r s .  For example, s t r a g g l i n g  
. . .  ? : . . . .  , . ,  

i n  aluminum, both along and a c r o s s  t h e  l i n e  o r  f l i g h t ,  was . . .  
. . . . 

. . . . .  . . . . .  

assumed t o  b e  , , neg l ig ib le ;  . t h e  . o t h e r  assumit lo& w i l l  be omitted.  
. . . . . . . . .  . . .  .., . ,  . . 

from t h e  discussi ,on f o r  t h e  sake of b r e v i t y .  
, . ,  

' 1  . . .:. . . '  For t h e  th in ' - ta rge t ,  ' case"  where one ca t .cher . . i s  aluminum 

and':the o t h e r  i s '  gold,  t h e ,  fol lowing .is assumed': 
. . .  ? ' .  

. . . . a  . . . .  

(3)  If a Eeco i l  from t h e  ' t h i n  t a r g e t  i n i t i a l ly  e n t e r s  t h e  - 
gold ca tcher ,  fF .and f B  a r e  t h e  same whether t h e  o t h e r  

ca tche r  i s  gold o r  aluminum. (1f it e n t e r s  t h e  aluminum 

catcher ,  assumption (2)  a p p l i e s ,  1 . e .  f F - a n d  f B  a r e  t h e  

same as i f  both ca tche r s  were aluminum.) 
: : > .  . . . . . . .  . , . . . - 

This  assumption impl ies  t h a t  assumption (1) s t i l l  ho lds  even 

i f  t h e  t a i l  of t h e  Gaussian s c a t t e r  d i s t r i b u t i o n  l i e s  i n  
, . :. ,. . . . . . . . . . .  

aluminum r a t h e r  than  i n  gold .  ' ~ h d s ,  t h e  f o i l s  ' s h o u l d a c t  
' . .  . . .  . . %  

. . . . . . 

independent ly i n  t h e i r  e f f e c t  on FF and FB. 1 f  t h i s  i s  t r u e ,  
3 .  

. . * .  . .  

t h e n  
. . . . . .  

p o s s i b l e  
. . . . .  

determine one of t h e  
. . 

r a t i o s  i n   able 111 from t h e  o t h e r  t h r e e .  Within experimental  
. . 

e r r o r  t h i s  i s  t h e  case'. 
. . . . , . 

The j u s t i f i c a t i o n  f o r  ( 3 )  i s  -as follows: If  t h e  r e c o i l  

e n t e r s  t h e  gold ca tcher ,  then  M1 5 M2, s o  t h a t  t h e  r e c o i l  

undergoes a de f l ec t io ,n  of .n/4 and...gives up h a l f  i t s  energy. . in 



. . . . < <  . . ., 
r .<' : ..#'.. . 

each c o l l i s i o n ,  on t h e a v e r a g e .  Since a t  t h e s e  ene rg ies  t o t a l  
. . '(26,.2'7,30-32) : the .  

p a t h  l eng th  i s  roughly l i n e a r  with energy 9 

. .  . . . > 

r e c o i l  t r a v e l s  one-half &s t o t a l  pa th  l e n g t h  before '  making 
. . . . 
t h e  f irst  c o l l i s i o n ,  on t h e  average, h a l f  t h e  r e m a i n d e r b e l o r e  

. . I 

t h e  second, e t c  . The f i n a l  s topping p l a c e  f o r  t h e  r e c o i l  i s  :. : . . . ..: . 

t h u s  determined by t h e  f i r s t  few c o i l i s i d n s .  For a r e i o i i  ' 

. . . . . 
'. . 

moving i n i t i a l l y  i n t o  the '  gold  c a t  =her  f o i l  and thencoming 

t o  r e s t  i n .  - the  o t h e r  f o i l , .  t h e  f i r s t  few c o l l i s i o n s '  w i l l  have 

t aken  p lace  in' the;.,gold , f o i l .  ahd: t h e  in f luence  of. t h e  ,other. ,  

f o i l  w i l l  be r e l a t i v e l y  unimportant.  Hence assumption ( 3 ) .  
. . 

. .. , . . , . . , . . 
. . , 

. . .  , . . : .  - F i n a l l y ,  f o r  c a l c u l a t i n g  fpW: i t  proved, d i f f i c u l t  t o  

u s e  : ; the 'Gaussian. d is t r i 'bu t i :on  of .(l) , . s o  , the fol lowing 

;as.sumption -was made : . . 
., . .. . . .  . . . .I. 

