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BSTRACT 

The energy  dependence of t h e  t o t a l  a n g l e - i n t e g r a t e d  c r o s s  sec t io in  f o r  
P 

t h e  s e r i e s  of r e a c t i o n s  2 0 9 ~ i ( p , n - x n ) 2 1 0 - x ~ t ,  w i t h  x  = 0 t o  7 ,  has  been 

s t u d i e d  from below Chreshold  t o  860 MeV a t  IUCF, TRIUW and LAMPF, u s i n g  
-- 

a c t i v a t i o n  and r a d i o c h e m i c a l  t e c h n i q u e s .  E x c i t a t i o n  f u n c t i o n s  f o r  t h e  

(p ,n -xn)  r e a c t i o n s  on a  heavy t a r g e t  have been measured f o r  

by d e t e c t i o n  of p r o d u c t  n u c l e u s  a c t i v i t i e s .  Due t o  t h e  

s u i t a b l e ,  a s t a t i n e  i s o t o p e s  t h a t  cou ld  be used a s  

d e t e r m i n a t i o n  of chemica l  y i e l d s ,  a  t e c h n i q u e  

a b s o l u t e  a s t a t i n e  a c t i v i t i e s  by r e f e r e n c e  ko d i r e c t l y  

r a d i o a s s a y e d  i n  t h i n ,  i r r a d i a t e d  bismuth f o i l s .  M o d i f i c a t i o n  of e x i s t i n g  

t h e  f i r s t  t ime  

a b s e n c e  of 

t r a c e r s  f o r  t h e  

t o -  d e t e r m i n e  

chemica l  methods f o r  a s t a t i n e  s e p a r a t i o n  a l lowed  d e t e c t i o n  of s h o r t - l i v e d  

( = 7  min) i s o t o p e s .  S i n c e  2 1 1 ~ t  i s  produced on ly  by s e c o n d a r y  ( two-s tep)  

p r o c e s s e s  i n v o l v i n g  r e a c t i o n s  of he l ium f ragments  produced i n  t h e  i n i t i a l  

p r o t o n - t a r g e t  i n t e r a c t i o n ,  t h e  d e t e c t i o n  of  2 1 1 ~ t  a c t i v i t y  a l l o w s  a  semi -  

e m p i r i c a l  c a l c u l a t i o n  t o  be made of t h e  c o n t r i b u t i o n s  by secondary  reac -  

t i o n s  t o  t h e  y i e l d s  of t h e  h e a v i e r  a s t a t i n e  p r o d u c t s .  Due t o  i n s u f f i c i e n t  

beam i n t e n s i t i e s  and t h e  i n t e r f e r e n c e  of secondary  r e a c t i o n s ,  c r o s s  

s e c t i o n s  were n o t  o b t a i n e d  f o r  a l l  p r o d u c t s  a t  e v e r y  p r o t o n  energy .  I n  

p a r t i c u l a r ,  t h e  measurement of t h e  c o h e r e n t  (p ,n - )  p r o d u c t ,  2 1 0 ~ t ,  is re-  

s t r i c t e d  mainly  t o  upper  l i m i t s .  The mass d i s t r i b u t i o n s  of t h e  a s t a t i n e  

p r o d u c t s  a r e  c o n s i s t e n t  w i t h  a  s i m p l e  Gauss ian  shape  s i m i l a r  t o  t h a t  ob- 

s e r v e d  w i t h  ( p , x n )  r e a c t i o n s  on t h e  same t a r g e t .  Ex tend ing  t h e  Gauss ian  

d i s t r i b u t i o n  t o  a s t a t i n e  i s o t v e s  l i g h t e r  than  ' 0 3 A t  a l l o w s  e s t i m a t i o n  of a  
I 

mean n e u t r o n  e m i s s i o n  p r o b a b i l i t y  and a  s u m g ~ d  c r o s s  s e c t i o n  f o r  t h e  t o t a l  

non-charged nuc leon  e x i t  channe l  of t h e  i n c l u s i v e  . ( p  , n q ~ 6 h e a c t i o n .  These 

>' \ I  
L.  A 

Z 
1 



estimates are compared to available experimental data on the inclusive re- 

action and to a simple schematic model that parameterizes the probability 

of proton emission from the residual nucleus formed in the pion production 

step. r Further comparisons are made with two theoretical calculations of 

both individual and total (p,n--xn) excitation functions below 220 MeV pro- 

ton energy. 
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"Alchemy s o  p roceeds  t h a t  i t  b r e a k s  up a c e r t a i n  

r.body, t a k e s  i t  ou t  of i t s  s p e c i e s ,  and c l o t h e s  w i t h  t h e  

most e s s e n t i a l  of l t t  components a  body of a n o t h e r  

s p e c i e s .  Consequent ly  t h a t  a l c h e m i c a l  p r o c e s s  i s  b e s t ,  

which p roceeds  from t h e  s e l f s a m e  means a s  n a t u r e  i t s e l f  ." 

- S t .  A l b e r t u s  hfagnus (1193?-1280) 

Dq Rebus M e t a l i u s  e t  M i n e r a l i b u s  
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INTRODUCTION 

A B r i e f  Review of  ( p , n )  Exper iments  

The ( p , n  ) r e a c t i o n  on n u c l e i  has  r e c e i v e d  much a t t e n t i o n  i n  r e c e n t  

1 -5 
y e a r s  . Although a n  e x t e n s i v e  body of bo th  e x p e r i m e n t a l  and t h e o r e t i c a l  

work h a s  e v o l v e d ,  no c l e a r  and s i m p l e  model of t h e  ( p , n )  p r o c e s s  has  y e t  

emerged. I n  g e n e r a l ,  most e x p e r i m e n t a l  work h a s  i n v o l v e d  t h e  measurement 

of e x c l u s i v e  c r o s s  s e c t i o n s ,  where a  s p e c i f i c  ( u s u a l l y  low-lying)  s t a t e  of 

an  (A+l) n u c l e u s  is  p o p u l a t e d  i n  a n  A(p,n)A+l type  of r e a c t i o n .  Measure- 

ments have u s u a l l y  i n v o l v e d  l i g h t  n u c l e i ,  where t h e  s t a t e s  can  be e a s i l y  

r e s o l v e d ,  and t h e  e m i s s i o n  of p o s i t i v e  p i o n s ,  s i n c e  t h e  c r o s s  s e c t i o n s  f o r  

( p , x + )  a r e  l a r g e r  t h a n  t h o s e  of t h e  ( p , n - )  r e a c t i o n .  However, u n e x p e c t e d l y  

l a r g e  c r o s s  s e c t i o n s  have r e c e n t l y  been obse rved  f o r  (p ,n-)  t r a n s i t i o n s  t o  

6 
s p e c i f i c  t w o - p a r t i c l e ,  one-hole  s t a t e s  i n  l i g h t  and medium weigh t  n u c l e i  . 
Due t o  t h e  t e c h n i c a l  d i f f i c u l t i e s  i n v o l v e d  i n  d e t e c t i n g  n e u t r a l  p i o n s ,  a l -  

0 most no i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  (p ,n  ) p r o c e s s .  

I n  heavy n u c l e i ,  where s t a t e s  a r e  more c l o s e l y  spaced  and canno t  be  

e a s i l y  r e s o l v e d ,  i n c l u s i v e  measurements of t h e  ( p , n )  p r o c e s s  a r e  u s u a l l y  

made. I n c l u s i v e  c r o s s  s e c t i o n s  measure  t h e  t o t a l  p i o n  p r o d u c t i o n ,  A(p,n)X, 

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

Crawford -- e t  a l e 7  measured t h e  i n c l d i v e  c r o s s  s e c t i o n s  f o r  ( P , n k )  on a  ' / 
v a r i e t y  of t a r g e t s  a t  585 MeV. On l e a d ,  t h e  c r o s s  s e c t i o n  f o r  (p ,n - )  was 

measured a t  41.5 mb, w h i l e  t h e  c r o s s  s e c t i o n  was h i g h e r  by a  f a c t o r  

of  two. Cochran -- e t  a1.' have measured v a l u e s  of 51.4 ,  53.7 and 60.4 mb f o r  

1 8 1  
t h e  (p ,n - )  c r o s s  s e c t i o n  a t  735 MeV on Ta, 2 0 8 ~ b  and 2 3 2 ~ h ,  r e spec-  

t i v e l y .  Here a g a i n ,  t h e  ( p , n + )  c r o s s  s e c t i o n s  were h i g h e r  by a f a c t o r  of 

two. During t h e  c o u r s e  of t h e  p r e s e n t  work, p r e l i m i n a r y  r e s u l t s  became 



a v a i l a b l e  f o r  t h e . v a  u e s  of (P,TC') a t  e n e r g i e s  of 330,  400 and 500 MeV. 

-- 
l! 

DiCiacomo e t  W a s u r e d  c r o s s  s e c t i o n s  f o r  n- p r o d u c t i o n  on 2 3 8 ~  and ob- 

t a i n e d  v a l u e s  of 5.23,  11.79 and 21.68 mb, r e s p e c t i v e l y ,  f o r  t h e  t h r e e  pro- 

t o n  e n e r g i e s .  These d a t a ,  when combined w i t h  t h e  e a r l i e r  s t u d i e s 7  $', 

p r o v i d e ,  f o r  t h e  f i r s t  t i m e ,  a n  e n e r g y  dependence f o r  t h e  i n c l u s i v e  ( p , n )  

r e a c t i o n  i n  t h e  medium energy  regime. 

Two r e c e n t  d e t e r m i n a t i o n s  of t h e  d i f f e r e n t i a l ,  i n c l u s i v e  ( ~ , n * )  

c r o s s  s e c t i o n  a t  90' on copper  have produced i n t e r e s t i n g  r e s u l t s .  Krasnov 

e t  a 1 . l 0  and J u l i e n  e t  a1.l  s t u d i e d  t h e ,  ene rgy  r e g i o n s  240-500 MeV and -- -- 

300-400 MeV, r e s p e c t i v e l y .  A t  350 MeV, both  g roups  found a  narrow reson-  

ance  (FWHM - <10 MeV) i n  t h e  energy  spec t rum of low energy  p i o n s .  They a t -  

t r i b u t e  t h e  enhancement of low e n e r g y  pion p r o d u c t i o n  a t  Ep = 350 MeV t o  

t h e  f o r m a t i o n  and subsequen t  decay of a  d i b a r y o n  s t a t e .  The anomaly is  

a l s o  v i s i b l e  i n  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  ( d o l a )  a t  90•‹  a s  a s m a l l  

10 d e v i a t i o n  from a  smooth energy  dependence . 
Both e x c l u s i v e  and i n c l u s i v e  ( p , ~ )  measurements employ p i o n  s p e c t r o -  

m e t e r s  ( o r  p a r t i c l e  t e l e s c o p e s )  t o  d e t e c t  t h e  e j e c t e d  p ion  r a t h e r  t h a n  t h e  

r e s i d u a l  n u c l e u s .  Radiochemical  t e c h n i q u e s ,  whi le  l e s s  complex and l e s s  

e x p e n s i v e  than  s p e c t r o m e t e r  measurements ,  d e t e c t  o n l y  t h e  r e s i d u a l  p r o d u c t s  

of a  r e a c t i o n .  Due t o  t h i s  t e c h n i c a l  l i m i t a t i o n ,  c r o s s  s e c t i o n s  o b t a i n e d  

by t h e  s t u d y  of r e s i d u a l s  a r e  averaged  o v e r  a l l  bound s t a t e s  of t h e  pro- 

d u c t s  a s  w e l l  a s  e m i s s i o n  a n g l e s  and e n e r g i e s  of t h e  p i o n s .  I n  s p i t e  of  

t h i s  "washing o u t "  of some d e t a i l s  of t h e  r e a c t i o n ,  i n f o r m a t i o n  can  s t i l l  

be g a i n e d  from t h e  energy  dependence of a  f o r m a t i o n  c r o s s  s e c t i o n  12 ,1'3 

G e n e r a l  f e a t u r e s ,  such a s  t h e  r e a c t i o n  t h r e s h o l d ,  t h e  r i s e  o r  d e c r e a s e  of 

t h e  c r o s s  s e c t i o n  and t h e  maximum magni tude,  a s  w e l l  as t h e  p r e s e n c e  of 



peaks or resonances in the excitation function, ean serve to distinguish 

12 the type of reaction mechanism . Furthermore, if the mass yield distri- 

butions of the products are available, some information can be extracted on 

the energy deposited in the target. Radiochemical measurements have been 

used extensively, in conjunction with intranuclear cascade model calcula- 

t ions, to deduce the relative importance of nucleon-nucleon and nucleon- 

pion processes that contribute to an overall end yield of a specific 

product1 . Even accepting the limitations of the radiochemical techniques, 

they can still provide a window on the (p,n) process that is somewhere be- 

tween the highly selective exclusive measurement and the less selective 

inclusive measurement. 

Radiochemical investigations of (p,~) reactions have included some 

early studies, such as 30~i(p,~+)31 ~i l4 and 65~u(p,~-)66~a 15, at energies 

between 200 and 660 MeV. While these measurements provided crude excita- 

tion functions, the data are suspect due to inadequate estimations of con- 

twination by secondary reactions14. Later, more thorough investigations 

studied the 65~u(p,pnf)65~i l6 and 2 7 A ~ ( ~ , ~ ~ ) ~ ~ M ~  l7 reactions to 28 GeV 

by radlochemical methods. The excitation functions of these reactions are 

dominated by broad peaks (U 1.3 GeV) attributed to a A* resonance. At this 

time, a measurement of the 207~b(a,n-)211~t reaction at 130 MeV is underway 

at GSI in ~armstadt'~. This presumably rare reaction channel (representa- 

tive of "pionic fusion") is being measured by detecting the residual 211kt 

using radiochemical separation. 

2OgBi 
Recently, two radiochemical measurements of ( p , ~ )  reactions on 

have been made. The total reaction cross section for 209~i(p,n0)210~o was 

measured by a TRILJMF-IUCF collaboration19', providing an energy-dependent 



e x c i t a t i o n  f u n c t i o n  f o r  t h a t  r e a c t i o n  from t h r e s h o l d  t o  480 MeV. C a l c u l a -  
&' 

t i o n s  u s i n g  a  two-nucleon model gave good agreement w i t h  e x p e r i m e n t a l  
@ 

r e s u l t s .  Another  s t u d y ,  by C l a r k  e t  measured t h e  t o t a l  c r o s s  sec-  -- 

t i o n  f o r  t h e  s e r i e s  of r e a c t i o n s  2 0 9 ~ i ( p , ~ - x n ) 2 1 0 - x ~ t ,  x  = 0-5, a t  a n  

e n e r g y  of 200 MeV. The sum of t h e  c r o s s  s e c t i o n s  f o r  a l l  obse rved  a s t a t i n e  

n u c l i d e s  measured by C l a r k  e t  a l .  i s  48 2 1 3  ub and they  s u g g e s t  t h i s  -- 

amounts t o  90-95% of t h e  i n c l u s i v e  (p ,n - )  c r o s s  s e c t i o n  a t  t h a t  energy.  

While t h i s  v a l u e  i s  l a r g e  i n  compar ison t o  e x c l u s i v e  c r o s s  s e c t i o n s ,  i t  i s  

two o r d e r s  of magnitude s m a l l e r  t h a n  t h e  330.PIeV i n c l u s i v e  c r o s s  s e c t i o n  

9 measured by DiGiacomo e t  a l .  . There  have been two t h e o r e t i c a l  a t t e m p t s  t o  -- 

u n d e r s t a n d  t h e  i n d i v i d u a l  and summed c r o s s  s e c t i o n s  f o r  t h e  

2 0 9 ~ i ( p , n - ~ n ) 2 1  O - X A ~  r e a c t i o n s  around 200 MeV. ~ i b b s ~ l  has  c a l c u l a t e d  

i n d i v i d u a l  c r o s s  s e c t i o n s  f o r  a s t a t i n e  r e s i d u a l s  from 2 1 0 A t  t o  * 0 3 A t .  H i s  

2 2  
p r e d i c t e d  v a l u e s  a g r e e  w e l l  w i t h  t h e  d a t a  a t  200 MeV. Long e t  a l .  , on -- 

t h e  o t h e r  hand,  c a l c u l a t e d  o n l y  t h e  summed c r o s s  s e c t i o n  f o r  a l l  A t  

n u c l i d e s .  T h e i r  c a l c u l a t i o n  is  a l s o  i n  good agreement w i t h  t h e  209 MeV 

d a t a .  However, a t  220 MeV, t h e  two c a l c u l a t i o n s  d i f f e r  by a  f a  o r  of two. 

The purpose  of t h e  p r e s e n t  s t u d y  was t o  measure t h e  t o t  1; c r o s s  sec -  

t i o n  f o r  t h e  s e r i e s  of r e a c t i o n s  0 9 ~ i ( p , x - x n ) 2 1 0 - x ~ t ,  from t h r e s h o l d  

( = I 3 9  MeV) t o  a s  h i g h  a  p r o t o n  energy  a s  cou ld  be o b t a i n e d ,  f o r  a s  many 

* l O - ~ ~ t  p r o d u c t s  a s  c o u l d  be d e t e c t e d .  T h i s  measurement would p r o v i d e ,  

f o r  t h e  f i r s t  t i m e ,  an energy  dependence f o r  t h e  (p ,x - )  c r o s s  s e c t i o n  t o  

a l l  bound s t a t e s  of t h e  r e s i d u a l  n u c l e i .  Fur the rmore ,  t h e  e x c i t a t i o n  func-  

t i o n  f o r  t h e  c o h e r e n t  r e a c t i o n ,  2 0 9 ~ i ( p , n - ) 2 1  O A ~ ,  cou ld  be compared t o  t h a t  

2 0 9  O 2 1 0 ~ o  1 9 .  Of i n t e r e s t  is  t h e  f a c t  of t h e  p r e v i o u s l y  measured B i ( p , n  ) 

t h a t  t h e  ( p , n O )  r e a c t i o n  can r e s u l t  from a  one-s tep  p r o c e s s  ( i n  which t h e  



n o  i s  e m i t t e d  by e i t h e r  t h e  incoming p r o t o n  o r  a  t a r g e t  n u c l e o n ) ,  w h i l e  t h e  

(p ,n - )  p r o c e s s  r e q u i r e s  t h e  i n t e r a c t i o n  of a t  l e a s t  one t a r g e t  n e u t r o n  a n d ,  

a s  s u c h ,  must i n v o l v e  a t  l e a s t  two s t e p s .  S i m i l a r  o r  d i f f e r e n t  shapes  f o r  

0 t h e  (p ,n - )  and (p ,n  ) e x c i t a t i o n  f u n c t i o n s  c a n  be e x p e c t e d  t o  r e f l e c t  s i m i -  

l a r  o r  d i f f e r e n t  u n d e r l y i n g  r e a c t i o n  mechanisms. F u r t h e r  compar isons  could  

be made w i t h  t h e  two t h e o r e t i c a l  c a l c u l a t i o n s  2 2  f o r  bo th  i n d i v i d u a l  

and summed c r o s s  s e c t i o n s ,  a s  w e l l  a s  t o  t h e  i n c l u s i v e  c r o s s  s e c t i o n  mea- 

7 -9 surements  a t  h i g h e r  e n e r g i e s  . The c a l c u l a t i o n  of  Long -- et E I ~ . ' ~  is  based 

on a  s e r i e s  of nucleon-nucleon r e a c t i o n s ,  w h i l e  t h a t  of ~ i b b s ~ l  i n v o l v e s  a  

c o h e r e n t  i n t e r a c t i o n  l e a d i n g  t o  t y p i c a l  s h e l l  model s t a t e s .  Comparison of  

- 
t h e  e x p e r i m e n t a l  ( p , ~  xn) c r o s s  s e c t i o n s  t o  t h e  two t h e o r e t i c a l  p r e d i c t i o n s  

can  g i v e  a n  i n d i c a t i o n  of which mechanism b e s t  d e s c r i b e s  t h e  r e a c t i o n  chan- 
s 

n e l .  The (p,n-xn) r e a c t i o n  c h a n n e l s  must be some s u b s e t  of t h e  g r e a t e r  

(p,n-X) i n c l u s i v e  r e a c t i o n .  Summing o v e r  a l l  v a l u e s  of x would p r o v i d e  a  

measure of t h e  magni tude of t h e  non-charged nuc leon  e m i s s i o n  component of 

t h e  (p,n-X) r e a c t i o n .  F i n a l l y ,  t h e  d i s t r i b u t i o n  of r e s i d u a l  a s t a t i n e  

n u c l i d e s  can p r o v i d e  a  measure of t h e  most l i k e l y  number of n e u t r o n s  t o  be 

e v a p o r a t e d .  Th i s  can  p r o v i d e  some i n f o r m a t i o n  on t h e  r o l e  t h e  n u c l e u s  

p l a y s  i n  (p ,n - )  r e a c t i o n .  S p e c i f i c a l l y ,  t h e  a v e r a g e  number of e v a p o r a t e d  

n e u t r o n s  a l l o w s  t h e  e s t i m a t i o n  of t h e  a v e r a g e  e x c i t a t i o n  energy  of t h e  

r e s i d u a l  n u c l e u s  a s  w e l l  a s  t h e  momentum t r a n s f e r  t o  t h e  n u c l e u s .  An e s t i -  

mate of t h e  a v e r a g e  momentum t r a n s f e r  i s  of i n t e r e s t  s i n c e  ( p , n )  r e a c t i o n s  

a r e  t y p i f i e d  by a  l a r g e  momentum mismatch caused by t h e  mass d i f f e r e n c e s  of 

t h e  i n c i d e n t  p r o t o n  and f i n a l  p ion .  I 

Bismuth was chosen a s  a  t a r g e t  f o r  p r a c t i c a l  r e a s o n s .  The body of 

e x p e r i m e n t a l  d a t a  and t h e o r e t i c a l  c a l c u l a t i o n s  a l r e a d y  a v a i l a b l e  f o r  



compar ison w i t h  t h e  p r e s e n t  measurements h a s  been ment ioned p r e v i o u s l y .  -As 

w e l l ,  b ismuth i s  monoiso top ic  ( 2 0 9 ~ i  i s  t h e  on ly  s t a b l e  n u c l i d e ) ,  a l l o w i n g  

h i g h  p u r i t y  t a r g e t s  t o  be c o n s t r u c t e d .  These  t a r g e t s  c a n  be f a s h i o n e d  i n t o  

v e r y  t h i n  f o i l s ,  t h u s  d e c r e a s i n g  t h e  p r o b a b i l i t y  of  s e c o n d a r y  r e a c t i o n s .  

Fur the rmore ,  t h e  (p ,n-xn)  p r o d u c t s  from a bismuth t a r g e t  a r e  a s t a t i n e  

n u c l i d e s  t h a t  can  be p u r i f i e d  by e x i s t i n g  chemica l  t e c h n i q u e s .  About h a l f  

of t h e  a s t a t i n e  n u c l i d e s  a r e  a l p h a  e m i t t e r s  t h a t  c a n  be coun ted  w i t h  h i g h  

s e n s i t i v i t y  i n  low amounts w i t h  e s s e n t i a l l y  no background i n t e r f e r e n c e .  

P r i n c i p l e s  of  t h e  Exper iment  

A s  w i t h  most e x p e r i m e n t s ,  t h e  p r i n c i p l e s  of t h e  p r e s e n t  exper iment  a r e  

s i m p l e ;  t h e  d i f f i c u l t y  o n l y  a r i s e s  i n  t h e  e x e c u t i o n .  I n  o r d e r  t o  measure 

t h e  (p ,n-xn)  c r o s s  s e c t i o n s ,  2 0 9 ~ i  t a r g e t s  were i r r a d i a t e d  by s u f f i c i e n t l y  

i n t e n s e  beams of monoenerge t i c  p r o t o n s .  The t a r g e t s  t h e n  underwent chemi- 
\ 

c a l  m a n i p u l a t i o n  t h a t  e x t r a c t e d  t h e  a s t a t i n e  n u c l i d e s  produced i n  t h e  t a r -  

g e t s .  The decays  of t h e  r a d i o a c t i v e  a s t a t i n e s  were obse rved  by t h e i r  

c h a r a c t e r i s t i c  a l p h a  and gamma e m i s s i o n s  and t h e  c r o s s  s e c t i o n s  f b r  produc- 

t i o n  were c a l c u l a t e d .  I 

I n  o r d e r  t o  o b t a i n  p r o t o n  e n e r g i e s  from t h e  t h r e s h o l d  f o r  t h e  (p ,n-)  

r e a c t i o n  ( = I 3 9  MeV) t o  800 MeV, e x p e r i m e n t s  were conduc ted  a t  t h r e e  a c c e l -  

e r a t o r  f a c i l i t i e s :  IUCF, TRIUMF and LAMPF. While TRIUMF and LAMPF beams 

were i n t e n s e  enough f o r  d e t e c t i o n  of a l l  a s t a t i n e  p r o d u c t s ,  t h e  low i n t e n -  

211 s i t y  beam a t  IUCF a l lowed  d e t e c t i o n  of o n l y  A t ,  2 0 9 ~ t  and 2 0 7 A t .  

The p r e s e n c e  of 2 1 1 ~ t  i n  t h e  i r r a d i a t e d  t a r g e t s  p r o v i d e 9  bo th  problems 

and s o l u t i o n s  f o r  t h e  exper iment .  2 1 1 A t  canno t  be produced i n  t h e  (p ,n - )  

p r o c e s s  on 2 0 9 ~ i  b u t  r e s u l t s  o n l y  from secondary  r e a c t i o n s  i n  t h e  t a r g e t .  

These r e a c t i o n s  i n v o l v e  t h e  e m i s s i o n  of a n  a l p h a  o r  3He p a r t i c l e  i n  a n  



interaction between an incoming proton and a target nucleus. . The alpha (or 

3 ~ e )  then reacts with a second target nucleus to produce an astatine 

nucleus : 

Though secondary reactions are target thickness-dependent and can be . , 
.- _-' 

minimized by,using thin targets, their magnitude is such as to be of the 

same order as that of the (p,n-xn) reactions, even in thin targets. There- 

fore, secondary production of astatine poses a serious contamination prob- 

lem. To separate the '(p,~'Xn) cross sections froni the total astatine 

production,cross sections (due to both primary and secondary reactions), 

calculations were performed to estimate the secondary contributions from 

known (p,a,;) and (a ,xn) cross sections. These calculations are detailed in 
I8 

a separatb section of this thesis. 

~hil$ the presence of 211At presented a problem in regard to secondary 

reactions, it provided a solution with respect to chemical separation ef- 

ficiency calculations. Since astatine has no long-lived isotopes that can 

be conveniently used as tracers for the determination of chemical separa- 

tion effiqiency, a method was developed which enabled the determination of 

cross secqions without referpce to chemical yield. Two thin bismuth tar- 

gets of equivalent thickness were irradiated at each proton energy. The 

first target was directly radioassayed for a distinct high energy alpha 

activity due to 211Po, which is in secular equilibrium with its parent, 

l ~ t .  The production cross section for 21 l ~ t  at that specific energy and 

target thickness was then calculated. The second target underwent 



8 

immediate chemical s e p a r a t i o n  and count ing  f o r  a s t a t i n e  nuc l ides .  A l l  

c r o s s  s e c t i o n s  c a l c u l a t e d  from t h e  s epa ra t ed  a c t i v i t i e s  were expressed  a s  

r a t i o s  w i th  r e s p e c t  t o  2 1 1 ~ t  a c t i v i t y .  The a b s o l u t e  c r o s s  s e c t i o n  f o r  a  

p a r t i c u l a r  a s t a t i n e  n u c l i d e  could then be c a l c u l a t e d  from t h e  product  of 

t he  a b s o l u t e  2 1 1 ~ t  c r o s s  s e c t i o n  and t h e  c ros s  s e c t i o n  r a t i o :  

- - 
from from 

Target.. Targe t  
11 1 /1 2 
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EXPERIMENTAL 

P r o t o n  I r r a d i a t i o n  P r o c e d u r e s  - 
P r o t o n  i r r a d i a t i o n s  of bismuth t a r g e t s  were performed a t  t h r e e  ac- 

c e l e r a t o r  f a c i l i t i e s .  P r o t o n  e n e r g i e s  of 120, 160, 180,  200 and 214 MeV 

were o b t a i n e d  a t  t h e  I n d i a n a  u n i v e r s i t y  C y c l o t r o n  F a c i l i t y  (IUCF) i n  

Bloomington,  I n d i a n a .  E n e r g i e s  of 1 8 8 ,  210, 225, 252, 300, 350, 399, 450 

and 481 MeV were used a t  t h e  T r i - U n i v e r s i t y  Meson F a c i l i t y  (TRIUMF) i n  . 

Vancouver,  B.C. M u l t i p l e  i r r a d i a t i o n s  a t  a  p r o t o n  energy  of 800 MeV were 

performed a t  t h e  C l i n t o n  P. Anderson Meson P h y s i c s  F a c i l L t y  (LAPIPF) i n  Los 

Alamos, New Mexico. High-pur i ty  bismuth t a r g e t s ,  w i t h  a  quoted e r r o r  i n  

t h i c k n e s s  of <=6%, were p repared  by t h e  s t a f f  of t h e  IUCF t a r g e t  shop and 

were used f o r ' i r r a d i a t i o n s  a t  a l l  t h r e e  f a c i l i t i e s .  Thin  t a r g e t s  c o n s i s t e d  

of 1-2 mg/cm2 of b ismuth,  e v a p o r a t e d  o n t o  a  4.1 mg/cm2 aluminum backing.  

2 Th icker  t a r g e t s  ( ~ 3 0 - 1 0 0  mg/cm ), used  o n l y  a t  IUCF, were f r e e - s t a n d i n g  

2 bismuth f o i l s .  Some v e r y  t h i c k  t a r g e t s  ( 1  g/cm ) of Bi203 were used a t  

IUCF t o  s t u d y  secondary  r e a c t i o n s .  

A t  IUCF, t a r g e t s  were i r r a d i a t e d  under  vacuum i n  t h e  i s o t o p e  produc- 

t i o n  beamline .  The TRIUMF i r r a d i a t i o n s  were a l s o  conducted i n  vacuum i n  

t h e  SFU gas  j e t  t a r g e t  c e l l  on beamline  4A. A t  LAMPF, t a r g e t s  were i r r a d i -  

a t e d  a t  two t a r g e t  s t a t i o n s .  The f i r s t  employed t h e  n u c l e a r  c h e m i s t r y  

pneumatic r a b b i t  sys tem i n  e x p e r i m e q t a l  a r e a  B t o  i n s e r t  t h e  t a r g e t s  i n t o  

t h e  beam. The second s t a t i o n  was i n  t h e  i s o t o p e  p r o d u c t i o n  cave i n  a r e a  A 

and r e q u i r e d  manual i n s e r t i o n  and removal of t a r g e t s .  Both t a r g e t  s t a t i o n s  

were i n  a i r .  



Beam I n t e g r a t i o n  

P r o t o n  beam i n t e g r a t i o n  a t  IUCF was measured u s i n g  a  Fa raday  cup down- 

s t r e a m  from t h e  t a r g e t ,  w h i l e  a t  TRIUMF and IXIPF i t  was deduced from 2 4 ~ a  

a c t i v i t y  produced i n  1.85 mg/cm2 aluminum moni to r  f o i l s  backing t h e  

t a r g e t .  The 2 4 ~ a  i s  produced by t h e  2 7 ~ l ( p , 3 p n ) 2 4 ~ a  r e a c t i - o n .  The ' .cross 

s e c t i o n  f o r  t h i s  r e a c t i o n  has  been de te rmined  t o  1 GeV f o r  t h e  purpose  of  

m o n i t o r i n g  p r o t o n  f l u x  d u r i n g  i r r a d i a t i ~ n ~ ~ .  For  each  p r o t o n  e n e r g y ,  t h r e e  

aluminum f o i l s - g f  t h e  same d imens ions  a s  t h e  t a r g e t  were i r r a d i a t e d  immedi- 

a t e l y  downstream of t h e  t a r g e t .  R e c o i l  l o s s e s  of 2 4 ~ a  were avo ided  by mea- -"-- 

s u r i n g  t h e  a c t i v j t y  of t h e  midd le  f o i l  i n  t h e  ~ t a c k ~ ~ .  A t  TRIUMF, where 

am s p o t  is w e l l  d e f i n e d  ( < = 3  mm d i a m e t e r ) ,  t h e  t a r g e t  and moni to r  thPl 
s e s  a  1 inch-square .  A t  W I P F ,  t h e  p r o t o n  beam w a s  much l a r g e r  and 

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

LAHPF t a r g e t  s t a c k s  c o n s i s t e d  of 12  mm d i a m e t e r  c i r c u l a r  d i s c s .  These 

d i s c s  were e n t i r e l y  covered  by t h e  much l a r g e r  beam s p o t  and p rov ided  

d? s o u . c s  of t h e  same geometry  a s  t h e  c h e m i c a l l y - s e p a r a t e d  samples .  T a r g e t s  

t h a t  underwent chemica l  s e p a r a t i o n  were 1 inch-squares .  

The 2 4 ~ a  a c t i v i t y  i n  t h e  m o n i t o r s  ( t l  12 = 15.03 h)25 was coun ted  

p e r i o d i c a l l y  f o r  s e v e r a l  days  a f t e r  bombardment. A t  TRIUMF, t h e  2 4 ~ a  was 

n o n i  t o r e d  by d e t e c t i o n - o f  i t s  1368.53 keV gamma r a d i a t i o n  (100% b r a n c h i n g  

r a t i o ) ,  u s i n g  a  Ge(Li )  d e t e c t o r .  ' A t  LAMPF, a  NaI d e t e c t o r ,  s p e c i f i c a l l y  

2 4 c a l i b r a t e d  f o r  Na 6- r a d i a t i o n  was used.  Decay c u r v e s  were a n a l y s e d  

u s i n g  l e a s t  s q u a r e s  methods; t h e  SFU program, LSL, on a n  IBM 4341 and t h e  

M 4 P F  CLSQ program on a  PDP-11/34. While bo th  d e t e c t i o n  t e c h n i q u e s  gave 

a c c e p t a b l e  r e s u l t s ,  of c o n p a r a b l e  a c c u r a c y ,  t h e  6- decay c u r v e s  c o n t a i n e d  a  

l o n g e r - l i v i n g  ( t l  12 >15 h )  component t h a t  cou ld  n o t  be r e s o l v e d .  P r o t o n  



flux was- calculated using the formula: 

C 

where AEoB ' absolute 2 4 ~ a  activity at end of bombardment (dls); 
2 N = aluminum target thickness (nuclei/cm ); 

2 7 2 
02rNa E cross section for the ~l(p,3pn)~~~a reaction (cm ); 

h I decay constant for 2 4 ~ a ;  

tg z bombardment time; 
r-, 

a E proton~fl~x (protods/sec). 

Particulars of the proton flux calculations for irradiations at the three 

facilities are given in Tables I, I1 and 111. 

Beam currents were periodically monitored during the target bombard- 
\ 

merits to insure thakflux variations were not a cause of additional unc r- 
I\ J 

tainties. In general,\beam currents were steady at all three facilities, 
\ 

with only a few interruptions. Beam "on-off" periods were noted and satur- 

ation factor corrections calculated for the 399 MeV TRIUMF run and five of 

the thirteen W F  runs. The corrections were on the order of 4-9% of the 

final cross section values for 2 4 ~ a  and the various At nuclides. The 

greatest correction was for the At-10 run at 800 MeV where the beam was off 

for 13% of the total irradiation period. This resulted in a calculated 

correction of 15% to the final 21 cross section. 

Direct Target counting 

211 The At (tl /2 = 7.21 h) produced by secondary .reactions of helium 

fragments in the bismuth targets decays by alpha emission to 2 0 7 ~ i  (41.9%) 

4 



T a b l e  I 

IUCF P r o t o n  F lux  Summary 

Average 
a 

B e a m  C u r r e n t  t~ 

( p / s e c >  ( h )  
(nA) 

1201 0 4  1.50 x 1012 288 2.18 

1201 0 0 0 1.41 x 1012 226 2.50 

160 3.77 X 1012 604 3.05 

180 4.48 x 1011 7  2  4.58 

200 2.99 x 1012 479 5.33 

214 1.32 x 1011 2  1 2.53 

a S u b s c r i p t s  on t h e  two 120 M e V  runs  r e f e r  t o  

t a r g e t  t h i c k n e s s e s  i n  mg/cm2. 



T a b l e  I1 

,/- 

/' TRIUMF P r o t o n  F l u x  Summary 

Average 
@ 

C u r r e n t  

a 26.5% u n c e r t a i n t y ,  from R e f e r e n c e  23. 

+ 1.7% e s t i m a t e d  a v e r a g e  u n c e r t a i n t y .  



Table I11 

Target  

LAMPF 800 MeV Proton Flux Summary 

< 
a Flux va lues  were c a l c u l a t e d  b y  D r .  J . L .  C la rk ,  us- 

i n g  the  MIPF CLSQ program on the  C N C - 1 1  PDP-11/34. -- jl 

The c r o s s  s e c t i o n  f o r  2 4 ~ a  product ion  i n  27  ~1 by 
2 3 800 MeV pro tons  was taken t o  be 10.1 k1.0 mb . 



and by e l e c t r o n  c a p t u r e  t o  2 1 1 ~ o  (58 .1%) .  The 2 1 1 ~ o .  d a u g h t e r  decays  a lmos t  

immedia te ly  ( t l  = 0.525 s e c )  by e m i s s i o n  of a n  a l p h a  p a r t i c l e ,  accoun t -  

i n g  f o r  57.2% of t h e  p a r e n t  2 1  ' A t  decays .  The e n e r g y  of t h i s  * l l p o  a l p h a  

(7 .45 MeV) i s  m.uch h i g h e r  t h a n  t h e  e n e r g i e s  of a l p h a s  e m i t t e d  by o t h e r  r e - '  

a c t i o n  p r o d u c t s  ( < = 6  MeV). T h i s  c l e a r  ene rgy  s e p a r a t i o n  of an  a l p h a ,  char-  

a c t e r i s t i c  of 211 A t ,  a l l o w s  d i r e c t  d e t e c t i o n  of 211 ~t i n  a  t h i n ,  i r r a d i a t e d  

t a r g e t  w i t h o u t  r e l i a n c e  on chemica l  s e p a r a t i o n  t e c h n i q u e s .  

The 7.45 MeV a l p h a  energy  is a l s o  s u f f i c i e n t l y  h i g h  t o  p r e v e n t  absorp-  

t i o n  of t h e  a l p h a  i n  t h e  t a r g e t  i t s e l f  i f  t h e  t a r g e t  i s  s u f f i c i e n t l y  t h i n .  