, .. .. . . , 

(4)  For fpW, t h e  r e c o i l s  end up on t h e  s u r f a c e  of a s p h e r e  

' of r a d i u s  0 .41  R ~c ' en te red  a t  R.  ._. . .  

. . 
. ,  ' 

This  assumption a p p l i e s  f o r  gold ca tche r s .  No experiments 
. . 

o r  c a l c u l a t i o n s  f o r  f  pW with aluminum ca tche r s  were made. 
. - . . - .  . .. 

I f  t h i s  assumption i s  used '  f o r  c a l c u l a t i n g  f #  o r  fgW, i t  
. :  . . - 

. . . . .  ' .... , .  a .  . .. 
> . .  

l e a d s  t o  s c a t t e r i n g  c o r r e c t i o n s  only  about 30% as g r e a t  as 
; .  . 

. . . . .  . .  . . s 

t h o s e  ca lcu la ted  with . the  Gaussian d i s t r i b u t i o n ,  on t h e  
. . . . , ,. . 

average,  and it shows a l s o  t h a t ,  on the average, t h e  e f f e c t  
. . of scat t ier ing 'on t h e  va lue  o f  fpW, i n  terms of a ;..,;....; . . . . .  ._. 

. - 5 .  . . .  . ; . -  ; .  .'."-" c.:: .;.:" .-:i' :,. .,.-,<.." . ., .. ... .. ... percent  o f  f  pW., . . is about.,: 

t w i c e a s  g r e a t  as' t h e  e f f e c t  on f  *W, as a percent. o f  f FW .;,, . :: 

The s c a t t e r i n g  c o r r e c t i o n  c a l c u l a t e d  f o r  fpW is ,  the re fo re ,  



smal ler  than  i t  should be. . . 

, Using t h e  foregoing assumptions, expressions . . were . '  

o b t a i n e d . f o r  c a l c u l a t i n g  f  and fW f o r  a  s p e c i f i c  r e c o i l  from 

. t h e  Monte C a r l o  c a l c u l a t i o n .  Here 0  i s  t h e  ang le  between' t h e  

beam and t h e  i n i t i a l  d i r e c t i o n '  of motion of t h e  r e c o i l .  Be- 

cause of : s c a t t e r i n g ,  R i s  no longer  unique but i s  t h e  mean 

of  a d i s t r i b u t i o n .  Because of evaporat ion r e c o i l ,  R and Q . - .  
, . .  

m a y - d i f f e r  considerably from t h e  range Ro and ang le  0, 

obtained from t h e  Monte Carlo. c a l c u l a t i o n  a lone .  
. . . . 

(a) For t h i n  t a r g e t ,  aluminum forward ca tcher ,  f F  i s  u n i t y .  . , 

(b )  For t h i n  t a r g e t ,  ' gold forward ca tcher , '  

. . . . . . 
. . .  (.c) For , t h i c k  t a r g e t ,  . . gold catchers ,  

where 

1 cos 0 R cos 0 2  
. 6 = '$- exp [ -  - ( 

7r 2  ) dx (16). 
P .. 

. . 2 p 2 ~ 2  

The above expressions apply f o r  a r e c o i l .  w i t h 0  . < . r/2. For a 

r e c o i l  with 0 > 7r/2, they  apply  wi'th F  and B interchanged.  



Fina l ly ,  f o r  any va lue  of 8, . . 

1/2 1 2. .'. 2  
3 (R s i n  Q - r 2 )  + ' -1 ( ~ ~ s i n ~ 0  + 2 r 2 )  s i n  (RsinQ 

. . . ,. 
r ,  

I' 
.. .. , . i f  s i n  Q ,- >. - R. (171, 

b 

where r ' = O.41Ris ' t h e  radius of t h e  ' i p h e r i c a l  s c a t t e r i n g  d i s -  
. .. 

t r i b u t i o n  i n  acc'ordance with assumption ( 4 ) .  

Equations (14) and (15) show t h a t  , P ,  t h e  s c a t t e r i n g  
. . 

c o r r e c t i o n  f o r a  given r e c o i l ,  i s t h e  same f o r  both fgW and 

f FW. It can be shown t h a t ,  r e g a r d l e s s  . , of t h e  shape of t h e  

d i s t r i b u t i o n ,  f o r  a t h i c k  t a r g e t  where t h e  atoms of t h e  t a r g e t  
- .  