2 To t e s t  a b s o r p t i o n  of a l p h a s  i n  t h i n  b ismuth l a y e r s ,  a  1.94 f 0.12 mg/cm , 

f r e e - s t a n d i n g  bismuth t a r g e t  was p l a c e d  o v e r  a  commercial  2 4 1 ~ m  a l p h a  

s o u r c e .  Alpha c o u n t s ,  30 min i n  d u r a t i o n ,  u s i n g  a  s i l i c o n  s u r f a c e  b a r r i e r  
% 

d e t e c t d r ,  showed t h a t ,  w h i l e  t h e  '"Am a l p h a  peaks  were g r e a t l y  broadened 

and s l i g h t l y  s h i f t e d  t o  lower  e n e r g y ,  no n e t  l o s s  of, a l p h a  a c t i v i t y  could  

be d e t e c t e d  between c o u n t s  of t h e  b a r e  s o u r c e  and c o u n t s  of t h e  s o u r c e  

covered  by t h e  b ismuth t a r g e t .  S i n c e  t h e  2 4 1 ~  a l p h a  e n e r g i e s  (5.485,  

5 . 7 4 2  M ~ v ~ ~ )  a r e  l e s s  than  t h e  2 1 1 ~ t  a l p h a  energy  and t a r g e t s  used f o r  

c t  c o u n t i n g  were - <2.0 mg/cm2 of b i smuth ,  no a b s o r p t i o n  c o r r e c t i o n s  were 
1 

u i r e d  f o r  t h e  d i r e c t  t a r g e t  c o u n t s .  L d  

A t  T R I M ,  % r g e t s  t h a t  were t o  be d i r e c t  coun ted  were i r r a d i a t e d  f o r  

a v e r a g e  p e r i o d s  of = 3 0  mini The t a r g e t s  were t h e n  removed from t h e  beam 

w h i l e  t a r g e t s  f o r  chemica l  s e p a r a t i o n  were i r r a d i a t e d .  A f t e r  a  p e r i o d  of 

2-3 h ,  s h o r t - l i v e d  a c t i v i t i e s  i n  t h e  t a r g e t s  had decayed s u f f i c i e n t l y  t o  

a l l o w  t h e  t a r g e t s  t o  be coun ted .  The t a r g e t s  were coun ted  i n  a vacuum - 

chamber,  u s i n g  a  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r .  The s o l i d  a n g l e  sub- 

t ended  by t h e  d e t e c t o r  was de te rmined  u s i n g  a  s t a n d a r d  241Am s o u r c e  of 



a p p r o x i m a t e l y  t h e  same d i a m e t e r  as t h e  beam s p o t .  O v e r a l l  d e t e c t i o n  

e f f i c i e n c y  a t  a  s o u r c e - d e t e c t o r  s e p a r a t i o n  of 1 . 5  cm was 5.35 +0.27%. Par-  

t i c u l a r s  of t h e  d i r e c t  t a r g e t  c o u n t s  a r e  shown i n  Tab le  I V .  

The d i r e c t  t a r g e t  c o u n t i n g  a t  LAMPF was e s s e n t i a l l y  t h e  same a s  a t  

TRIUPIF. However, a s  p r e v i o u s l y  noted, -% t h e  l a r g e  beam s p o t  produced d i s c  

s o u r c e s  r a t h e r  t h a n  p o i n t  s o u r c e s .  Th i s  r e q u i r e d  t h e  a l p h a  d e t e c t o r  t o  be  

c a l i b r a t e d  f o r  s o u r c e s  of r e l a t i v e l y  l a r g e  d i a m e t e r .  A 2 1 U ~ o  a l p h a  s o u r c e  

was p r e p a r e d  u s i n g  commercia l ly-purchased 2 1 0 ~ o .  Th i s  s o u r c e  had t h e  same 

dimensions  a s  t h e  d i r e c t  c o u n t i n g  t a r g e t s  and was used t o  c a l i b r a t e  t h e  

s u r f a c e  b a r r i e r  d e t e c t o r s .  The h i g h e r  a c t i v i t i e s  of t h e  LAMPF t a r g e t s  

a l lowed  s e v e r a l  s u c c e s s i v e  c o u n t s  t o  be measured i n  some c a s e s .  .When t h i s  

was p o s s i b l e ,  decay c u r v e s  were a n a l y s e d  by l e a s t  s q u a r e s  f i t s .  Count ing 

d e t a i l s  f o r  t h e  LAMPF d i r e c t  t a r g e t s  a r e  summarized i n  Tab le  V. 

Though an a t t e m p t  was made t o  d i r e c t l y  count  t h i n  t a r g e t s  a t  IUCF, t h e  

low beam c u r r e n t s  p r e v e n t e d  t h e  d i r e c t  c o u n t i n g  t e c h n i q u e  from b e i n g  used 

a t  t h a t  f a c i l i t y .  Thick t a r g e t s  i r r a d i a t e d  a t  IUCF underwent chemica l  

s e p a r a t i o n  f o r  a s t a t i n e .  The chemica l  e f f i c i e n c i e s  of t h e  s e p a r a t i o n s  were 

de te rmined  by D r .  T.E. Ward, of IUCF, by c a l i b r a t i o n  of t h e  e x t r a c t i o n  

columns used a t  IUCF. The I n d i a n a  d a t a  a n a l y s i s  was performed by D r .  Ward 

and t h e  f i n a l  c r o s s  s e c t i o n  v a l u e s  a r e  quo ted  i n  t h e  R e s u l t s  s e c t i o n .  The 
I 
i- 

6\ quoted  e r r o r s  i n c l u d e  u n c e r t a i n t i e s  i n  h a l f  l i v e s ,  b r a n c h i n g  r a t i o s ,  d e t e c -  

'.- / yi t i o n  e f f i c i e n c i e s ,  chemica l  s e p a r a t i o n  e f f i c i e n c i e s  and beam i n t e g r a t i o n .  

Chemical  S e p a r a t i o n  of A s t a t i n e  

A s t a t i n e  i s  s e p a r a t e d  from bismuth t a r g e t s  by e i t h e r  s o l v e n t  e x t r a c -  
- 

t i o n  o r  d i s t i l l a t i o n  methods l 8  , 2 6 - 3 0 .  The s o l v e n t  e x t r a c t i o n  methods 

g e n e r a l l y  r e q u i r e  t h e  d i s s o l u t i o n  of t h e  t a r g e t  i n  n i t r i c  a c i d , . - a f t e r  which 



T a b l e  I V  

Summary of TRIUMF D i r e c t  T a r g e t  Counts 

T a r g e t  Count Dead 2 1  ' A t  A c t i v i t y a  

P Th ickness  tB D u r a t i o n  Time 
2 1 1 ~ t  

a t  EOB 
(MeV) Counts 

(mg/cm2 ) ( h )  ( h )  ( %  > ( d l s e c  k0 .01)  

a C o r r e c t e d  f o r  dead t ime ,  decay t i m e ,  b r a n c h i n g  r a t i o s  and d e t e c -  

t o r  s o l i d  a n g l e .  



T a b l e  V 

Summary of LAMPF D i r e c t  T a r g e t  Counts  

T a r g e t  Count Time A f t e r  * l l ~ t  A c t i v i t y a  

t B  D u r a t i o n  EOB 
2 1 1 ~ t  

a t  EOB T a r g e t  Th ickness  
Counts 

(mg/cm2) ( h )  ( h )  ( h )  ( d / s e c )  

a C o r r e c t e d  f o r  dead t i m e ,  decay t i m e ,  b r a n c h i n g  r a t i o s  and de- 

t e c t o r  s o l i d  a n g l e .  



0 t h e  a s t a t i n e  (presumably i n  t h e  z e r o  v a l e n c e  . s t a t e ,  A t  ) i s  e x t r a c t e d  i n t o  

an o r g a n i c  phase  c o n s i s t i n g  of benzene,  ca rbon  t e t r a c h l o r i d e ,  d i - i s o p r o p y l  

e t h e r  o r  a n o t h e r  s ~ l v e n t ~ ~ - ~ @ ;  The a s t a t i n e  i s  t h e n  reduced t o  t h e  a s t a -  

t i d e  i o n  (At-) by a  s u i t a b l e  r e d u c i n g  a g e n t  (sn2+ i n  a c i d ,  ~ n 0 ~ ~ -  i n  b a s e  

o r  Zn i n  H2S04) and s e p a r a t e d  from s o l u t i o n  by c o p r e c i p i t a t i o n  w i t h  in -  

s o l u b l e  i o d i d e s  of s i l v e r ,  p a l l a d i u m ,  t h a l i u m  o r  l e a d ,  o r  w i t h  t e l l u r i u m  

m e t a l .  The a s t a t i d e  can a l s o  be removed from s o l u t i o n  a t  t h i s  p o i n t  by 

spon taneous  p l a t i n g  o n t o  s i l v e r  o r  p l a t i n u m  s u r ~ a c e s * ~ .  While p l a t i n g  as -  

t a t i n e  o n t o  a  s i l v e r  f o i l  p r o v i d e s  a n  a t t r a c t i v e  method of making a  t h i n ,  

s t a b l e  s o u r c e  f o r  a l p h a  c o u n t i n g ,  t h e  s o l v e n t  e x t r a c t i o n  methods have major  

drawbacks.  ' One of t h e  d i f f i c u l t i e s  i s  t h a t  t h e  t ime  r e q u i r e d  f o r  an  

e x t r a c t i o n - b a c k  e x t r a c t i o n  t y p e  of s e p a r a t i o n ,  added o n t o  t h e  p l a t i n g  t i m e ,  

makes t h e  method too  l e n g t h y  f o r  d e t e c t i o n  of s h o r t - l i v e d  a s t a t i n e s .  The 

o t h e r  drawback i s  t h a t  polonium i s  e x t r a c t e d  by s i m i l a r  t e c h n i q u e s .  S i n c e  

polonium d a u g h t e r s  of some a s t a t i n e  n u c l i d e s  were i n t e n d e d  t o  be coun ted ,  

t h e  s o l v e n t  e x t r a c t i o n  methods were n o t  used .  

The d i s t i l l a t i o n  methods of a s t a t i n e  e x t r a c t i o n l ' ~ ~ ~  r e q u i r e  m e l t i n g  

t h e  t a r g e t  ( = 2 7 0 • ‹ C )  i n  vacuum o r  an  i n e r t  gas .  The a s t a t i n e  is  'then de- 

p o s i t e d  d i r e c t l y  o n t o  a  coo led  m e t a l  f o i l  above t h e  m e l t ,  o r  f r o z e n  o u t  i n  

a  U-tube f o r  use  i n  s o l u t i o n .  The d i s t i l l a t i o n  methods s u f f e r  from t h e  

same drawbacks a s  t h e  s o l v e n t  e x t r a c t i o n  methods;  d i s t i l l a t i o n  r e q u i r e s  

t ime a n d ,  a t  h i g h  t e m p e r a t u r e s ,  polonium b e g i n s  t o  d i s t i l l  a l o n g  w i t h  t h e  

a s t a t i n e .  D i s t i l l a t i o n  was n o t  used t o  e x t r a c t  a s t a t i n e  f o r  t h e  p r e s e n t  

work. 

The s e p a r a t i o n  method employed i n  t h e  c u r r e n t  s t u d y  was based on a n  

e l e g a n t  t e c h n i q u e  f i r s t  d e s c r i b e d  by Bochvarova -- e t  a 1  .3 . The method 



r e l i e s  on t h e  well-documented,  q u a n t i t a t i v e  c o p r e c i p i t a t i o n  of a s t a t i n e  

2 6 i o n s  w i t h  t @ l l u r i u m  m e t a l  . However, r a t h e r  t h a n  p r e c i p i t a t i n g  t h e  a s t a -  

t i n e  w i t h  t e l l u r i u m ,  t h e  t e l l u r i u m  m e t a l  i s  used a s  pack ing  i n  a n  i o n  ex- 

change column. The t a r g e t  i s  d i s s o l v e d  and t h e  a s t a t i n e  reduced.  The 

s o l u t i o n  i s  t h e n  passed  th rough  t h e  t e l l u r i u m  column, s e p a r a t i n g  i t  from 

a o s t  of t h e  r a d i o n u c l i d e s  i n i t i a l l y  p r e s e n t  i n  t h e  t a r g e t .  The a s t a t i n e  

absorbed  on t h e  column i s  e l u t e d  by a  s o l u t i o n  c o n t a i n i n g  hydrox ide  i o n ,  

l e a v i n g  polonium s t i l l  absorbed  on t h e  column. Bochvarova e t  a1.31 e x p l a i n  -- 

t h e  c o o r d i n a t i o n  of A t -  t o  Te i n  t e rms  of Lewis ac id -base  p r o p e r t i e s .  The 

t e r m i n a l  t e l l u r i u m  atoms i n  t h e  c r y s t a l s  of t h e  column pack ing  a c t  a s  e l e c -  

2 
. t r o n  p a i r  a c c e p t o r s  due t o  t h e i r  5s 5p4 e l e c t r o n  c o n f i g u r a t i o n .  The a s t a -  

t i d e  i o n s ,  w i t h  a 6 ~ ~ 6 ~ ~  c o n f i g u r a t i o n ,  d o n a t e  a n  e l e c t r o n  p a i r  t o  form a 

c o o r d i n a t e  bond. The hydroxy l  i o n ,  w i t h  t h r e e  e l e c t r o n  p a i r s  and a  h i g h  

tendency t o  form c o o r d i n a t e  bonds,  presumably d i s p l a c e s  t h e  more p o l a r i z -  
@ 

a b l e  a s t a t i d e  i o n  from t h e  t e l l u r i u m .  ' 

This  s e p a r a t i o n  t e c h n i q u e  h a s  been modi f i ed  and e x t e n s i v e l y  s t u d i e d  by 

b t h 3 *  and  lark^^. The s p e c i f i c  s e p a r a t i o n  scheme used i n  t h e  p r e s e n t  

work was a s  f o l l o w s .  C r y s t a l l i n e  t e l l u r i u m  meta l  was c rushed  and s i f t e d  t o  

o b t a i n  f r e s h  column packing w i t h  a  s i z e  of 030 mesh. Columns, 10  cm l o n g ,  

w i t h  a  0.5 cm d i a m e t e r ,  were o b t a i n e d  by packing t h e  t e l l u r i u m  i n t o  d i s -  

p o s a b l e  p a s t u r e  p i p e t t e s .  The columns were s t o r e d  i n  d i l u t e  s o l u t i o n s  of 

h y d r o c h l o r i c  a c i d .  Holding r e s e r v o i r s  were c o n s t r u c t e d  by a t t a c h i n g  10  mL 

t r a n s f e r  p i p e t t e s  t o  t h e  columns. F i g u r e  l a  shows a  t y p i c a l  exchange 

column a p p a r a t u s .  P r i o r  t o  u s e ,  t h e  columns were washed w i t h  s o l u t i o n s  of 

1 Pi SnCl fn 8 l1 H C 1 ,  H20, 2 M NaOH, Hz0 and 8 M H C 1 .  T h i s  washing pro- 

c e d u r e  seems t o  remove t r a c e s  of i m p u r i t i e s  i n  t h e  t e l l u r i u m  t h a t  i n t e r f e r e  
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Figure 1 Chemical Separation Apparatus 

a: Tellurium Column 

b: Plating Cell 



i n  l a t e r  p l a t i n g  of A t -  o n t o  s i l v e r .  Immediate ly  a f t e r  i r r a d i a t i o n ,  t h e  

bismuth t a r g e t s  were d i s s o l v e d  w i t h  a  minimum of conc.  HNO3. Excess  

n i t r a t e s  were n e u t r a l i z e d  by d ropwise  a d d i t i o n  of a  10% NH20H*C1 s o l u t i o n .  

Th i s  t a r g e t  s o l u t i o n  was then  a c i d i f i e  t o  8 M i n  H C 1  and t h e  A ~ O  r educed  df 
by a d d i t i o n  of 1 M SnC12 i n  8 M H C 1 .  The s o l u t i o n  ( a b o u t  10-15 mL volume 

~t t h i s  p o i n t )  w a s  loaded  o n t o  t h e  t e l l u r i u m  column. The s o l u t i o n  was 
. o  

f o r c e d  th rough  t h e  col imn a t  a  r a t e  of m10 mL/min by a  s t r e a m  of n i t r o g e n .  

The, column was t h e n  q u i c k l y  washed w i t h  r i n s e s  of 8 PI H C 1  and w a t e r  (-30 rnL 

of e a c h ) .  F i n a l l y ,  abou t  2 mL, of 2 M MaOH was used t o  e l u t e  t h e  A t -  from 

t h e  column a t  a  r a t e  of =2 mL/min. The s e p a r a t e d  s o l u t i o n  was a c i d i f i e d  t o  

1 .5  M i n  H C 1  and t h e  a s t a t i n e  p l a t e d  o n t o  a  s i l v e r  f o i l .  The p l a t i n g  

a p p a r a t u s  c o n s i s t e d  of a  1 crn d i a m e t e r  f i l t e r  chimney h e l d  o n t o  a  f r e s h l y -  

c l e a n e d  s i l v e r  f o i l  ( r i n s e d  i n  6 M HN03 and H20). P l a t i n g  t imes  were on 

t h e  o r d e r  of 15 min, d u r i n g  which t ime  t h e  s o l u t i o n  was m e c h a n i c a l l y  

s t i r r e d .  F i g u r e  l b  d i s p l a y s  a  t y p i c a l  p l a t i n g  a p p a r a t u s .  The f i n a l  l . c m  

d i a m e t e r  a s t a t i n e  s o u r c e  was d r l e d  w i t h  methanol  and immediate ly  coun ted .  

The t ime  from end of bombardment t o  f i r s t  coun t  was t y p i c a l l y  on t h e  o r d e r  

of 30-40 min. 

To e n s u r e  t h a t  no c o n t a m i n a t i o n  of a s t a t i n e  o r  polonium was t r a n s -  

f e r r e d  from one s e p a r a t i o n  t o  a n o t h e r ,  a l l  a p p a r a t u s  (columns,  p l a t i n g  

chimneys and g l a s s w a r e )  were used o n l y  once.  The s e l e c t i v i t y  of t h e  column 

t e c h n i q u e  was examined by comparing t h e  a l p h a  a c t i v i t y  i n  t h e  2 0 8 ~ o  e n e r g y  

r e g i o n  of t h e  s o u r c e  a l p h a  s p e c t r a  t o  t h e  p r e d i c t e d  y i e l d s  of 2 0 8 ~ o ,  based 

on known ( p , x n )  c r o s s  s e c t i o n s  f o r  t h e  p r o t o n  e n e r g i e s  under  c o n s i d e r a -  

t i o n l  9, 34 . C a l c u l a t i o n s  showed t h a t  <0 .O4% of t h e  polonium passed  

t h r o u g h  t h e  s e p a r a t i o n .  A s c h e m a t i c  r e p r e s e n t a t i o n  of t h e  chemica l  



s e p a r a t i o n  i s  g i v e n  i n  F i g u r e  2. 