- and t h e  ca tche r  ma te r i a l  have t h e  same mass, t h e  s c a t t e r i n g  

c o r r e c t i o n  6 i s  always t h e  same f o r  both f F W  and fgW. It can 

a l s o  be proved t h a t  6 i s  g r e a t e r  than  zero if p a r t  of t h e  

d i s t r i b u t i o n  l i e s  behind t h e  poin t  where t h e  r e c o i l  o r i g i n a t e s ,  

measuring a long a d i r e c t i o n  perpendicular  t o  t h e  i n t e r f a c e ,  
, . 

and t h a t  otherwise 6 i s  zero .  

The v a l i d i t y  of expressions (13) through (18) r e q u i r e s  

t h a t  t h e  mean. of t h e  d i s t r i b u t i o n  along t h e  beam . a x i s  . be 

R cos 0, and s i m i l a r l y  R s i n  Q f o r  t h e  perpendicular  p r o j e c t i o n .  

:This requirement is! met as. long a s  t h e  d i s t r i b u t i o n  i s  . .  

symmetric about some . a x i s ,  . .. 



Associated with t h e  problem of s t r a g g l i n g  i s  t h e  

de te rmina t ion ,o f  R i t s e l f .  Af te r  a review of t h e  experimental  

(13' 27, 29, 33) and t h e o r e t i c a l  (31,32) work bear ing  on t h e  . 

sub jec t ,  t h e ,  assumption was adopted, t h a t  R is .  p r o p o r t i o n a l .  t o  

k i n e t i c .  energy f o r  t h e s e  r e c o i l  e n e r g i e s j , w i t h  a  proportion.-- 
. . 

a l i t y  f a c t o r  of 0.15 as given i n  (~gldq'$q~):'j i 3 ; .  

. . 

Inc lus ion  o f ' e v a p o r a t i o n  r e c o i l  and s c a t t e r i n g  i n  

t h e  ca lcu la t ions .  produces a l a r g e  . . e f fec t ,  as ,may be. seen 

from t h e  last t h r e e  columns of Table I11 f o r  t h e  t h i n - t a r g e t  

case  a n d . i n  Figs .  .3 and 4 f o r  t h e  t h i c k - t a r g e t  case.  Combin-. 

i n g  t h e  s c a t t e r i n g  and evapora t ion-recoi l  e f f e c t s  i s  d i f f i c u l t ,  

. . 

f i r s t '  because t h e  d i s t r i b u t i o n  of r e c o i l s '  from s c a t t e r i n g  ' i s  

hot  t r u l y  Gaussian, as used i n  t h e  c a l c u l a t i o n .  ~ e l o n d l y ,  t h e  
. : .  . . 

d i s t r i b u t i o n  of t h e ' p r o ~ e c t i b n  of ' r e c o i l s  r e s u l t i n g  from t h e  
. . . . . . 

evaporat ion i s  q u i t e  skewed except ' f o r  l a r g e  va lues  of R. 

Third,  t h e  e f f e c t s  a r e  not independent, i n  t h a t  t h e  of t h e  

s c a t t e r i n g  d i s t r i b u t i o n  i s  not f ixed  f o r  a given r e c o i l  but 

v a r i e s  with t h e  r e s u l t a n t  of t h e  Monte Carlo momentum and t h e  

va r ious  p o s s i b l e  momenta evaporat ion r e c o i l .  

Accordingly, t h e r e  i s  no r e a l l y  v a l i d  way t o  combine 

t h e  two c o r r e c t i o n s .  For t h e  t h i n - t a r g e t  case  a able 111), 

t h e  e f f e c t s  a r e  combined by assuming t h a t  t h e  square ,oP  t h e  

combined e f f e c t  f o r F F i s  equal  t o  t h e  sum of t h e  squares  of 

t h e  two independent ly,  The e r r o r  of d o i n g , t h i s  i s  not too  

se r ious ,  s i n c e  one e f f e c t  o r  t h e  o t h e r  i s  always dominant i n  

4 



the thin-target case - scattering when'the forward catcher 
'-is. gold., evaporation when it.' is aluminum, Scattering pre- ' 

dominates for FBW in the thick-target. case (Fig. 4); however 
. . 

for!FFW (Fig. 3) scattering ,and evaporation effects are'. 
' 

comparable, so' this procedure cannot be':use'd.. Therefore . ' 

the calculation is corrected only f,or.'scattering.in the thick- 

target case, 
. . . . 