Data  A c q u i s i t i o n  and A n a l y s i s  

The c o u n t i n g  t e c h n i q u e s  f o r  d i r e c t  t a r g e t s  have been p r e v i o u s l y  de- 

s c r i b e d .  S p e c t r a  were c o l l e c t e d  u s i n g  a  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  

mounted i n  f i x e d  geometry i n  a  vacuum chamber. Alpha e n e r g y  and d e t e c t i o n  

e f f i c i e n c y  c a l i b r a t i o n  were accompl i shed  by u s i n g  a  s t a n d a r d  2 4 1 ~ m  a l p h a  

s o u r c e .  A 1 1  s p e c t r a  were c o l l e c t e d  i n  a  m u l t i c h a n n e l  a n a l y z e r  u s i n g  1024  
b 

c h a n n e l s .  Hard copy o u t p u t s  of t h e  s p e c t r a  were a n a l y s e d  by hand,  summing 

t h e  c o u n t s  i n  t h e  m7.45 MeV a l p h a  energy  r e g i o n .  S t a t i s t i c a l  u n c e r t a i n t i e s *  

were t a k e n  a s  b e i n g  t h e  s q u a r e  r o o t  of t h e  t o t a l  c o u n t s .  A t y p i c a l  d i r e c t  

t a r g e t  spect rum i s  shown i n  F i g u r e  3a. 

Abso lu te  2 1 1 ' ~ t  p r o d u c t i o n  c r o s s  s e c t i o n s  a t  each  p r o t o n  energy  were  

c a l c u l a t e d  u s i n g  t h e  fo rmula :  

where 021 l A t  E t o t a l  productio,n c r o s s  s e c t i o n  f o r  2 1 1 ~ t  f o r  a  s p e c i f i c  

2  p r o t o n  e n e r g y  and t a r g e t  t h i c k n e s s  (cm ); 
* &  

AEOB E 21 ~t a c t i v i t y  a t  end of bombardment ( c o u n t s / s e c )  ; 

B.R. 5 branch ing  r a t i o  of 7.45 MeV a l p h a  of 2 1 1 ~ t ;  

D e f f  ? D e t e c t i o n  e f f i c i e n c y  f o r  t h e  7.45 PleV a l p h a ;  

2 
N : a tomic  d e n s i t y  of t h e  b ismuth t a r g e t  (atoms/cm ); 

a p  z p r o t o n  f l u x  ( p r o t o n s l s e c ) ;  

21 1  
h E decay c o n s t a n t  of A t  (h-I ); 

tB E d u r a t i o n  of bombardment ( h ) .  
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Figure 2 Schematic Representation of Chemical Separation 



(a) direct 

ALPHA ENERGY [ MeV ] 

F i g u r e  3 D i r e c t l y  Counted and Chemica l ly - separa ted  A s t a t i n e  Alpha S p e c t r a  

f o r  399 MeV P r o t o n  Runs 

a :  t h e  7.45 M e V  i s  w e l l  s e p a r a t e d  from t h e  o t h e r  a l p h a  

a c t i v i t i e s  

b:  numbers above peaks  r e f e r  t o  a s t a t i n e  n u c l i d e  

i d e n t i f i c a t i o n s  



Spectrum a c q u i s i t i o n  f o r  t h e  c h e m i c a l l y - s e p a r a t e d  s o u r c e s  was more 

complex a s  both  a l p h a  and gamma s p e c t r a  were a c q u i r e d  s i m u l t a n e o u s l y .  

Alpha and gamma d e t e c t i o n  sys tems  were c a l i b r a t e d  s e p a r a t e l y  s i n c e  d a u g h t e r  

gammas i n  c o i n c i d e n c e  w i t h  At a l p h a  e m i t t e r s  have i n t e n s i t i e s  t o o  low t o  

pe rmi t  a b s o l u t e  count  r a t e  d e t e r m i n a t i o n  by c o i n c i d e n c e  methods. A s p e c i a l  

s m a l l  vacuum chamber w a s  c o n s t r u c t e d  t o  ho ld  t h e  s o u r c e  i n  f i x e d  c l o s e  

geometry w i t h  r e s p e c t  t o  a  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  mounted i n  t h e  
t .  . 

chamber. The vacuum chamber was equipped w i t h  a  t h i n  (1/16") aluminum 

f l o o r  t h a t  a l lowed f o r  t h e  p o s i t i o n i n g  of an  e x t e r n a l  Ge(Li )  gamma de tec -  

t o r .  The vacuum chamber i s  shown i n  F i g u r e  4. The s u r f a c e  b a r r i e r  

d e t e c t o r  was energy  c a l i b r a t e d  u s i n g  a  s t a n d a r d  2 4 1 ~  s o u r c e .  D e t e c t i o n  

e f f i c i e n c y  c a l i b r a t i o n  was +obta ined  by c o u n t i n g  a  2 0 8  PO s o u r c e  of known 

a c t i v i t y  and hav ing  t h e  same p h y s i c a l  d imensions  as t h e  p l a t e d  a s t a t i n e  

s o u r c e s .  The Ge(Li) d e t e c t o r  was energy  c a l i b r a t e d  u s i n g  s e v e n t e e n  y - r a y s  

from a  2 2 6 ~ a  s o u r c e .  A l e a s t  s q u a r e s  f i t  of , t n ( i n t e n s i t y )  - vs.  Rn(y -energy)  . 
gave a  r e l a t i o n s h i p  b e t w e e n - r e l a t i v e  d e t e c t i o n  e f f i c i e n c y  and y-ray e n e r g y  

f o r  t h e  d e t e c t o r .  S t a n d a r d  22P7a, 5 4 ~ n ,  6 0 ~ o ,  1 3 3 ~ a  and 1 3 7 ~ s  s o u r c e s  were . 

t h e n  counted i n  t h e  same p o s i t i o n  a s  t h e  a s t a t i n e  s o u r c e s  t o  o b t a i n  a n  ab- 

s o l u t e  d e t e c t i o n  e f f i c i e n c y  vs .  y-energy r e l a t i o n .  - 

Alpha and gamma s p e c t r a  were a c q u i r e d  f o r  e q u a l  t ime  i n t e r v a l s  i n  

s e p a r a t e  memories of a  m u l t i c h a n n e l  a n a l y z e r .  A l l  s p e c t r a  c o n s i s t e d  of 

1000 c h a n n e l s .  S p e c t r a  were s t o r e d  on f l o p p y  d i s k  and t r a n s f e r r e d  t o  a n  

I B X  4 3 4 1  f o r  l a t e r  a n a l y s i s .  The a l p h a  s p e c t r a  were s u f f i c i e n t l y  s imple  t o  

a l l o w  a n a l y s i s  by hand. Alpha peaks  were i d e n t i f i e d  by t h e i r  e n e r g i e s  and 

h a l f - l i v e s  and t h e  c h a n n e l s  summed t o  o b t a i n  count  r a t e s .  U n c e r t a i n t i e s  

were t a k e n  t o  be t h e  s q u a r e  r o o t s  of t h e  t o t a l  c o u n t s  i n  each peak. The 
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% .  

gamma s p e c t r a  were a n a l y s e d  u s i n g  t h e  GAMANAL computer program35 on a n  

I B M  4341. Background s u b t r a c t i o n ,  peak e n e r g y ,  peak i n t e g r a t i o n  and e r r o r s  

were de te rmined  by t h e  program. i 

<@ 

Cross  s e c t i o n  r a t i o s  f o r  a s t a t i n e  n u c l i d e s  w i t h  r e s p e c t  t o  t h e  produc- 
/ 

Lion c r o s s  s e c t i o n  of l ~ t  were o b t a i n e d  by u s e  of t h e  f o l l o w i n g  f o g k l a e :  

where a l l  f a c t o r s  a r e  a s  d e f i n e d  f o r  Equa t ion  2 and t h e  s u b s c r i p t s  x and 

2 1 1  r e f e r  t o  s p e c i f i c  a s t a t i n e  n u c l i d e s .  I f  b ranch ing  r a t i o  and d e t e c t i o n  

e f f i c i e n c y  c o r r e c t i o n s  a r e  made t o  t h e  a s t a t i n e  a c t i v i t i e s ,  Equa t ion  3  re-  

duces  t o :  l .  - 9 
( A b s o l u t e  a c t i v i t y ) , - ( 1 - e  -1211 tg) Ox - - ( 4 )  

021 ( A b s o l u t e  a c t i v i t y ) 2 l  I *  ( l - e - A x t ~ )  

R e a c t i o n  c r o s s  s e c t i o n  r a t i o s  were c a l c u l a t e d  f o r  x = 210-203 n u c l i d e s  

from bo th  a l p h a  and gamma s p e c t r a .  U s u a l l y ,  a  s e r i e s  of c o u n t s  (3-7) was 

o b t a i n e d  f o r  e a c h  p r o t o n  e n e r g y ;  however,  t h e  350 MeV r u n  produced a low 
x 

a c t i v i t y  s o u r c e  and on ly  one spec t rum was o b t a i n e d .  The n u e l i d e s  211 
A t  , 

2 0 4 ~ t  and 2 0 3 ~ t  were i d e n t i f i e d  o n l y  by t h e i r  a l p h a  a c t i v i t i e s ,  2 1 0 ~ t  and 

2 0 a ~ t  were i d e n t i f i e d  by gamma s p e c t r o s c b p y  and t h e  o t h e r  n u c l i d e s  i d e n t i -  
-. 

i 
f i e d  by born methods. I n  a d d i t i o n ,  2 1 0 ~ t  was measured i n d i r e c t l y  by 

c o u n t i n g  t h e  a c t i v i t y  of i t s  d a u g h t e r ,  2 1 0 ~ o ,  a f t e r  t h e  2 1 0 ~ t  had 



c o m p l e t e l y  decayed.  The c h a r a c t e r i s t i c s  of t h e  a l p h a  and gamma a c t i v i t i e s  1 
used t o  i d e n t i f y  t h e  v a r i o u s  A t  n u c l i d e s  a r e  g i v e n  i n  Tab le  YI, a l o n g  wi th)  

4 

c a l c u l a t e d  r e a c t i o n  Q v a l u e s .  

S i n c e  t h e  t a r g e t s  used f o r  d i r e c t  c o u n t i n g  of  211 A t  and t h o s e  used  f b r  - 
c r o s s  s e c t i o n  r a t i o  d e t e r m i n a t i o n s  were of e q u i v a l e n t  t h i c k n e s s ,  t h e  ab- 

s o l u t e  p r o d u c t i o n  c r o s s  s e c t i o n  f o r  any a - i t a t ine  n u c l i d e  a t  a  s p e c i f i c  p.ro- 

t o n  energy  i s  o b t a i n e d  by t a k i n g  t h e  p roduc t  of t h e  r a t i o  and t h e  2 1 1 A t  

c r o s s  sect - ion:  

T y p i c a l l y ,  t h e  r a t i o  e r r o r  was a b o u t  + 2 0 % ,  w h i l e  t h e  0211 e r r o r  was 

a b o u t  % l o % ,  a l t h o u g h ,  i n  some i s o l a t e d  c a s e s ,  t h e  u n c e r t a i n t i e s  were 

r) 
l a r g e r .  The r a t i o  e r r o r  r e s u l t e d  main ly  from c o u n t i n g  s t a t i s t i c s ,  uncer -  

t a i n t i e s  i n  t h e  l i t e r a t u r e  b r a n c h i n g  r a t i o s  and t h e  r e l a t i v e  c a l i b r a t i o n  of 

t h e  two c o u n t i n g  sys tems .  The e r r o r  i n  t h e  2 1 1 ~ t  c r o s s  s e c t i o n  i n c l u d e d  

u n c e r t a i n t i e s  i n  d e t e c t i o n  e f f i c i e n c y  ( = 5 % ) ,  beam i n t e g r a t i o n  ( ~ 7 % )  and 

t a r g e t  t h i c k n e s s  ( ~ 6 % ) .  I n d i v i d u a l  u n c e r t a i n t i e s  i n  c o u n t i n g  s t a t i s t i c s  

v a r i e d  w i d e l y ,  from a s  low a s  ? I% f o r  some h i g h - i n t e n s i t y  gammas' t o  v a l u e s  

of +40% f o r  some l o w - i n t e n s i t y  a l p h a s  and gammas. The l o s s  of A t  a c t i v i t y  

by r e c o i l  o u t  of t h e  t a r g e t  was e s t i m a t e d  by c o u n t i n g  a  t a r g e t  back ing  f o i l  

f o r  2 1 1 ~ t .  The e s t i m a t e d  l o s s  of - <1.5% was i n  good agreement  w i t h  t h e  - <I% 

v a l u e p t e r m i n e d  f o r  t h e  2 0 9 ~ i ( p , n 0  'PO r e a c t i o n  No c o r r e c t i o n s  f o r  
C 
7- 

r e c o i l  have been made i n  t h e  c a l c u l a t i o n s .  J 

C\ 

Attempts  t o  D e t e c t  L i g h t  A s t a t i n e  N u c l i d e s  
I = 

A s t a t i n e  h u c l i d e s  f i g h t e r  t h a n  2 0 3 ~ t  cou ld  n o t  be i . d e n t i f i e d  i n  e i t h e r  



T a b l e  V I  J 

Decay C h a r a c t e r i s t i c s  of A s t a t i n e  Nuc l idesa  

I 

a A l l  valu& from Ref. 25 u n l e s s  o t h e r w i s e  i n d i c a t e d .  

-From decay of 2 1 1 ~ o  d a u g h t e r ;  t 1 / 2  = 0.525 s e c .  

From R e f .  20 and 33. 

C a l c u l a t e d  u s i n g  mass v a l u e s  of Ref. 3 6 .  



" t h e  gamma o r  a l p h a  s p e c t r a  of t h e  c h e m i c a l l y - s e p a r a t e d  samples  due t o  t h e i r  

s h o r t  h a l f - l i v e s .  At tempts  were t h e r e f o r e  made t o  d e t e c t  t h e  s h o r t - l i v e d  

a s t a t i n e s  by a  d i r e c t  cou*t ing method. A v e r y  t h i n  (= 100 pg/cm2) bismuth 

t a r g e t ,  e v a p o r a t e d  o n t o  a  200 pg/cm2 ca rbon  back ing ,  was mounted on a  mov- 

a b l e  arm i n  t h e  SFU s c a t t e r i n g  chamber a t  TRIUMF. T h i s  movable t a r g e t  

* 
c o u l d  be p o s i t i o n e d  i n  t h e  p r o t o n  beam o r  i n  f r o n t  of a  S i  s u r f a c e  b a r r i e r  

, -- 
7 

% d e t e c t o r  a t  30" from t& beam. A compute r -con t ro l l ed  c y c l i n g  sequence was 

--- 
used t o ,  i n  t u r n ,  i r r a d i a t e  t h e  t a r g k t  (60 s e c ) ,  move t h e  t a r g e t  t o  t h e  de- 

t e c t o r  (30 s e c )  and count  t h e  t a r g e t  (60 s e c ) .  T h i s  sequence  was c y c l e d  
/- - b- 

and m u l t i p l e  s p e c t r a  c o u l d  be c o l l e c t e d  w i t h o u t  t j r n i n g  t h e  beam o f f .  
7 $ I 

Alpha s p e c t r a  were c o l l e c t e d  f $ ~ p r o t o n  e n e r g i e f o f  210, 300,  399,  450 and 

481 MeV, e i t h e r  s i n g l y  o r  by summing s p e c t r a  from s i x  c y c l e s 3 4 .  Though 

polonium n u c l f d e s  w i t h  h a l f - l i v e s  a s  s h o r t  a s  5 . 5  s e c  were d e t e c t e d  ( f rom 

t h e  s e r i e s  of ( p , x n )  r e a c t i o n s ) ,  no a s t a t i n e  a c t i v i t y  was found.  Nonethe- 
+=! 

l e s s ,  by u s i n g  t h e  lower l i m i t s  of d e t e c t i o n  f o r  t h e  s h o r t - l i v e d  poloniums b 
/ 

( = l o  c o u n t s / s e c ) ,  upper  l i m i t s  c o u l d  be p laced  on t h e  l i g h t  A t  c r o s s  sec -  

t i o n s .  These were e s t i m a t e d  t o  be <=50 pb f o r  2 0 2 ~ t ,  <=7 pb f o r  ' O l ~ t  and 

< = I 5  pb f o r  2 0 0 ~ t .  The c r o s s  s e c t i o n s  o b t a i n e d  f o r  polonium n u c l i d e s  i n  - 

t h e  s e r i e s  of ( p , x n )  r e a c t i o n s ,  w i t h  x = 0-14, have been p u b l i s h e d  e l s e -  

3 4 where  . 
1LO 



I n t r o d u c t i o n  

The a s t a t i n e  a c t i v i t y  measured i n  t h e  p r e s e n t  work r e s u l t s  from t h r e e  

major  r e a c t i o n  p r o c e s s e s .  I n  a d d i t i o n  t o  t h e  pr imary r e a c t i o n s  

2 0 9 ~ i ( p , n - ~ < ) 2 1  O - X A ~ ,  a s  t a t  i n e  can  a l s o  be produced by two secondary  

( two-s.tep) r e a c t  i o n  mechanisms : * 9 B i ( p  , a x ) ,  f o l l o & d  by 

2 0 9 ~ i ( a  , X ~ ) ~ ~ ~ - X A ~ ,  and 2 0 9 ~ i ( p , 3 ~ e ~ ) ,  fo l lowed  by 

0 9 ~ i ( 3  ~ e  , ~ n ) ~ l ~ - ~ A t .  S i m i l a r  r e a c t i o n s  i n v o l v i n g  l i t h i u m  o r  h e a v i e  '9 
.fP 

f r a g m e n t s  a r g  expec ted  t o  be i n s i g n i f i c a n t  s i n c e  0 9 ~ i ( p , ~ i ~ )  p r o d u c t i o n  is  

of t h e  o r d e r  of <=I% of t h e  a l p h a  p r o d u c t i o n  a t  t h e  p r o t o n  e n e r g i e s  under  

i d e r a t  i o n  3 7  ,38 

P r o d u c t i o n  of a s t a t i n e  by p r o t o n s  on bismuth h a s  p r e v i o u s l y  been mea- 

39-41 and Orsay 42-44. s u r e d  a t  Dubna . i n  t h e  energy  r a n g e  60-660 MeV. Asta-  

t i n e  p r o d u c t i o n  i n  t h e s e  t h i c k  t a r g e t  measurements was a t t r i b u t e d  t o  t h e  

secondary  r e a c t i o n s  i n v o l v i n g  i n t e r m e d i a t e  a l p h a s .  However, Kurchatov - e t  

'4 0 a l .  n o t e d - t h a t  t h e  l i g h t  (A (205) a s t a t i n e  n u c l e i  cou ld  n o t  be produced - - 

i n  q u a n t i t y  by secondary  p r o c e s s e s , a n d  a t t r i b u t e d  t h e i r  f o r m a t i o n  t o  t h e  

p r imary  (p ,n-xn)  r e a c t i o n s .  The purpose  of t h e  Dubna and Orsay measure- 

ments was t o  deduce t h e  energy  d i s t r i b u t i o n  of t h e  e m i t t e d  a l p h a  p a r t i c l e s  

from t h e  oberved A t  n u c l i d e  p r o d u c t i o n  r a t i o s  and p r e v i o u s l y  measured 

( a , x n )  e x c i t a t i o n  f u n c t i o n s .  Revers ing  t h i s  type  of c a l c u l a t i o n  a l l o w s  

e s t i m a t i o n  of secondary  A t  y i e l d s  i f  t h e  ( p , a )  energy-dependent  c r o s s  sec-  

t i o n  and t h e  ( a , x n )  e x c i t a t i o n  f u n c t i o n s  a r e  known. v 

The Secondary C r o s s  S e c t i o n  

Metzger a n d ~ l i l l e r ~ ~  have e x p r e s s e d  t h e  c r o s s  s e c t i o n  f o r  p r o d u c t i o n  



of secondary  n u c l e i  i n  t h i c k  t a r g e t s  a s  

r where o f ( E f )  i s  t h e  a n g l e - i n t e g r a t e d ,  energy? p e n d e n t  c r o s s  s e c t i o n  
7 

A 
f o r  f ragment  p r o d u c t i o n  a s  a  f u n c t i o n  of f ragment  energy  ( i n  u n i t s  of c r o s s  

- 
s e c t i o n  p e r  e n e r g y ) .  P c ( E f )  i s  t h e  p r o b a b i l i t y  t h a t  a  f ragment  of i n i -  

t i -a1  energy  ( E f )  w i l l  i n t e r a c t  w i t h  a  second t a r g e t  n u c l e u s  a t  some p o i n t  

i n  i t s  r ange  t o  form a  secondary  compound n u c l e u s .  T h i s  p r o b a b i l i t y  is  i n  

t u r n  e x p r e s s e d  a s  /- 

-.-- <- 
( 7 )  /i 

i 

wh!ere N i s  t h e  number of t a r g e t  n u c l e i  p e r  c u b i c  c e n t i m e t e r ,  o c ( E f )  i s  

t h e  c r o s s  s e c t i o n  f o r  f o r m a t i o n  of t h e  secondary  compound n u c l e u s  ( i n  u n i t s  

2 of cm ) and d r f  is  an e lement  of t h e  f ragment  range i n  c e n t i m e t e r s .  