,V. COMPARISON OF CALCULATION AND EXPERIMENT 
. . . . .  8 . . .. . 

The thin-target data reported In Table I11 for the 
. : .:.. , . . . . .. . 

. . . . '4 . .., 

' 20i-204 mixture demonstrate that scattering is important. '31 . . . . . . 
. . . .  , . - .  . . .  . 

Included in the table for comparison are values from the Monte 
. . % .  

Carlo calculation for a Bi 199-207 mixture, which should be -a . . . . 
I . ' I  <. . . . - \ . .  

good representation for the Bi 201204 mxtue. ' (The latter 
.. . . ? .  m 

v .  . . . . . . 
I I is mostly 203 and 204.) In the column headed uncorrected" . .....: . . 

. . .. . . 
is the FA value calculated for this mixture with no 

. . . . , . 

cprrection for evaporation recoil or scattering. The next 
. . . . 

. . ,  . 

column shows this value with scattering taken into account. 
. . . ... 

The value with consideration of evaporation recoil alone is 
. . . . . .  . 

shown in the following column. In the last column are 

estimates of- the FF/FB values with evaporation recoil and 

scattering both considered. The difficulties of combining 

the effects have already been discussed. The value 

which would be otjtained with a more proper combining .procedure 

would probably differ'from the listed values"by'1ess than 0:3, 

The rather good.agreement.between the experimental results 



and t h e  f i g u r e s  of t h i s . l a s t  column suggests  t h a t  t h e ' e f f e c t s  

of evaporat ion r e c o i l  and s c a t t e r i n g  , a r e  adequately t r e a t e d  
., - . & .  

by t h e  methods used i n  t h e  c a l c u l a t i o n  f o r  dea l ing  with them. 
. . 

' C a l c u l a t e d  and experimental  va lues  of FF f o r  aluminum 

' ca tche r s  ( ~ i g .  5 and Table IV) a r e  i n  good agreement, both 

i n  t h e  magnitudes 'of FF and i n  t h e i r  t r e n d . w i t h  mass number. 

Calcula t ion  and experiment a r e  i n  good accord f o r  FFW 
r .  

and FBW with gold ca tche r s  (Fig.  6 and Table IV), both i n  

magnitude and i n  t r e n d  with mass number. It appears  t h a t  

FBW i s ,  due a lmost  e n t i r e l y  t o  s c a t t e r i n g ,  which expla ins  why 

i t s  v a l u e ' i s  about 0.0055, i r r e s p e c t i v e  of mass number. 

: .  . . _ . ,  .. 
X u w e v e ~ a ,  the  sca t te l>ing  model i s  not  successful ,  in 

p r e d i c t i n g  t h e  experimental  f a c t  t h a t  t h e r e  i s  no d i f f e r e n c e  

. .  . between t h e  va lues  of FFW,and FBW o b t a i n e d ~ w i t h  gold ca tche r s  

.. . , .  ., . . . ... . . . .  

and , , those .ob ta ined  with aluminum ca tche r s .  Any reasonable 
. , 

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

should be an observable d i f f e rence ,  p a r t i c u l a r l y  f o r  FFW 

(say,  lo$) The d e f i c i e n c y  of t h e  model might be t h e  r e s u l t  
. . 

of t h e  neglec t  of s t r a g g l i n g  i n  aluminum along t h e  i n i t i a l  
. . 

d i r e c t i o n  of motion,,which may have a l a r g e  e f f e c t  i n  t h e  
. , , .  . , 

th ick ' - ta rge t : ,case  even i f  i t  does not have a s i g n i f i c a n t  
. . . . 

e f f e c t  i n  t h e  t h i n - t a r g e t  case  where a l l  t h e  r e c o i l s  o r i g i n a t e  
. . 

,at t h e  i n t e r f a c e .  : 



~xperimental and calculated FpW data are compared in 

Fig. 7 anCl Table N. Although it is perhaps not apparent 

in Fig. 7, the Monte Carlo calculations, in general, 

predict (') only a slight increase in FpW with decreasing mass 

number. Apart from the matter of trend, there.appears to be 

only fair agreement between the calculated and.experimenta1 

data. Correction for evaporation recoil and a more realistic 

scattering correction would increase the disagreement. 

A better comparison of.calculat;lon aiid vxperirnent is 
' _  

afforded by Fig. 8, which shows calculated and.experimenta1 

~ ~ ~ / ~ ~ W , , r a t , i o s .  (one advantage of plotting the ratio, rather 

than the FW values alone, is that the ratio is less sensitive 

to the assumptions, approximations, and extraordinarily large 

or smaLL recoil momenta in the calculations, as well a6 to 
. . 

the systematic errors in the experiments.) ' It may be seen in 

Big. 8 that the experimental ratios are slightly lower than 

the calculated ones - the difference would be larger if a 
proper estimate of scattering had been made in the FpW 

calculations - and the difference seems to increase with' 
mass number. These 'observations imply that the experimental 

FpW values are lower than the calculated ones, particularly 
. . 

at the higher mass numbers (Fig. 7). ' This presumably means 

that the calculation ,overestimates the a'verage transverse 

momentum imparted in the knock-on cascade, particularly at the 

higher mass numbers, 



TABLE IV . 

Results of the calculation for bismuth recoils'. 

Mass No. of PPW P ~ W  PpW 

NO. mente Calc. a 
m t  . ~ a l c . ~  m t .  ~a1c.O m t .  ~ a l o . ~  m t .  

- - 

d. Calculated errors reflect only the spread of the data, and do not include errors associated with the approximations and 

assumptions used in the calculation. 

a. Calculation for gold catchers; includes anuselan scattering model, no evaporation recoil. 

&. Calculation for gold catchers; includes "ball-model" eoattering, no evaporation reooil. 

c. Calculation for aluminum catchers; ignores scattering and lncludes evaporation recoil. 

e. Fmerimental data of Sugannan (ref. 14) using aluminum oatohera. 

f. Results of this work using gold Catchers. 

g. Results of thin work using aluminum catchers. 



The d i f f i c u l t y  may l i e  i n  t h e  a s s u m p t i ~ n  . . , . ,. , . . (') t h a t  t h e r e  i s  

no d i r e c t i o n a l  ., . corre la t ion , :  about t h e  beam a x i s ,  between emit ted 

cascade p a r t i c l e s .  , . I f  I i n s t e a d  . .  t h e  par t ic1es .a l .e  . . corre la ted , ,  as 

i s  obviously . ,  . $he case f o r  a .cas ,cade En which two p a r t i c l e s  

c o l l i d e  and ..leave .the . nucleus . .  without . . . .  f u r t h e r  c o l l i s i o n s ,  then  

t h e  . .assumptio,n . . . w i l l  l e a d t o  ca lcu la ted  . . FpW values  which a r e  too  

. large , . .- For more extens ive  .cascades, . , whi'ch g e n e r a l l y  . . l e a d  t o ,  

f i n a l  n u c l e i  of lower mass number, t h e  c o r r e l a t i o n  among emit ted 

p a r t i c l e s '  should be weak& arid' hence t h e  a.ssumption should l ead  

t o  less d i f f i c u l t y  a t  t h e  lower mass numbers, congruous with 
. .. . . . . 

observat ion; '  
. . . . ? .  . . 

Measurements.of t r a n s v e r s e  momentum f o r  o t h e r  spec ies  (34,35) 

Monte Carlo c a l c u l a t i o n s  (2)  h a v e  been r e p e a t e d  ( I 2 )  f o r  t h e  

~ l ? . ( ~ ,  3pn) ~a~~ r e a c t i o n  . . a t  360 and 1840 Mev bombarding energy, 

a n t i c o r r e l a t i n g  t h e  d i r e c t i o n s  of t h e ,  f i r s t  two cascade p a r t i c l e s .  

The r e s u l t s  f o r  .FpW, as wel l  as f o r  FFW and FgW, a r e  i n  poor 

agreement with t h e  experimental ly  e s t ab l i shed  va lues  a t  1840 

Mev ( r e f ;  12; see,  . a l so  r e fe rences  quoted t h e r e i n )  . Agreement 

a t  360 Mev i s b e t t e r ,  but angular  d i s t r i b u t i o n  measureme,nts (12) 

i n d i c a t e  t h a t  t h i s  agreement i s  only a c c i d e n t a l .  