S i n c e  t h e  i n t e g r a l  i n  Equa t ion  7 i s  i n  t e rms  of f ragment  e n e r g y ,  d r f  is  

e l i m i n a t e d  by u s i n g  a n  a p p r o p r i a t e  range-energy r e l a t i o n  ( - d ~ ~ / d r ~ ) .  

The p r e c e d i n g  e q u a t i o n s  show t h a t ,  i n  o r d e r  t o  s u c c e s s f u l l y  c a l c u l a t e  a  

p r o d u c t i o n  r a t e  by secondary  r e a c t i o n s ,  t h r e e  t h i n g s  must be known: f i r s t ,  

t h e  p r o d u c t i o n  r a t e  and energy  d i s t r i b u t i o n  of t h e  secondary  f r a g m e n t s ;  

second ,  t h e  energy  dependence of t h a t  f r a g m e n t ' s  i n t e r a c t i o n  w i t h  t a r g e t  

n u c l e i ;  a n d ,  t h i r d ,  a  r e l a t i o n s h i p  d e s c r i b i n g  t h e  e n e r g y  l o s s  of t h e  f r a g -  

ment a s  i t  t r a v e l s  th rough  t h e  t a r g e t .  For t h e  p r e s e n t  purpose  of c a l c u -  

l a t i n g  secondary  a s t a t i n e  p r o d u c t i o n ,  t h e  f i r s t  and second r e l a t i o n s  were 

,,'obtained from a v a i l a b l e  e x p e r i m e n t a l  d a t a ,  w h i l e  t h e  energy  l o s s  r e l a t i o n  

used was a  s t a n d a r d ,  c l a s s i c a l  fo rmula .  



The ( p , a  ) and ( p , 3 ~ e )  Energy '  D i s t r i b u t i o n s  

While t h e r e  a r e  no e x p e r i m e n t a l  d e t e r m i n a t i o n s  of t h e  I n c l u s i v e  (p  ,a ) 

and ( p , 3 ~ e )  f ragment  s p e c t r a  from bismuth i n  t h e  p r o t o n  e n e r g y  r e g i o n  of 

t h i s  s t u d y ,  bo th  fP&gment energy  d i s t r i b u t i o n s  have been measured a t  

90 ~ e + ~ .  Also ,  S e g e l  -- e t  a1.47 have measured charged  p a r t i c l e  s p e c t r a  from 

p r o t o n s  on '08pb a t  164 MeV. The a l p h a  and 3 ~ e  energy  d i s t r i b u t i o n s  from 

bismuth a r e  expec ted  t o  be similar. 

The g e n e r a l  shapes  of i n c l u s i v e  f ragment  s p e c t r a  ( d o / d ~  - vs.  E) have 

been shown t o  remain e s s e n t i a l l y  t h e  same r bombardment e n e r g i e s  of 

s e v e r a l  hundred MeV, w h i l e  t h e  a b s o l u t e  magnitude of t h e  f ragment  produc- 

t i o n  c r o s s  s e c t i o n  i n c r e a s e s  . w i t h  beam e n e r g y 3 7 .  F i g u r e  5 shows t y p i c a l  

a n g l e - i n t e g r a t e d  shapes  f o r  bo th  f ragment  d i s t r i b u t i o n s ,  a s  o b t a i n e d  from 

t h e  d a t a  of S e g e l  e t  a l a 4 ' .  For  t h e  purpose  of -- 

t i o n s ,  t h e  s h a p e s  a f  t h e  f ragment  s p e c t r a  above 

t h e  form 

s e c o n d a r y  y i e l d  c a l c u l a -  

20 MeV were approximated by 

do mb - (-) = A e x P { - ~ ( ~ f - 2 0  M ~ v ) }  
dEf MeV 

A lower energy  c u t o f f  of 20 MeV was chosen t o  e l i m i n a t e  t h e  need f o r  f i t -  

t i n g  t h e  q v a p o r a t  i v e  "peak" of t h e  d i s t r i b u t i o n s .  S i n c e  t h i s  e n e r g y  

rough ly  c o r r e s p o n d s  t o  t h e  t h r e s h o l d  of t h e  2 0 9 ~ i ( a  ,2n)21 ~t r e a c t i o n ,  a  

e n e r g i e s  below 20 MeV make no c o n t r i b u t i o n  t o  any secondary  n u c l i d e s  

obse rved .  

The pa ramete r  B i n  Equa t ion  8 was e s t i m a t e d  t o  be 0.077 M ~ v - '  f o r  

a l p h a  p a r t i c l e s  and 0.028 M ~ v - '  f o r  3 ~ e  p a r t i c l e s  from t h e  90 MeV and 

V 
164 MeV s p e c t r a .  
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Figure 5 Shapes of the Helium Fragment Energy Distributions 
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Used in Secondary Calculations (frgm Ref. 47) . 



-3 ,*- 
-d - 10. 

The parameter A was not fixed at any particular value but was 

normalized to experimentally observe 2 1 1 ~ t  yields for each calculation at 

- specific beam energies and target thicknesses. The particulars of the nor- 

malization will be discussed later. For 3 ~ e  distributions, A was fixed at 

0.7% of the normalized value used for alpha particles, in keeping with 

lower (p,3 ~ e )  cross sections 37 ,46 ,47 

3 The (a,xn) and ( He,xn) Excitation Functions 

The experimental excitation functions of *09gi(a , x ~ ) ~ ~ ~ - x A ~  for x = 

~ - 7 ~  9-52.,,were fit to semiempirical functions based on the Jackson model of 

successive neutron evaporation 4 9  ,53. The collected experimental data is 

listed in Table VII. 

The Jackson model was first proposed to schematically describe (p,xn) 

and (p,pxn) excitation functions by the successive evaporation of neutrons 

from an excited compound nucleus formed after a prompt knock-out event. It 

has since been used to describe other reactions involving neutron emission, - 
\ 

including the (a ,xn) reactions 42,43,53. According to the model, the 

cross section for a particular (a,xn) reaction is given by 
---/ 

where ac(Eo) is the reaction cross section for an incident a of energy 

Eo, q(i) is the r e u i v e  probability of the emission of i prompt neutrons 

and <P(E,x-I)> is the averaged neutron evaporation probability. The proba- 

bility of emitting at least i neutrons is given by 



Table V I I  

i' 

Col lec ted  Experimental Cross Sec t ions  f o r  

3 (a ,xn)  and ( H,e,xn) React ions on 2OgBi  49-52  

Ep (MeV) a (mb) Ep (MeV) a (mb) Ep (MeV) a (mb) 



Table VII (Cont'd) 

( a ,  5n) 



T a b l e  VII (Cont'd) ' 



where 

E* e x c i t a t i o n  energy;  

Si z binding energy of i t h  neut ron;  

r E n u c l e a r  temperature  (E*/a , where ap E l e v e l  d e n s i t y  P 

parameter.  

The p r o b a b i l i t y  of evapora t ing  e x a c t l y  i neut rons  i s  de f ined  a s  t h e  d i f f e r -  

ence between Pi and P ( i f l  ). For t h e  c u r r e n t  c a l c u l a t i o n s ,  t he  re- 

a c t i o n s  were assumed t o  occur  e n t i r e l y  by evapora t ive  p roces se s ,  e l imin-  

a t i n g  t h e  q ( i )  term from Equat ion 9. The formula f o r  t h e  r e a c t i o n  c r o s s  

s e c t i o n ,  oc(Eo) ,  was taken  from shap i roS4  : 
> 

where R E t a r g e t  nuc l ea r  r a d i u s ;  

h E r a t i o n a l i z e d  p r o j e c t i l e  wavelength; 

B E Coulomb b a r r i e r .  

Since t h e  purpose of f i t t i n g  t he  exper imenta l  d a t a  were merely t o  pro- 

v ide  a  d e s c r i p t i v e  f u n c t i o n ,  r a t h e r  than  t o  e x t r a c t  meaningful parameters ,  

f o u r  a r b i t r a r y  p r o p o r t i o n a l i t y  c o e f f i c i e n t s  were in t roduced  i n t o  t h e  f i n a l  

form of t h e  f i t  exp re s s ion ,  

f 

where ac i s  descr ibed  by Equat ion 12 and P(,+1) and P(,) a r e  



> 

d e s c r i b e d  by E q u a t i o n s  10 and 11. The c o e f f i c i e n t s  a ,  b ,  c  and d ,  a s  w e l l  

as t h e  l e v e l  d e n s i t y  pa ramete r  (a,,) and t h e  t a r g e t  r a d i u s  (R) were f i t  by 

a n o n - l i n e a r  i t e r a t i v e  l e a s t  s q u a r e s  method w i t h  t h e  ITER computer program 

prov ided  by D r .  K.E.  Newman of Simon F r a s e r  U n i v e r s i t y .  The s i x  p a r a m e t e r s  

were n o t  a l l  o b t a i n e d  from s i m u l t a n e o u s  f i t s .  G e n e r a l l y ,  v a l u e s  of t h e  
a, 

p a r a m e t e r s  R and ap were f i r s t  a s  t o . r e a s o n a b l y  approx imate  , 

t h e  " p e a k M - r e g i o n  of t h e  e x c i t a t i o n  f u n c t i o n s .  These  v a l u e s  were t h e n  

f i x e d  and t h e  p a r a m e t e r s  a ,  b, c  and d  were v a r i e d  t o  approx imate  t h e  h i g h  

e n e r g y  t a i l s  of t h e  e x c i t a t i o n  f u n c t i o n s .  The u s e  of t h e s e  f o u r  c o e f f i -  

c i e n t s  was n e c e s s a r y  t o  a c c o u n t  f o r  c o n t r i b u t i o n s  f rom " d i r e c t "  e m i s s i o n  of  

n e u t r o n s  d e s c r i b e d  by t h e  term q ( i )  i n  E q u a t i o n  4 .  I n  t h e  c a s e s  where few 

e x p e r i m e n t a l  d a t a  p o i n t s  were a v a i l a b l e ,  n o t  a l l  of t h e  e x c i t a t i o n  func- 

t i o n s  cou ld  be f i t  w i t h  a l l  s i x  pa ramete r s .  A l l  v a l u e s  of a tomic  masses 
i L' 

"* 
and n e u t r o n  b i n d i n g  e n e r g i e s  used were t a k e n  f rom t h e  1977 c o m p i l a t i o n  of 

Wapstra  and ~ 0 s ~ ~ .  ~ h k  f i n a l  be-st f i t s  a r e  shown w i t h  t h e  e x p e r i m e n t a l  

d a t a  i n W F i g u r e  6. The v a l u e s  of t h e  f i t  p a r a m e t e r s  a r e  g i v e n  i n  

Tab le  V I I I .  The pa ramete r  R  h a s  been c o n v e r t e d  t o  t h e  more f a m i l i a r  Ro 

by t h e  r e l a t i o n  R = ~ ~ ~ l . 1 ~ .  While no e f f o r t  was made t o  l i m i t  any of 

t h e  p a r a m e t e r s  t o  "meaningful"  v a l u e s ,  t h e  f i n a l  magni tudes  of Ro and 

a p  a r e  n o t  u n r e a s o n a b l e  i n  compar ison t o  a c c e p t e d  v a l u e s .  

The Charged P a r t i c l e  S t o p p i n g  Power 

I n  o r d e r  t o  a c c o u n t  f o r  a l p h a  and 3 ~ e  p a r t i c l e  e n e r g y  l o s s e s  i n  t h e  

t a r g e t  and pe rmi t  i n t e g r a t i o n  of E q u a t i o n  7 by s u b s t i t u t i n g  p a r t i c l e  ene rgy  - 
f o r  p a r t i c l e  r a n g e ,  t h e  n o n - r e l a t i v i s t i c ,  cha rged  p a r t i c l e ,  s t o p p i n g  power 

fo rmula  of ~ e t h e ~ ~  was used :  



3 F i g u r e  6 The (a  , x n )  and ( He,xn) E x c i t a t i o n  F u n c t i o n s  on 2 0 9 ~ i .  

S o l i d  l i n e s  r e p r e s e n t  l e a s t  s q u a r e s  f i t s .  



m m m m  
W W W V  



where E z charged  p a r t i c l e  e n e r g y ;  

r z d i s t a n c e  t r a v e l l e d  by charged  p a r t i c l e ;  

e  E e l e m e n t a r y  c h a r g e ;  

z E p a r t i c l e  u n i t  c h a r g e ;  

Z E t a r g e t  u n i t  c h a r g e ;  

3 N E a tomic  d e n s i t y  of t a r g e t  (atoms/cm ); 

me e l e c t r o n  mass; 

v  E p a r t i c l e  v e l o c i t y ;  

<I> : mean i o n i z a t i o n  p o t e n t i a l  of t a r g e t .  - 

A v a l u e  of <I> = 0.763 keV f o r  b ismuth was t a k e n  f rom t h e  c a l c u l a t i o n  
, , 

/ 

A f t e r  a p p r o p r i a t e  s u b s t i t u t i o n s  a r e  made f o r  t h e  t e rms  i n  Equa t ion  1 4 ,  

t h e  s t o p p i n g  power f u n c t i o n s  f o r  a l p h a s  and 3 ~ e  p a r t i c l e s  i n  b ismuth a r e  
e 

reduced t o  , t h e  form: 

, -dE\ 0.907 ln(0 .719 E,) M,V 

C a l c u l a t i o n  of Secondary Y i e l d s  

C a l c u l a t i o n s  of t h e  secondary  p r o d u c t i o n  c r o s s  s e c t i o n s  of a s t a t i n e  

n u c l i d e s  were performed by numer ica l  i n t e g r a t i o n  of E q u a t i o n s  % and 7 .  The 



( P ,  u ) e d c b r u m  d e s c r i d e d  by E q u a t i o n  8 ,  from 20 t o  120 MeV, was 

J f i r s  d i v i d e d  i n t o  n  i n t e r v a l s  (dEaIi  of abou t  4 MeV wid th .  The aver -  

a g e  a l p h a  p r o d u R i o n  c r o s s  s e c t i o n  (Z(p ,a  ) ) i  and t h e  c o r r e s p o n d i n g  

e n e r g y  ( E a ) i  were c a l c u l a t e d  f o r  each  i n t e r v a l .  The a l p h a s  were then  

f o l l o y e d  on t h e i r  p a t h  th rough  t h e  t a r g e t  which was i n  t u r n  d i v i d e d  i n t o  m , 

s l i c e s ,  ( d r ) j  t h i c k 3  The e n e r g y  of  t h e  a l p h a  p a r t i c l e s  i n  t h e  midd le  of 

each t h i c k n e s s  s l i c e  was c a l c u l a t e d  from t h e i r  i n i t i a l  e n e r g y  ( & ) i  and 
0 

t h e  energy  l o s s  g i v e n  by t h e  s t o p p i n g  power fo rmbla  ( E q u a t i o n  15) .  The 

p r o b a b i l i t y  of a n  a l p h a  i n t e r a c t i n g  i n  a  p a r t i c u l a r  t h i c k n e s s  s l i c e  was 
4 

t a k e n  a s  t h e  p roduc t  of t h e  number &of t a r g e t  n u c l e i  i n  t h e  s l i c e  ( n j )  and 

t h e  c r o s s  s e c t i o n  f o x  a p a r t i c u l a r  ( a , x n )  r e a c t i o n  a t  t h e  a l p h a  energy  i n  

t h a t  s l i c e ,  o j (E  j ) ( a  ,Xn) .  The t o t a l  p r o b a b i l i t y  of a n  a l p h a  w i t h  an 

i n i t i a l  ave rage% e n e r g y ,  (Ea) i ,  i n t e r a c t i n g  w i t h  t h e  t a r g e t  by means of 

a  s p e c i f i c  (a , x n )  r e a c t i o n  was d e s c r i b e d  by: 

The c a l c u l a t i o n  proceeded i n  a  s t e p w i s e  i n t e g r a t i o n  t h r o u g h  t h e  a l p h a  

f ragment  spec t rum summing t h e  c r o s s  s e c t i o n  from e a c h  e n e r g y  i n t e r v a l  t o  

g i v e  a  f i n a l ,  t o t a l  p r o d u c t i o n  c r o s s  s e c t i o n  f o r  a  s p e c i f i c  n u c l i d e :  
- 6  

The c a l c u l a t i o n  

p a r a m e t e r s  were:  

7 
n  E t h e  number 

\ 

-7' m E t h e  number 

was on an IBM 4341 computer.  The i n p u t  

of ene rgy  s l i c e s ;  

of t h i c k n e s s  s l i c e s ;  



A z t h e  pa ramete r  d e s c r i b i n g  t h e  magnitude of t h e  ( p , a )  spec t rum;  
- -- 

t - t h e  t a r g e t  t h i c k n e s s .  
i 

The p a r a m e t e r s  n  and m were v a r i e d  t o  obse rve  t h e  s e n s i t i v i t y  of t h e  c a l c u -  

l a t i o n  t o  t h e  number of i n t e r v a l s  used.  D i v i d i n g  bo th  t h e  energy  s p e c t r u m  
4 

and t h e  t a r g e t  t h i c k n e s s  i n t o  1000 i n t e r v a l s  g r e a t l y  i n c r e a s e d  t h e  runn ing  

t ime  of t h e  program b u t  produced no change i n  t h e  r e s u l t  ( t p  two s i g n i f i -  -. 
c a n t  f i g u r e s )  from t h a t  o b t a i n e d  by u s i n g  25 i n t e r v a l s .  

A- 
2e Of n 

and m were siit t o  25 f o r  a l l  c a l c u l a t i & s .  F i g u r e  7 d i s p l a y s  t h e  s t e p s  o f  

t h e  c a l c u l a t i o n  s c h e m a t i c a l l y .  