Measurements o f . t h e  average forward momentum imparted t o  

uranium nuc le i  by 460- and 660-Mev protons g ive  va lues  (35,361 

somewhat lower than  t h e  c a l c u l a t e d  oneso  This has  been 

in terpre ted( ' )  t o  mean t h a t  t h e  Monte Carlo c a l c u l a t i o n  f a i l s  



t o  p r e d i c t  s u f f i c i e n t  p r o b a b i l i t y  f o r  c o l l i s i o n s  of bombarding 
. . .. 

p a r t i c l e  and t a r g e t  w i t h  t r a n s f e r  of  very  small amounts of 

forward momentum (and e x c i t a t i o n ) .  The present  work does not  

bear  upon t h i s  i n t e r p r e t a t i o n ,  s i n c e  it i s  not c l e a r  how t h e  

. r e c o i l .  p r o p e r t i e s  should be a f f e c t e d  i n  consequence of t h i s  

i n t e r p r e t a t i o n ,  Measurements of forward momentum imparted t o  

emulsion nuc le i  (34937) seem t o  concur with t h e  c a l c u l a t i o n s  ( 9 )  

Use of  t h e  d a t a  as a more severe  t e s t  of present  

concepts  of high energy nuc lea r  r e a c t i o n s  must await a b e t t e r  

t rea tment  of t h e  s topping process  and a Monte Carlo c a l c u l a t i o n  

wi th  more events  and with e x p l i c i t  t r a n s v e r s e  momentum - 

informat ion .  
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, .. . , APPENDIX, -. . . . z -' . ., .- CHEMICAL PROCEDURES, . . 

The f o i l s  were d i s so lved  i n  appropr ia t e  a c i d s  (conc. 

HNO f o r  Bi ,  conc . HCI, f o r  A l ,  aqua r e g i a  f o r  Au) and known ' 3 
weights of .  bismuth c a r r i e r  ,added. The solutions- were then  

d l l u t e d  and por t ioqs  were t a k e n  f o r  a n a l y s i s ,  Lead holdback 

c a r r i e r  qas..added and bismuth was . i s o l a t e d  . . ,from t h e s e  s o l u t i o n s  

by t h e  fo l lowi  ng ,steps,  : BiOCl , , p r e c i p $ t a t % o ~ ,  CuS scave.nge from 

6 N  H C 1  (removes Po, which would come through otherwise,  and Mo), 
. . .' . , _  

~i s . from 2.4N HCI, two ' B I ~ S ~  . p r e c i p i t a t i o n s  
. . .  ?.3 , .  . . . . 

: - . ,  
with  NH4Sx (removes"&), a second ~ u ~ $ c a v e n @ ; e  f r b m  6 N  HC1, a .  

, , .  . ,  . 
7 ., . , . 

second B i  S . p r e c i p i t a t i o n  from 2 . 4 ~  HC1, two P ~ C ~ O ~  scavenges 
2 3. 

,. . .. . . .  
from a buffered  ( N H ~ A ~ - H A ~ )  sbiut'iofi, 'two more BiOCl p r e c i p i -  

. . & .  . . 
t a t i o n s ,  and a' B ~ P O ~  ' p r e c i p i t a t i o h  from o ' 5 ~  ~ ~ 0 3 .  This last' 

s t e p  o f f e r s  no decontamination of any importance but i s  

q u a n t i t a t i v e  and f a s t  so  t h a t  a l l  samples may be p r e c i p i t a t e d  

simultaneously,  g ives  a s t o i c h i o m e t r i c  and e a s i l y - f i l t e r e d  

p r e c i p i t a t e  s u i t a b l e  f o r  weighing, and l eaves  Pb i n  s o l u t i o n  

s o  t h a t  subsequent Pb growth w i l l  be from an  i n i t i a l l y  pure 

parent  f r a c t i o n .  Decontamination from Pb i s  af forded by t h e  

BiOCl, B12S3 (from 2.4N HCl), and BIP04 p r e c i p i t a t i o n s  and t h e  

PbCr04 scavenges. Yields  were about 803'. 

For t h e  subsequent sepa ra t ion  of l e a d  daughters,  t h e  

BiP04 p r e c i p i t a t e  was d isso lved  i n  HCI,, Pb c a r r i e r  added, and 

Bi was removed by a B i O C I ,  p r e c i p i t a t i o n .  Then P ~ O ( H ~ O ) ~  was 

p r e c i p i t a t e d  with NH3 and p u r i f i e d  by a =PO4 scavenge, a PbS04 



p r e c i p i t a t i o n ,  and a PbCr04 p r e c i p i t a t i o n  from buffered s o l u t i o n .  