T h i n  T a r g e t  C a l c u l a t i o n s  
b 

\ 
The p r e c e d i n g  c a l c u l a t i o n  i s  s t r i c t l y  v a l i d  m . 3 ~  f o r  t h i c k  t a r g e t s ,  > 

t h e  a l p h a  f ragment  nge and f l u x  r e a c h  s a t u r a t i o n  a t  a l l  e m i s s i o n  

and a n  a n g l e  i n t e g r q e d  form of a f ( E f )  can  be  used i n  

Equa t ion  1. For t h i n  t a r g e t  c a s e s ,  a f  must be r e p l a c e d  by a  f u n c t i o n  

hav ing  bo th  energy  and a n g u l a r  dependence,  o f ( E f , B f ) ,  i n  o r d e r  t o  

a c c o u n t  f o r  t a r g e t  t h i c k n e s s  v a r i a t i o n  w i t h  e m i s s i o n  a n g l e .  While a  r i g o r -  

ous t r e a t m e n t  r e q u i r e s  t h e  added complex i ty  of a n g u l a r  dependence,  s e v e r a l  

f a c t o r s  a l l o w  t h e  t h i c k  t a r g e t  c a l c u l a t i o n s  t o  be used a s  a  good f i r s t  

o r d e r  a p p r o x i m a t i o n  of secondary  y i e l d s  i n  t h e  p r e s e n t  c a s e .  

F i r s t ,  t h e  energy  d i s t r i b u t i o n  of low energy  f ragments  does  no t  change 

s i g n i f i c a n t l y  w i t h  e m i s s i o n  a n g l e .  The d i s t r i b u t i o n  of low e n e r g y  f r a g -  

ments is  e s s e n t i a l l y  i s o t r o p i c .  The s h o r t e r  range of t h e s e  f ragments  makes 
'4 
\ 

t h e ' p r o d u c t i o n  of h e a v i e r  w o n d a r y  A t  n u c l i d e s  l e a s t  s u s c e p t i b l e  t o  t h i c k -  

n e s s  e f f e c t s .  

/- 

\. 
Second, t h e  emiss ion  of h i g h e r  energy  f r a g m e n t s ,  r e s p o d i b l e  f o r  

l i g h t e r  A t  n u c l i d e  p r o d u c t i o n ,  is  g r e a t e s t  a t  forward a n g l e s .  Because of 
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t h e  g r e a t e r  r ange  of t h e s e  f r a g m e n t s ,  s m a l l  changes  i n  e m i s s i o n  a n g l e  w i l l  

n o t  s i g n i f i c a n t l y  i n c r e a s e  t h e  p r o d u c t i o n  of s e e a n d a r i e s  i n  a  t h i n  t a r g e t .  
\ 

F i n a l l y ,  i n  t h i s  s p e c i f i c  c a s e ,  t h e  d e t e c t i f i  $2 l 1  p! produced exclu-  
\ 2 

s i v e l y  by secondary  r e a c t i o n s  - a l l o w s  a l l  c a l c u l a k e d  s e c o n d a r y  y i e l d s  t o  be 
9 

normal ized  t o  t h e  obse rved  ' ~ t  y i e l d ,  t h u s  " a v e r a g i n g "  t h e  e f f e c t s  of 

t h i c k n e s s  v a r i a t i o n  w i t h  ang le . '  

The r e s u l t s  of bo th  t h i c k  and t h i n  t a r g e t  s e c o n d a r y  y i e l d  

a r e  shown i n  F i g u r e  8. The y i e l d s  from 3 ~ e  f ragments  were c a l c u l a t e d  i n  a  

9 r manner a%logous t o  t h e  a l p h a  f b g m e n t  c a l c u l a t i o n s  and summed w i t h  t h e  
f 

@.b I 
a l p h a  y i e l d s .  

The n o r m a l i z a t i o n  of each s e c o n d a r  y i e l d  c a l c u l a t i o n  t o  t h e  e x p e r i -  ,+: . 
m e n t a l l y  obse rved  * l l A t  y i e l d s  was accomplished by u s i n g  a n  " e f f e c t i v e "  

t a r g e t  t h i c k n e s s  a s  a  program i n p u t  pa ramete r .  L i t e r a t u r e  v a l u e s  of 2 1 1 ~ t  

p r o d u c t i o n  y i e l d s  from 60 t o  660 MeV p r o t o n s 3 9 8 4 4  were used t o  o b t a i n  a  

l i n e a ~  B e l a t i o n s h i p  f o r  2 1 1 ~ t  p r o d u c t i o n  i n  t h i c k  t a r g e t s  a s  a  f u n c t i o n  of 

p r o t o n  energy  ( s e e  F i g u r e  9 ) .  Using t h e  r e l a t i o n ,  

a21 i A t  (mb) = m * E p  (MeV) + b  

where m = 0.0546 k0.003 and 

b  = 0.757 20.385,  

/ 

t h i c k  t a r g e t e 2  l A t  y i e l d s  were c a l c u l a t e d  f o r  t h e  s p e c i f i c  p r o t o n  e n e r g i e s  

of t h e  p r e s e n t  work. Secondary c a l c u l a t i o n s  were t h e n  performed v a r y i n g  

t h e  i n p u t  pa ramete r  A ( t h e  magni tude of t h e  ( p , ~ )  c r o s s  s e c t i o n )  u n t i l  

- agreement  was reached  w i t h  t h e  c a l c u l a t e d  2 1 1 ~ t  y i e l d s .  I n  t h i s  manner, 
----ii ?A 

v a l u e s  of A w e r e ' o b t a i n e d  f o r  each  p r o t o n  energy.  These were s u b s e q u e n t l y  
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Figure 8 Relative Secondary Cross 'Section Ratios Calculated for 

Thick Targets and One Typical Thin Target. Contributions 

from '~e and 3 ~ e  fragments are shoin. 
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F i g u r e  9 Thick T a r g e t  2 1 1 ~ t  Cross  S e c t i o n s  (Ref .  35-40) 



used  i n  t h i n  t a r g e t  c a l c u  '3 a t i o n s  where t h e  t a r g e t  t h i c k n e s s  i n p u t  pa ramete r  

was v a r i e d  u n t i l  agreement  was reached  w i t h  t h e  obse rved  2 1 1 A t  y i e l d  from 

t h e  t h i n  t a r g e t .  T h i s  " e f f e c t i v e "  t a r g e t  t h i c k n e s s  and t h e  c a l c u l a t e d  

/' 

p a r a m e t e r  A were t h e n  used  i n  subsequen t  c a l c u l a t % o n s  of t h e  y i e l d s  o f  

o t h e r  A t  n u c l i d e s  a t  t h a t  p r o t o n  energy.  Tab le  I X  g i v e s  t h e  c a l c u l a t e d  

3. 
v a l u e s  of * l l A t  y i e l d s  and A p a r a m e t e r s  f o r  v a r h u s  energid,  

Comparison w i t h  E x p e r i m e n t a l  D a t a  

I n  o r d e r  t o  a s s e s s  t h e  r e l i a b i l i t y  o  t h e  s e c  ndary  c a l c u l a t i o n s ,  com- G 
p a r i s o n s  were made w i t h  e x p e r i m e n t a l  dP e m i n a t i o n s  of a s t a t i n e  y i e l d s  from 6 

- References  35-40. Due t o  t h e  -change i n  a c c e p t e d  v a l u e s  of A t  n u c l  
1 

-J. * 
b r a n c h i n g  r a t i o s  s i n c e  t h e  e a r l i e r  measurements,  t h e  l i t e r a t u r e  d a t a  were 

c o r r e c t e d  t o  r e f l e c t  b ran&ing  r a t i o s  used i n  t h i s  work. Tab le  X l i s t s  t h e  
d 

1 

c o r r e c t i o n  f a c t o r s  f o r  r e l a t i v e  c r o s s  sec t , ions  ( o A ~ t  /0211At) .  The cor-  

r e c t i o n  f a c t o r s  were computed u s i n g  t h e  formula:  
J 

B.R. 2 1 1 ~ t  ( t h i s  work) 
-.. 

C o r r e c t i o n  f a c t o r  = 
B.R. " ' ~ t  ( l i t )  

B.R. A ~ t  ( t h i s  work) 

B.R. A ~ t  ( l i t . )  

The r e l a t i v e  c r o s s  s e c t i & s  o b t a i n e d  from t h e  l i t e r a t u r e  a r e  m u l t i -  

p l i e d  by t h e  c o r r e c t i o n  f a c t o r s  t o  o b t a i n  v a l u e s  based on t h e  b r a n c h n g  

r a t i o s  used i n  t h i s  work. 

F'igure 10 s h o v  c o r r e c t e d  r e l a t i v e  c r o s s  s e c t i o n s  from L e f o r t  e t  a l .  
4 3 

-- 
J 

a l o n g  w i t h  t h e  v a l u &  p r e d i c t e d - h  t h i s  work as a  f u n c t i o n  f a s t a t i n e  mass 
-v 

number. Except  f o r  150 MeV, a l l  p r o t o n  e n e r g i e s  a r e  below t h e  pion produc- 
-.J- 

t i o n  t h r e s h o l d .  T h e - a s t a t i n e  p r o d u c t s  a r e  from secondary  r e a c t i o n s  on ly .  



', Table I X  

Summary of Calcu la ted  2 1 1 ~ t  Cross Sec t ions  on Thick Ta rge t s  

0211 A t  (Thick Targe t )  
P 

A 
>\, -- 

( M e V )  I, (mb) 5 ( i b / ~ e ~ )  



Table X 

Correc t ion '  Fact,ors f o r  Branching Ra t io s  i n  

9 -4 L i t e r a t u r e  Values of R e l a t i v e  A s t a t i n e  Yie lds  
-- 

Rela t ive  Cor rec t ion  Fac~ to r  
Yield Ref. 43 Ref. 41  
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Figure 10 .Calculated Secondary Ratio? Compared to the 

Secondary Experimental Data of Ref. 4 3  



A t  150 MeV, only 2 1 0 ~ t  and 2 0 9 ~ t  can be produced by a  (p,.rc-xn) r e a c t i o n s .  
i 

2 0 8  A t  and 2 0 7  A t  a r e  produced by seconda r i e s .  Genera l ly ,  t h e  agreement 

between c a l c u l a t e d  and exper imenta l  Galues is very good. 

Higher energy pro ton  d a t a  from t h e  work of L i  -- e t  a l .41 a r e  d i sp l ayed  

i 
i n  F igure  11. Here,  w i th  t h e  except ion  of the  120 MeV d a t a ,  a l l  proton , 

e n e r g i e s  a r e  w e l l  above the  pion product ion  thre%$old and a s t a t i n e  can be 

'produced by the  (p,x-xn) r e a c t i o n s .  For nuc l ides  wi th  mass - (207, t h e  r e l a -  ' 

t i v e  c r o s s  s e c t i o n s  have been averaged over  a l l  p ro ton  e n e r g i e s .  FPgure 11 

shows what appears  t o  be two d i f f e r e n t  mass d i s t r i b u t i o n s .  For nuc l ides  

h e a v i e r  t han  2 0 7  A t ,  t h e  secondary c a l c u l a t i o n s  a r e  i n  e x c e l l e n t  agreement 

w i th  experiment.  However, beginning wi th  2 0 7 ~ t ,  t h e  l i g h t e r  n u c l i d e s  d i s -  

p lay  a  t r e n d  t o  i nc reased  c r o s s  s e c t i o n  wi th  dec reas ing  mass number. t h i s  

can be expla ined  by a  l a r g e  c r o s s  s e c t i o n  f o r  t h e  (p,n-xn),  x  2 3 ,  r e a c t i o n s  

even a t  h igh  pro ton  e n e r g i e s ,  t h a t  completely overwhelms t h e  secondary 

\ 

r e a c t i o n  channels .  

A f u r t h e r  comparison wi th  experiment  i s  shown i n  F igure  12. Here, 

on ly  2 0 9 ~ t  and 2 0 7 ~ t  r e l a t i v e  c r o s s  s e c t i o n s  a t  a  p ro ton  energy of 120 MeV 

were ob ta ined  & IUCF. While t h e  g e n e r a l  t r end  is  r ep re sen t ed  by t h e  c a l -  

c u l a t e d  cu rves ,  t h e  agreement is  nqt  very good f o r  t h e  2 0 7 ~ t  cases .  Due t o  

low a c t i v i t i e s  and corresponding poor count ing  s t a t i s t i c s ,  t h e  a207 ~ t /  

021 ' A t  p o i n t s  might more p rope r ly  be viewed a s  upper l i m i t s .  

For t h e  purpose of s u b t r a c t i n g  secondary y i e l d s  from t h e  exper imenta l  

t o t a l  a s t a t i n e  product ion  c r o s s  s e c t i o n s  measured i n  t h i s  work, t h e  uncer- 

t a i n t i e s  of c a l c u l a t e d  va lues  were e s t ima ted  from t h e  c o r r e c t e d  d a t a  of L i  

e t  al." (F igu re  10) .  The r e l a t i v e  c r o s s  s e c t i o n s  f o r  ' l O A t ,  '''At and -- 
' 0 8 A t  a t  a l l  p ro ton  e n e r g i e s  were averaged and t h e  percentage  d i f f e r e n c e  
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F i g u r e  11 C a l c u l a t e d  Secondary R a t i o s  Cqmpared t o  t h e  

C o r r e c t e d  Exper imenta l  Data of Ref. 4 1  
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Figure 12 Comparison of Secondary Calculations to 

IUCF Thick Target Results 



r 

from t h e  c a l c u l a t e d  va lues  taken a s  a r e l a t i v e  e r r o r  f o r  t h e  c a l c u l a t i o n .  

The r e l a t i v e  e r r o r  f o r  C J ~ ~ ~ A ~ / C I * ' ~ A ~  was e s t i m a t e d  a s  an  average of t h e  

t h r e e  h e a v i e r  nuc l ide  e r r o r s .  The estZmated e r r o r s  a r e  given i n  Table X I .  



Table X I  

Est imated E r r o r s  f o r  R e l a t i v e  Secondary Yield Carcu la t ions  



6 0  

,/- >. 

RESULTS AND DISCUSSION 

E x p e r i m e n t a l  R e s u l t s  + 

The r e s u l t s  of t h e  c r o s s  s e c t i o n  measurements a r e  p r e s e n t e d  i n  

Tab le  X I I .  The c r o s s  s e c t i o n s  f o r  d i r e c t  2 1 1 ~ t  p r o d u c t i o n  a r e  l a b e l l e d  

o e f f  ( 2 1 1 ~ t )  and d i s p l a y e d  i n  t h e  t h i r d  column. These  c r o s s  s e c t i o n s  a r e  

a l s o  d i s p l a y e d  g r a p h i c a l l y ,  a s  a  f u n c t i o n  of p r o t o n  e n e r g y ,  i n  F i g u r e  13. 

The TRIUMF t h i n  t a r g e t  d a t a  can be f i t  w i t h  a  l i n e a r  e x p r e s s i o n  

However, t h e  800 MeV p o i n t  does  n o t  f a l l  on t h i s  l i n e .  The enhancement o f  

* l l ~ t  p r o d u c t i o n  i n  t h e  LAMPF r u n s  can be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  

i r r a d i a t i o n  methods. At TRIUMF, a l l  i r r a d i a t i o n s  were performed i n  vacuum, 

w h i l e  a t  LAMPF t h e  t a r g e t s  were i n  a i r .  P r o d u c t i o n  of a l p h a  and 3 ~ e  f r a g -  
h 

ments i n  t h e  a i r  ups t ream of t h e  t a r g e t  ( t h a t  s u b s e q u e n t l y  impinged on t h e  

t a r g e t )  a p p e a r s  t o  have s i g n i f i c a n t l y  i n c r e a s e d  t h e  secondary  p r o d u c t i o n  of 

a s t a t i n e  n u c l i d e s .  The LAMPF s e r i e s  of c r o s s  s e c t i o n  d e t e r m i n a t i o n s  i s  

summarized i n  Tab le  X I 1 1  and Tab le  X I V .  

A s  d e s c r i b e d  e a r l i e r ,  t h e  c r o s s  s e c t i o n  f o r  a  s p e c i f i c  (p,n-xn) reac-  

t i o n  is  o b t a i n e d  by t a k i n g  t h e  p roduc t  of o e f f ( 2 " ~ t )  and t h e  c o r r e s -  

ponding r a t i o  a,/0211. The v a l u e s  of t h e  c r o s s  s e c t i o n s  t h u s  o b t a i n e d  

f o r  t h e  f o u r  h e a v i e s t  a s t a t i n e s  a r e  g iven  i n  F i g u r e  14 and Table  XV. The 

open c i r c l e s  a r e  t h e  v a l u e s  c a l c u l a t e d  from t h e  IUCF t h i c k  t a r g e t  runs .  

The s o l i d  c i r c l e s  a r e  from measurements of t h i n  t a rge ; s  a t  TRIUMF and 

LAPIPF. The s o l i d  l i n e  i n  each p l o t  r e p r e s e n t s  a  smoothed v a l u e  of t h e  
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Figure 13 Thin Target * l l ~ t  Production Cross Sections 



Table X I 1 1  

LAWF Di rec t  Target  Cross Sec t ion  Summary 

Target  
Thickness 

(mg/cm2 

Average = 10.0 20.4 
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Table XV 

/--- T tal Production Cross Sections for Heavy At Nuclides 

(including secondary reaction contributions) 



c a l c u l a t e d  c o n t r i b u t i o n  t o  t h e  c ros s  s e c t i o n  from secondary r e a c t i o n s  f o r  

t h i n  t a r g e t s .  The a c t u a l  secondary c o n t r i b u t i o n s  used a re .  l i s t e d  i n  

Table XVI. These- s u b t r a c t e d  from 

( p , ~ - x n )  c r o s s  s e c t i o n s .  For t he  f o u r  

-cant r i b u t i b n s  from secondary reactiW&% 

the  values of Table XV t o  g ive  f i n a l  

l i g h t e s t  i s o t o p e s  ( 2 0 6 ~ t : 0 3 ~ t ) ,  t h e  

were c a l c u l a t e d  a s  n e g l i g i b l e .  The 

f i n a l  a s t a t i n e  (p,x-xn) e x c i t a t i o n  func t ions  c o r r e c t e d  f o r  secondar ies  a r e  

d isp layed  i n  F igures  15 and 16 and l i s t e d  i n  Table X V I I .  The open squares  

a r e  the  values measured by Clark e t  a ~ . ~ ' .  The dashed curves  a r e  t h e  ca l -  -- 

c u l a t e d  p r e d i c t i o n s  of ~ i b b s ' l .  I n  each case ,  the  r e a c t i o n  th re sho ld  i s  

i n d i c a t e d  by an arrow. Unfor tuna te ly ,  n e i t h e r  t he  p re sen t  measurements no r  

t h a t  of Clark e t  al.*O managed t o  g e t  much informat ion  on t h e  coherent  -- 

r e a c t i o n  2 0 9 ~ i ( p , ~ - ) 2 1 0 ~ t .  Only one p o i n t ,  a t  210 MeV, has a  va lue  su f -  
/*pZ \ 

f i c i e n t l y  l a r g e  t o  exclude formation by secondary r e a c t i o n s .  For Ithe o the r  
- I  

proton '  e n e r g i e s ,  only upper l i m i t s  a r e  d isp layed .  The upper l i m i t ? ?  were 

obta ined  from the  d i f f e r e n c e  of t he  c a l c u l a t e d  secondary product ion c ros s  

s e c t i o n s  and the  maximum 2 1 0 ~ t  t o t a l  product ion c r o s s  s e c t i o n  allowed by 

exper imenta l  u n c e r t a i n t i e s .  Also d isp layed  on the  2 1 0 ~ t  p l o t  i s  a  s o l i d  

curve corresp,c6&ng t o  t h e  2 0 9 ~ i ( p , x 0 ) 2 1 0 ~ o  e x c i t a t i o n  func t ion .  

The measured i n d i v i d u a l  c r o s s  s e c t i o n s  ' ( he rea f t e r  r e f e r r e d  to , a s  ax) 

were summed f o r  each bombarding energy 'Ep to,  y i e l d  t h e  observed summed 

X 
c r o s s  s e c t i o n  Ca,. This  summed c r o s s  s e c t i o n  is  not  t he  t o t a l  sum of a l l  

.- 
( ~ , I T - x n )  c r o s s  secdions (hencefor th  c a l l e d  aT)  s-ince nuc l ides  l i g h t e r  

than  2 0 3 ~ t  have not been included.  I n  order  t o  e s t i m a t e  a ~ ,  t h e  mass 

' 1  d i s t r i b u t i o n s  of a s t a t i n e  nuc l ides  were assumed t o  have a Gaussian 

s  ape. The a s t a t i n e  c ros s  s e c t i o n s  ( a x ) ,  a s  a  func t ion  of a s t a t i n e  mass, c ' .  
"% . - 

were f i t  by l e a s t  squares  t o  a Gaussian shape a t  each proton energy above 



Table X V I  

Summed Calculated Secondary Cross Sections for 

3 
(a ,xn) and ( He ,xn) Reactions 

. 
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z 
252 MeV. Below 252 MeV, the lighter astatines (c202~t) are not expected to - 

9 
be produced in significant quantitied and (ST was simply approximated by 
X 
Ca,. The parameters of the Gaussian fits are summarized in Table XVIII. 

TKe mean number of neutrons (x) corresponding to formation of the 210-x~t 

products is given in the second column. The peak of the Gaussian (at mass 

number 210-3 and the full width at half maximum (FWHM) of the Gaussian are 

given -in the third and fourth columnsi The final column ihois values of Y 

for the series of reactions 209~i(p,xn)209-x~o, x = 0 - 1 4 ~ ~ ,  for compari- 

son. A typical mass distribution and corresponding Gaussian for Ep = 

481 MeV are displayed in Figure 17. The upper limits of 2 0 2 ~ t ,  2 0 1 ~ t  and 

* O O ~ t  are also displayed. Their values are in keeping with the assumption 

of a Gaussian mass distribution. The Gaussian fits were then used to gen- 

erate (ST, estimated by summing ov€r At masses. Table X I X  shows the esti- 

X , 

mated values of a~ as well as the experimental sums Cox. The quoted ' 

errors in UT are probably overestimated since the uncertainties in x, 
G,, and FWHM were treated as independent; however, the lower limit of 

X 
CJT was never taken as lower than the measured Cox. Figure 18 shows the 

estimated o~ values as solid circles. Also included are the total inclu- 

sive cross sections (ainc) from Cochran -- et a1.8 (triangle), Crawford - et 

a1.7 (open circle) and DiGiacomo et a1.' (crosses). The solid and dashed - -- 
ri 

lines represent the calculated values of Long -- et .la2* and ~ i b b s ~ l ,  respec- 

tively. As before, the open square is from Clark -- et ale2'. 

a 
The data presented contain three elements that can be used in attempts ' r  

to understand the ( p , ~  ) process : the individual (~,n-xn) excitation func- 

tions sx(Ep), the total (p,n-xn) cross section (oT) and the average 

number of nucleons'emitted from the residual nucleus (3. These elements 



Table XVIII 

Gaussian Fit Parameters of t Mass Distributions 4 
Z 

Omax FWHM - b 
(pb) (units of A) X ( ~  ,xn) 

a Ref. 20. 

Ref. 34. 



-. 
Figure 17 Residual Astatine Mass Distribution at Ep = 481 MeV.  

The line is a Gaussian fit. 



Table XIX 

Summed and Estimated Total Cross Sections for (p,n-xn) 

a Reference 20. 



Figure  18 

E (MeV) P 
Summed (p ,n - )  Cross Sec t ions .  Square: Ref. 20; 

c ros ses :  Ref. 9;  t r i a n g l e :  Ref. 8; open 

c i r c l e :  Ref,  7 ;  s o l i d  l i n e :  Ref. 22; dashed 

l i n e :  Ref. 21. 



can be r p l a t e d  t o  o t h e r  exper imenta l  d a t a  and c a l c u l a t i o n s  i n  an a t tempt  t o  

understand t h e  under ly ing  causes  of t h e  observed d a t a .  

The ( p , ~ - x n )  E x c i t a t i o n  Func t ions  

The e x c i t a t i o n  f u n c t i o n s  d i sp l ayed  i n  F igures  15 and 16 g e n e r a l l y  

e x h i b i t  a  s i m i l a r  energy dependence. A l l  o x  r i s e  s t e e p l y  immediately 

a f t e r  t h r e s h o l d ,  reaching  a  maximum w i t h i n  50 MeV. However, t h e  va lue  of 

the  maximum c r o s s  s e c t i o n  i n c r e a s e s  d r a m a t i c a l l y  from <=2 pb f o r  x  = 0 

( * ' O A ~ )  t0 .50  pb f o r  x  =P7 ( 2 0 5 - 2 0 3  At ) .  Beyond t h e  maximum c r o s s  sec- 

t i o n ,  a l l  o x  decrease  w i th  i n c r e a s i n g  Ep,  though t h e  r e l a t i v e  r a t e  of 

dec rease  is  d i f f e r e n t .  For x = 1, t h e  decrease  i s  r a p i d ,  g i v i n g  rise t o  an 

apparen t  peak i n  t he  e x c i t a t i o n  func t ion .  The r a t e  of dec rease  d imin ishes  

wi th  i n c r e a s i n g  x ,  r e s u l t i n g  i n  t h e  d i sappearance  of t h e  peak a t  x  = 6. It" 

i s  u n l i k e l y  t h a t  t h e  apparen t  peak i s  caused by a  resonance. A s imp le r  

exp lana t ion  may l i e  i n  t h e  r e l a t i v e  magnitudes of a s p e c i f i c  ox  and i t s  

neighbours  a ( x + l ) ,  ~ ( ~ + 2 ) ,  e t c .  For low va lues  of x, ~ ( + ~ ) / o ,  i s  

h igh  and t h e  opening of a  new, r e l a t i v e l y  s t r o n g e r  r e a c t i o n  channel  ( t h e  

(x+l)  channe l ) ,  as w e l l  a s  t h e  fo l l owing  channels ,  causes  a  s t e e p  dec rease  

i n  t h e  a x  e x c i t a t i o n  f u n c t i o n  r e s u l t i n g  i n  an apparen t  peak. For g r e a t e r  

x ,  t h e  r e l a t i v e  magnitude of a (x+ l ) /ox  i s  sma l l e r  and t h e  opening of 

t h e  (x+l)  channel  has less e f f e c t  on ox. Thus, t h e  apparen t  peak above 

t h r e s h o l d  grows weaker and f i n a l l y  d i s appea r s  a s  o(*l)/a, dec reases .  

The g e n e r a l l y  smooth shapes of a x  f o r  x  = 6 ,  7 a r e  then a l s o  c o n s i s t e n t  

wi th  t h e  p r e d i c t i o n  t h a t  t h e  (p,n'rm) c r o s s  s e c t i o n s  l ead ing  t o  n u c l i d e s  

l i g h t e r  than  2 0 3 ~ t  fo l low the  Gaussian d i s t r i b u t i o n  assumed i n  c a l c u l a t i n g  

G T .  The e x c i t a t i o n  func t ions  f o r  (p,x-xn) d i s p l a y  s i m i l a r  shapes and 

energy dependences t o  those  of t h e  Z 7 ~ ( a - , n - x n ) 1 2 7 - x ~ ,  a = 1-10, s e r i e s  



of r e a c t  i o n s  measure' 

78 

d by Ohkubo e t  The shapes a -- lf t h e  i od ine  exc i t a -  . 

t i o n  f u n c t i o n s  were deemed t o  r e s u l t  from cascade-evaporat ion mechanisms i n  

which t h e  r e s i d u a l  nuc leus  de-exc i tes  by emission of neutrons.  The s i m i -  

l a r i t y  between the  (p,n'xn) and (n-,n'xn) e x c i t a t i o n  f u n c t i o n s  sugges t  t h a t  

t h e  e x c i t a t i o n  f u n c t i o n  shapes of t h e  p re sen t  work a r e  determined most 

probably by t h e  nuc leus  de -exc i t a t i on  mechanism and not  by t h e  pion produc- 

t i o n  s t e p .  

F igu re s  15 and 16 d i s p l a y  t h e  r e s u l t s  of two o t h e r  exper imenta l  mea- 

surements.  The f i r s t  is  t h e  measurement of (p,n-xn) a t  200 MeV by C la rk  - et  

a1.20 (open squa re s ) .  The p r e s e n t  work is i n  e x c e l l e n t  agreement wi th  t h e  - 
200 MeV da t a .  The second exper imenta l  measurement d i sp l ayed  i s  the  

2 0 9 ~ i ( p , n 0 ) 2 1 0 ~ ~  e x c i t a t i o n  f u n c t i o n  from Ward -- e t  a l .19 .  This  i s  shown a s  

a  cont inuous  s o l i d  l i n e  i n  t h e  ' l O ~ t  p l o t  of F igure  15. While no d i r e c t  , 

comparison with t h e  (p,n-)  e x c i t a t i o n  f u n c t i o n  c w  be made, t h e  shape of  

0 - 
t h e  (p ,n  ) curve i s  g e n e r a l l y  s i m i l a r  t o  those  of t h e  (p,n xn)  r e a c t i o n s .  

Both d i s p l a y  a  sha rp  r i s e  a f t e r  t h r e s h o l d  wi th  an apparen t  peak and subse" 
a 

0 
quent decrease  i n  c r o s s  s e c t i o n .  Unfo r tuna t e ly ,  no d a t a  on ( p , ~  xn) reac- 

t i o n s  e x i s t .  The products  measured by radiochemical  methods34 a r e  t h e  

2 0 9 - x ~ o  a c t i v i t i e s  due mainly t o  (p ,xn)  r e a c t i o n s  which have a  much 

0 l a r g e r  c r o s s  s e c t i o n  than  t h a t  of (p ,n  xn) .  Though t h e  coheren t  (p,xe) 

e x c i t a t i o n  f u n c t i o n  could no t  be measured, t h e  upper l i m i t s  on t h a t  p a r t i -  

0 c u l a r  o x  show t h a t  t h e  (p,n ) r e a c t i o n  on * O g 9 g i  i s  roughly one o rde r  of 

magnitude l a r g e r .  This  is  not  s u r p r i s i n g  when t h e  elementary pion produc- 

t i o n  processes  a r e  cons idered .  A n e u t r a l  pion can be produced by t h e  f o l -  

lowing nucleon-nucleon r e a c t i o n s :  

p + p  + p + p + l ?  0 
( 2.1 a) 



p + n  + p + n + ~  0 
-- - 

p + n  + d + n  0 

A nega t ive  pion can only  be produced i n  t h e  r e a c t i o n :  

The r a t i o  of c r o s s  s e c t i o n s  f o r  Reac t ions  21b and 22 has  been measured by 

Rushbrooke et  a1.58. Using a broad spectrum of neu t ron  e n e r g i e s  up t o  .. -- 
970 MeV, i n c i d e n t  on a hydrogen bubble 'chamber, t h e  measured r a t i o  was * 

3% The c r o s s  s e c t i o n  f o r  Reac t i  21a is  of t h e  same o r d e r  a s  t h a t  of 22, 

,-"? 
whi le  t h a t  of 21c i s  expected t o  be about  t h e  same magnitude from the,  

a p p l i c a t i o n  of charge indepeqdence t o  t h e  p + p += n+ + d react ion5 ' .  As 

wel l  a s  being produced f n  i n i t i a l  N-N i n t e r a c t i o n s ,  p ions  produced i n  a 

nuc l eus ,  can charge exchange on t h e i r  way out  of t h e  nucleus.  Here aga in ,  
, 

more neuqra l  pions can be produced by t h e  reac ' t ions :  

whi le  nega t ive  pions a r e  produced only  by: 

While no. a t tempt  was made t o  c a l c u l a t e  t h e  r e l a t i v e  magnitude of rrO and x- 

+ product ion  f o r  bismuth, it  is c l e a r  from q u a l i t a t i v e  c o n s i d e r a t i o n s  that an 

0 
o r d e r  of magnitude d i f f e r e n c e  between ( p , ~ ' )  and ( p , ~  ) i s  not  precludgd. - 



F i n a l l y ,  wi th  regard  t o  t h e  i n d i v i d u a l  e x c i t a t i o n  f u n c t i o n s ,  t h e r e  a r e  

t h e  c a l c u l a t i o n s  of ~ i b b s * ~ .  These a r e  shown a s  dashed cu rves  i n  t h e  

i n d i v i d u a l  ox  p l o t s .  The agreement between c a l c u l a t e d  and exper imenta l  

v a l u e s  is very good f o r  x = 0 7 3 .  For va lues  of x > 4 ,  t h e  c a l c u l a t e d  

e x c i t a t i o n  f u n c t i o n s  unde re s t ima te  t h e  exper imenta l  d a t a  by s i g n i f i c a n t  

amounts. I n  o r d e r  t o  understand t h e  d i f f e r q n c e  between p red i c t ed  and 

observed va lues ,  t h e  model used .by Gibbs must be examined. The c a l c u l a t i o n  

used an  o p t i c a l  model D i s t o r t e d  Wave Impulse Approximation (DWIA). Pion 

product ion  was assumed t o  r e s u l t  on ly  from t a r g e t  emission.  That is,  t h e  

pion was produced i n  a  c o l l i s i o n  of t h e  incoming pro ton  wi th  a  t a r g e t  

nucleon. Product ion  by p r o j e c t i l e  emission of a  x0 t h a t  subsequent ly  

charge exchanges t o  a  n- was ignored.  Other  mechanisms which Gibbs c a l l e d  

" e i o t i c "  (such as A* fo rmat ion)  were a l s o  ignored.  A second assumption i n  

t h i s  model is t h a t  t he  (p,n') c r o s s  s e c t i o n  t o  a . g i v e n  nuc l ea r  s t a t e  can  be 

r ep re sen t ed  by a  c r o s s  s e c t i o n  t o  a  t y p i c a l  nuc l ea r  s t a t e .  While t h i s  

assumption would not  be v a l i d  f o r  l i g h t  n u c l e i ,  i t  is  a p p r o p r i a t e  f o r  a  

. heavy nuc leus  such a s  * 0 9 ~ i ,  where t h e  spac ing  of n u c l e a r  s t a t e s  is c l o s e .  

Based on these  assumptions,  Gibbs c a l c u l a t e d  t he  c r o s s  s e c t i o n  t o  a 2-par- 

t i c l e  l -ho le  s t a t e  desc r ibed  by t h e  c o n f i g u r a t i o n  

a s  a f u n c t i o n  of t h e  e x c i t a t i o n  energy of t h e  r e s i d u a l  nuc leus  ( o r ,  con- 

versely, '  t h e  pion f i n a l  energy) .  To o b t a i n  t h e  t o t a l  c r o s s  s e c t i o n  f o r  

p a r t i c u l a r  e x c i t a t i o n  energy,  t h e  c r o s s  s e c t i o n  t o  t h e  t y p i c a l  s t a t e  is 

m u l t i p l i e d  by t h e  l e v e l  d e n s i t y  f o r  t h a t  e x c i t a t i o n  energy. The c r o s s  sec-  

t i o n  t o  ' I 0 ~ t ,  t he  coherent  ( p , ~ - )  p roduct ,  is obta ined  by i n t e g r a t i n g  over  



t h e  f i r s t  10 MeV of e x c i t a t i o n  energy. Cross s e c t i o n s  f o r  l i g h t e r  nuc l ides  

a r e  obta ined  by a l lowing  f o r  neut ron  evapora t ion  a t  h ighe r  e x c i t a t i o n  
R 

ene rg ie s .  The p red ic t ed  a s t a t i n e  mass d i s t r i b u t i o n  and o x  

were i n  very good agreement wi th  t h e  d a t a  of Clark  e t  a1.20 a t  200 MeV. -- 
While t h e  model con t inues  t o  a c c o u n t s f o r  o x  f o r  t he  heav ie r  a s t a t i n e ~  

( h Z o 7 ~ r )  up t o  Ep 3250 MeV, it f a i l s  t o  p r e d i c t  t h e  c o r r e c t  ox  f o r  

l i g h t e r  nuc l ides .  This  disagreement can be expla ined  by examining two 

a s p e c t s  of the  Gibbs model. 

The f i r s t  aspec t  concerns the  assumption t h a t  only t a r g e t  emission of 

t h e  pion t akes  place.  It may we l l  be t h a t ,  whi le  t h i s  assumption holds  

t r u e  f o r  t he  product ion  of heav ie r  a s t a t i n e s ,  t h e  l i g h t e r  nuc l ide  produc- 

t i o n  i s  due t o  both t a r g e t  emission and projecti;e emission (no followed by 

charge exchange t o  x'). I n  t h i s  ca se ,  t he  model simply f a i l s ,  a s  no 
\ 

accbunt  of charge exchange is included.  Gibbs himself  r e f e r s  t o  t a r g e t -  

only. emission a s  "adrnitted,ly an e x t r e m p p o i n t  of viewW2l. I f  t h i s  i s  

indeed t h e  case ,  then t h e  d i f f e r e n c e  between the  observed va lues  of ox  

and t h e  c a l c u l a t e d  va lues  is due t o  t he  f r a c t i o n  of ox produced by charge 

exchange mechanisms. 
P 

A second a spec t  of the  model can account  f o r  t h e  d i s c r e p a n c i e s  i n  ca l -  

c u l a t e d  and observed va lues  wi thout  a  resultingkbreakdown of t h e  model. 

Since the  pion product ion r e l i e s  on t h e  nucleus being l e f t  i n  " t y p i c a l "  

2p lh  s t a t e s ,  t h e  c r o s s  s e c t i o n  i s  s e n s i t i v e  t o  t h e  number of a v a i l a b l e  

" t y p i c a l "  s t a t e s ;  t h a t  i s ,  t he  l e v e l  d e n s i t y  of 2plh s t a t e s .  Gibbs used a  

l e v e l  d e n s i t y  parameter given by: 



where E r excitation energy in MeV. A two-nucleon model calculation for 

the corres'ponding *09 gicp,nO )210 PO reactionlg found that the cross section 

was quite sensitive to the level density of 2 1 0 ~ o  states. In that case, a 

satisfactory fit to the data was obtained using a density parameter given 

by the form: 

where a 'is a parameter dependent on nuclear mass number (in units of 

M ~ v - ~  ) . 
The level density in Equation 26 generally refers to all states, not 

just the 2plh states. However, Equation 26 is clearly a faster rising 
f -  

function of E than Equation 25. If the level density in Gibbs' model was A,fl 
replaced by a function with a steeper dependence on E (perhaps a E~ dep4n- 

dence), sufficiently high cross sections might be attained for ax, where 

- 
x = 4-7. If this proved to be the case, ax for the ( p , ~  xn) reactions 

could be accounted for entirely by target emission. 