The Pb was weighed and counted as PbCr04. Yields were about 

80%. 

The bismuth a c t i v i t y ,  as BiOCl from t h e  l ead  separa t ion ,  

w a s  d isso lved  i n  H C 1  and decontaminated from daughter ac t iv . i -  

t i e s  by two p r e c i p i t a t i o n s  o f  BiOCl and one of BiP04, i n  which 

form i t  was weighed and counted. '  

. . .  . . . . 

The e f f e c t i v e n e s s  of t h e s e  procedures was checked by 

t r a c e r  experiments on t h e  va r ious  s t e p s  and by t ak ing  gamma-ray 

s p e c t r a ,  with a multichannel ana lyzer ,  of samples separa ted  
. . . ,  . . 

from i r r a d i a t e d  t a r g e t  and ca tche r  f o i l s .  Act iva t ion  cor rec t ions  

were r a t h e r  cons tant ,  s ay  18 of FBW f o r  t h i c k  t a r g e t  and gold 

c a t c h e r s .  
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FIGURE CAPTIONS 

Fig .  1.   hick'-target assemblies,  showing t h e  two o r i e n t a t i o n s  

used f o r  s tudying  r e c o i l  behavior: ( a )  forward- 

backward and (b )  perpendicular .  

G, guard f o i l ;  B, backward ca tche r  f o i l ;  T, t a r g e t ;  

P, Sopward ca tche r  r o i l ;  A, a c t iv ' a t ion  f o i l .  

Fig. 2. Thin- targe t  assembly. 

G, guard foil; B, baclcward uatuher f o i . 1 ~  T, t a r g c t ;  

F, forward ca tbher  f o i l ;  A, a c t i v a t i o n  f o i l .  

Fig.  3. Monte Carlo c a l c u l a t i o n s  FFW, showing e f f e c t s  of 

i n c l u s i o n  of s c a t t e r i n g  (gold ca tche r s )  and evapor- 

a t i o n  r e c o i l  i n  t h e  c a l c u l a t i o n e ,  ( ~ r r o r  f l a g s  a r e  

omi t ted , )  

A , .  . . . ., cor rec ted  f o r  s c a t t e r i n g  only; 0, ----- 3 

cor rec ted  f o r  evaporat ion only; 9, , uncorrected.  

Fig.  4. Monte Carlo c a l c u l a t i o n s  of FBW, showing e f f e c t s  of 

i n c l u s i o n  of s c a t t e r i n g  (gold ca tche r s )  and evapor- 

a t i o n  r e c o i l  i n  t h e  c a l c u l a t i o n s .  ( ~ r r o r  f l a g s  a r e  ' 

omit ted.)  

A, .  . . . . , cor rec ted  f o r  s c a t t e r i n g  only; 0,  ---- 2 .  

cor rec ted  f o r  evaporat ion only; 8 ,  , uncorrected.  

Fig.  5. Comparison of experimental  and c a l c u l a t e d  t h i n - t a r g e t  FF 

va lues  ( s e e  Table IV), aluminum ca tche r s .  Evaporation 

r e c o i l  i s  included i n  t h e  c a l c u l a t i o n ,  and s c a t t e r i n g  



is assumed to have a negligible effect. 

f , Monte Carlo calculation, corrected for evapor- 
ation recoil; 0, experimental value, 

Fig. 6. Comparison of experimental and calculated FFW and 

FBW (see Table AT). A Gaussian scattering distri- 

bution is assumed in the calculation, with .p = 0.41 

along all axes, Momentum transfer from evaporation 

is ignored. (~rror flags show only the spread of 

the 'calculated data, and do not include errors 

associated with approximations and assumptions used 

in the calculation.) 

3, calculated, with scattering correction but no 
evaporation recoil correction; Q, experiment this 

work (errors not shown); D , experiment, Sugarman 
et a1 (~ef. 14). Values at A=200 and 201 are for 

mixed Bi and Pb recoils. 

Fig. 7. Comparison of experimental and calculated FpW (see 

Table IV) . A "ball model" scattering is assumed 
1 

in the calculation, with . p . = (6)"-5, Recoil from 

evaporation is ignored. 
T 
f, Monte Carlo calculation, corrected for scattering; 

a, experimental value. 

Fig. 8. Comparison of experimental and calculated F~W/F~W 

ratios (with scattering). 

3 , Monte Carlo calculation; a, experimental value. 
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