Before ending the discussion of the individual excitation functions, a 

brief note must be made of the slightly higher values of ax at 350 MeV 

for the 2 0 9 ~ t  and 2 0 8 ~ t  products. In light of recent claims of the 

@ 
observance of a dibaryon resonance in the (p,~) reaction on copper at 

Ep = 350 MeV ,11, it should be noted that the higher values in the 

case of 2 0 9 ~ t  and 2 0 8 ~ t  are due amply to fluctuations in the valu'e of 
'\ 

oeff(211~~) (see Figure 13). If values of ~,ff(~llAt) are 

used (Equation 20), no peak in ax at 350 MeV is observed. 

The Astatine Mass Distributions 

The residual astatine mass distributions above a proton energy of 



252 MeV can be desc r ibed  by t h e  Gaussian. shapes summarized i n  Table  XV. 

The most probable  A t  mass i s  2 0 4 ~ t ,  cor responding  t o  an  average  emission of  
c9 

= 6  neut rons .  Below 252 M e V ,  t h e  most probable  number of emi t ted  neut rons  

(3 i s  r a p i d l y  i n c r e a s i n g  a s  s u c c e s s i v e  (p,n-xn) r e a c t i o n  channels  become 

a v a i l a b l e  w i th  i n c r e a s i n g  energy. The r e l a t i v e l y  cons t an t  va lue  of x from 
a 

252 MeV t o  800 MeV f o r  t h e  (p,x-xn) r e a c t i o n s  i s  a l s o  found f o r  t h e  

* O ' ~ i ( ~ , x n )  r e a c t i o n s  over  t h e  energy i n t e r v a l  210-481 M ~ v ~ ~ .  The (p,xn)  

process  i s  thought t o  involve  an  emissi-on of a  f a s t  neu t ron  from an  i n i t i a l  

pn + np charge exchange i n t e r a c t i o n ,  followed by a  subsequent  evapora t ion  

o f ' ( o n  average)  5 neut rons .  The s i m i l a r i t y  of t h e  Gaussian-shaped r e s i d u a l  

mass d i s t r i b u t i o n s  of both a s t a t i n e  ( i n  (p,x-xn)) and polonium ( i n  (p ,xn ) )  

n u c l e i  sugges t  a  s i m i l a r  r e a c t i o n  mechanism. An i n i t i a l  emiss ion  of a  f a s t  4 

( a  n- i n  (p,nexn) and a  neut ron  i n  (p ,xn) )  , fol lowed by evapora- 
' ?  

t i o n  of an average number of neu t rons .  - s 

f The behavi r of F' a s  a  f u n c t i o n  of p r o j e c t i l e  energy can g i v e  a n  

i n d i c a t i o n  of t e  d i s t r i b u t i o n  of e n e r g i e s  i n  t h e  (p ,n-xn)  r e a c t i o n  chan* 
t 

ne l .  I f  t h e  emi t ted  neut rons  a r e  assumed t o  r e s u l t  from an  evapora t ion  ' 

mechanism, t h e  ,energy t r a n s f e r  t o  t h e  nucleus can be approximated. Taking 

an average  neut ron  b inding  energy of 08  MeV and adding a  smal l  k i n e t i c  

energy ( - 2  MeV per,  neu t ron)  g i v e s  an average energy  t r a n s f e r  o f :  

- 
x- (<B,> + 2 MeV) = 10% MeV - (27)  

For t he  lower pro ton  e n e r g i e s ,  where x is i n c r e a s i n g ;  t h e  enqrgy t r a n s f e r  
.- - 

t o  t h e  nuc leus  a l s o  i n c r e a s e s .  For t h e  hfgher  p r o j e c t i l e  e n e r g i e s ,  x  seems 

t o  reach  an op t imal  va lue  of 6 ,  corresponding t o  =60  MeV. e x c i t a t i o n  energy 
-a 

( f o r  t he  nucleus.  I n  f a c t ,  t h e  e x c i t a t i o n  energy could be much h ighe r  i f  

\I 



some p a r t  of i t  were accounted f o r  by charged p a r t i c l e  evapora t ion .  How- 

e v e r ,  w i th  charged p a r t i c l e  emicssion, n u c l e i  o t h e r  t han  a s t a t i n e  r e s u l t  and 

a r e  not  d e t e c t e d  by t h e  p re sen t  radiochemical  technique.  For t h e  c a s e  of 

no charged p a r t i c l e  emiss ion ,  it appears  t h e  average energy t r a n s f e r  t o  t h e  

nuc leus  is approximately 60 MeV i n  t h e  (p,x'xn) channel .  From cons idera-  

t i o n s  of energy conse rva t ion ,  something can be s a i d  about  t h e  energy of t h e  

emi t t ed  pion. The t o t a l  a v a i l a b l e  energy is  the  pro ton  energy i n  t h e  

c e n t r e  of mass system. For pro tons  on bismuth, ECM - ELAB. Assuming 

a n  i n i t i a l  pion emiss ion ,  t h e  t o t a l  energy of t he  system j u s t  before  

neu t ron  evapora t ion  can be expressed  roughly a s :  

where E E, and EA r e p r e s e n t  t h e  k i n e t i c "  e n e r g i e s  of t h e  pro ton ,  P  ' 
pion and r e s i d u a l  nuc leus ,  %c2 i s  t h e  r e s t  mass of t h e  pion (-140 MeV) 

and E* i s  t h o  e x c i t a t i o n  energy of t h e  r e s i d u a l  nuc leus .  Discount ing  t h e  

r e l a t i v e l y  smal l  r e c o i l  energy (EA) and approximating E* wi th  Equat ion 27 
&. 

g i v e s  an approximation of t h e  pion energy. 

3 E, = Ep - 140 MeV - 10x  

For t h e  lower va lues  of Ep (and 3, t h e  pion energy is i n  t h e  range 20- 

30 MeV and the  i n c r e a s e  i n  a v a i l a b l e  energy (Ep) i s  compensated f o r  

mainly by an i n c r e a s e  i n  t h e  nucleus e x c i t a t i o n  energy,  wi th  a subsequent 

- 
i n c r e a s e  i n  x. A t  h ighe r  Ep ,  x is  p r a c t i c a l l y  cons t an t  and t h e  pion 

energy has t o  i n c r e a s e  wi th  i n c r e a s i n g  Ep i n  o rde r  t o  conserve energy i n  

t h e  (p ,nexn)  channel .  The radiochemical  technique of t h e  p re sen t  work sam- 

p l e s  t w o , d i f f e r e n t  pion energy reg ions .  fiear t h r e s h o l d ,  where t h e  



p r o b a b i l i t y  of charged p a r t i c l e  emission is low, t h e  (p,n-xn) channel  

2 0 accounts  f o r  >90% of t h e  t o t a l  (p,n') r e a c t i o n  . Pions  w i th  an  average of 

20-30 MeV energy a r e  emi t t ed  and t h e  r e s i d u a l  nuc leus  d i s s i p a t e s  t h e  excess  

energy by neut ron  evapora t ion .  With i n c r e a s i n g  i n c i d e n t  energy,  a  n e a r  

c o n s t a n t  a v e r d e x c i t a t i o n  energy is  observed and t h e  excess  energy is 

removed by the  pion. Here, t h e  radiochemical  t echnique  samples i nc reas -  

i n g l y  e n e r g e t i c  pions produced i n  t h e  (p,x'xn) channel  a t  a  cons t an t  aver- 

age momentum t r a n s f e r  t o  t he  nuc leus .  The average momentum t r a n s f e r  f o r  

t h e  (p ,xn)  r . e a ~ t i o n s ~ ~  was ob ta ined  by t h e  r e l a t i o n  

where <E&a; t he  average  s e p a r a t i o n  ene7rgy 

(based on t h e  average  3 and % is  t h e  nucleon 

1 2  (3'3) 

of t he  r e s i d u a l  nuc leus  

mass. For <ESEP> = 

60 M e V ,  t h e  average momentum t r a n s f e r  i n  t h e  (p,x-xn) r e a c t i o n s  above 

252 MeV i s  =335 MeV/c. This i s  s i m i l a r  t o  t he  va lue  c a l c u l a t e d  f o r  
B 

( p ,  xn12 , ~ 3 5 0  MeV/c , and c o n s i s t e n t  ~ 4 t h  o t h e r  proton-nucleus measurements. 

a t  i n t e rmed ia t e  energy which have examined l i n e a r  momentum t r a n s -  

fer'' ,'' . 
\ 

The T o t a l  (p,n-xn) Cross  S e c t i o n  

The e s t i m a t e s  of t he  t o t a l  (p,x-xn) c r o s s  s e c t i o n  ( o ~ ) ,  a s  calcu-  

l a t e d  from the  Gaussian mass d i s t r i b u t i o n s ,  were p rev ious ly  g iven  i n  
\ 

Table XVI  and F igure  18. F igure  18 a l s o  d i s p l a y s  exper imenta l  determina- 

t i o n s  of t he  i n c l u s i v e  c r o s s  s e c t i o n s  (ainc) f o r  heavy nucle;, a s  w e l l  a s  

--'.. 
t h e  summepcr s s e c t i o n s  extrapolat'ed,<rom ~ i b b s ? ' .  The s o l i d  l i n e  i n  

.; -7 / 

Figu re  18 ' r ep re sen t s  t h e  p red i c t ed  OT from the  i n t r a n u c l e a r  cascade ca l -  

c u l a t i o n  (INC) of Long -- e t  a l e 2 ' .  While both t he  I N C  and Gibbs' 



w 

c a l c u l a t i o n s  reproduce t h e  sha rp  r i s e  of o~  from t h r e s h o l d  t o  a200 MeV, 

t h e  magnitudes of t h e  two p r e d i c t i o n s  d i f f e r  by a  f a c t o r  of two a t  Ep = 

220 MeV. The p o s s i b l e  reasons  f o r  t h e  underes t imat ion  of o~  i n  t h e  Gibbs 
u=l: 

model have p rev ious ly  been d i scus sed .  I n  l i g h t  of t h e  agreement of t h e  I N C  

c a l c u l a t i o n  with t h e  exper imenta l  d a t a  a t  p ro ton  e n e r g i e s  s l i g h t l y  above 

200 MeV, t h e  dominant mechanisms of pion product ion  i n  t h e  I N C  must be -7 
examined. 

Long -- e t  a1.22 use  a s i m p l i f i e d  ve r s ion  of a  f u l l  I N C  type  of ca l cu l a -  /- 
6 2 t i o n  . I n  t h e i r  v e r s i o n  of t h e  Monte Car lo  cascade code, only t h e  most 

e n e r g e t i c  p a r t i c l e  is  fol lowed through a  s e r i e s  of qucleon-nucleon and 

nucleon-pion i n t e r a c t i o n s  i n  t h e  nuc leus .  The o t h e r  p a r t i c l e s  r e s u l t i n g  

from pro ton  s c a t t e r i y g ,  pion product ion  o r  pion s c a t t e r i n g  a r e  ignored and 
t 

b 

assumed t o  simply "heat  up" t h e  r e s i d u a l  nucleus.  The r e s u l t  ob t a ined  by 
c 7  ' 
2 

tl$+ type  of c a l c u l a t i o n  g ives  only OT, t h e  t o t a l  (p,x-xn) c r o s s  sec- 

t i o n .  A s  wi th  s t a a d a r d  I N C  codes,  t h e  r e a c t i o n  c r o s s  s e c t i o n  i s  cons idered  
, 9 

t o  be some product  of i n d i v i d u a l  NN + N N ,  NN + NNn and'nN + xN c r o s s  sec- 
9 

t i o n s .  The t h r e e  dominant pion produ mechanisms of t h e  c a l c u l a t i o n  - 
\ 

a r e :  (1) d i r e c t  n- p roduct ion  i n  an  i n i t i a l  c o l l i s i o n ,  pn + 

ppn-; ( 2 )  proton charge exchange, pn -+ np, where a  r e s u l t i n g  f a s t  neutron 

subsequent ly  produces t he  pion i n  a  second c o l l i s i o n ,  e.g. nn + dx-; 

( 3 )  n e u t r a l  pion product ion  i n  pp + ppnO o r  pn + p n O  c o l l i s i o n s ,  followed 
C 

0 by .rrO charge exchange, n  n  + x-p. The energy requirements  V o r  pion produc- 

t i o n  i n  t h e  -NN c e n t r e  mass a r e  provided by the  i dent  -proton energy - pk P 
and t h e  Fermi energy of t he  bound nucleons.  For 2 0 9 ~ i  and ~ 2 0 0  M e V  pro- 

t o n s ,  Long -- e t  a1.22 e s t i m a t e  t h a t  about  8% of t he  n u c l e o n s x a v e  s q f f i c i e n t .  

Fermi momenta t o  exceed the  r equ i r ed  c e n t r e  of mass enerhy. The even tua l  



va lue  of U T  i s  s e n s i t i v e  t o  t h e  i n p u t  va lues  of t h e  t h r e s h o l d s  f o r  t h e  

i n d i v i d u a l  NN + & c r o s s  s e c t i o n s .  These t h r e s h o l d s  a r e  expressed  i n  

terms of T-, , t he  maximum pion momentum i n  t h e  NN, c e n t r e  of mass: 

c 
The n o t a t i o n  of Equat ions 31 t o  33 i s  t h a t  of Long e t  a l ;  p and m r e f e r  t o  -- 
pion and proton r e s t  masses, Wm is  t h e  NN c e n t r e  &f mass energy. The 

7 

energy dependences of t he  N l h  c r o s s  s e c t i o n s  ( i n  terms of q )  a r e  then used 

i n  de te rmin ing  t h e  r a t e  of p ion  product ion  i n  t h e  Monte Car lo  c a l c u l a t i o n .  

C l e a r l y ,  q (and e v e n t u a l l y  a T )  i s  s e n s i t i v e  t o  t h e  form of Wm. Long 

e t  a l . ,  i n  f a c t ,  performed t h r e e  c a l c u l a t i o n s .  I n  t h e  -- 
- form of W N ~  descr ibed  by: 

-+ 
where (E,p)  and (E ,I) r e f e r  t o  proton and bound nucleon energy momenta, 

r e s p e c t i v e l y .  The energy of t h e  bound nucleon was simply taken  a s  i t s  

mass, E = r n F W  This  type of c a l c u l a t i o n  produced a  va lue  of UT = 11.6 

52.5  pb a t  Ep = 200 MeV. This  va lue  underes t imates  t h e  exper imenta l  a~ 
'J 

by a f a c t o r  of fou r .  I n  a  second c a l c u l a t i o n ,  t he  s t r u c k  nucleon was 

assumed t o  be " f r e e "  a t  t he  moment of pion product ion.  Here, E -(a2 + 
L' 

rj 
'k2) ' l2 and t h e  c a l c u l a t e d  va lue  of o~  was 190 228 pb a t  Ep = 

200 MeV.  his value  ove re s t ima te s  t he  exper imenta l  d a t a  by a  f a c t o r  of 

fou r .  

I n  o r d e r  t o  balance t he  extreme r e s u l t s  of t h e  f i r s t  two c a l c u l a t i o n s ,  



, d 

Long e t  a l .  assumed a  form of WNN somewhere between-the two prev ious  -- 

forms. Th5s was accomplished by a  t h i r d  c a l c u l a t i o n  t h a t  r e l i e d  on va lues  

of q from t h e  two prev ious  r e s u l t s .  The average i n p u t  NN, c r o s s  s e c t i o n s  

were taken  t o  have a  form desc r ibed  by: 

where t h e  s u b s c r i p t s  r e f e r  t o  t h e  e a r l i e r  c a l c u l a t i o n s  and q is  descr ibed  

by Equat ion 31. The t h i r d  c a l c u l a t i o n  gave a  va lue  of a~ = 42.9 k8.4 ~ b  

a t  200 MeV, i n  good agreement wi th  .experiment2 O .  This  c r o s s  s e c t i o n  repre-  

f l n t ed  26 n ' s  produced from 30,000 i n c i d e n t  p ro tons .  Of t h e  t o t a l ,  10 were : 

produced d i r e c t l y ,  12 r e s u l t e d  from nn c o l l i s i o n s  a f t e r  an i n i t i a l  pn 

charge exchange and 4  came from no charge exchange. The s i m p l i f i e d .  I N C  

c a l c u l a t i o n  i s  i n  good agreement wi th  t he  p re sen t  d a t a  t o  220 MeV. A t  
4/' 

h ighe r  e n e r g i e s  t h e  s i m p l i f i e d  c a l c u l a t i o n  cannot be a p p l i e d  t o  (p,nexn) 

r e a c t i o n s .  When t h e  NN c o l l i s i o n  energy becomes s u f f i c i e n t l y  h igh  t o  per- 

m i t  charged p a r t i c l e  emiss ion ,  a  f u l l  v e r s i o n  of a n  I N C  code must be used . . x  

t o  fo l low a l l  s c a t t e r e d  p a r t i c l e s  and extend the  c a l c u l a t i o n  t o  h ighe r  

i n c i d e n t  e n e r g i e s .  Since over  h a l f  of t h e  x ' s  produced i n  t h e  I N C  c a l c u l a -  

t i o n  r e s u l t  from mechanisms o t h e r  than d i r e c t  pn + ppx- producftion, i t  is  

i n t e r e s t i n g  t o  no t e  t h a t  t h e  Gibbs d i r e c t  p roduct ion  mode121 e s t i m a t e s  G T  

a t  h a l f  t h e  va lue  of t he  I N C  c a l c u l a t i o n .  However, given t h e  s e n s i t i d i t i e s  

of both models t o  c e n t r e  of mass energy (Long et a l . )  o r  2plh l e v e l  d e n s i t y  -- 
(Gibbs) ,  i t  is  unc l ea r  whether one model should be accepted  a t  t h e  expense 

of t he  o t h e r .  

_, Both of t he  c a l c u l a t i o n s  d i scussed  p rev ious ly  examine pion product ion  



J 
nea r  t h r e sho ld .  While t h e  e x c i t a t i o n  ' funct ions g iven  by ~ i b b s * l  can be 

e x t r a p o l a t e d  t o  Ep = 280 MeV,# it is u n l i k e l y  such an e x t r a p o l a t i o n  would 

be s t r i c t l y  v a l i d .  However, a  t h i r d  type  of c a l c u l a t i o n  has  been performed 

by I.   el son". Tbe c a l c u l a t i o n  examines t h e  behaviour  of o~  r e l a t i v e  t o  

a i n c  and t h e  behaviour  of E f o r  t h e  e n t i r e  energy range of t h e  p re sen t  
\ % 

* - d  

work. A schematic  model is  used (wi thout  regard f o r  t h e  s p e c i f i c  pion pro- 

duc t ion  mechansisms) t o  e x p l a i n  t h e  energy dependence of both.  Before t h i s  

# 

model ks  p re sen t ed ,  t h e  , gene ra l  f e a t u r e s  of 0~ and ofnc  a r e  reviewed. 

L- Figu re  19 aga in  d i s p l a y s  t h e  e s t ima ted  va lues  of OT. The energy 
4? ' 

dependence of G i n ,  i s  shown a s  a  s o l i d  l i n e .  The l i n e  i s  a  smooth curve 

drawn through t h e  p rev ious ly  mentioned exper imenta l  data7- ' ' .  Also shown 

a r e  exper imenta l  de t e rmina t ions  of t h e  elementary n  + p  a p  + p  + n- c r o s s  

s e c t i o n  obta ined  from neut ron  measurements 5 8 , 5 9 , 6 4 - 6 6 .  For t h e  purpose 

of comparison, t h e  np d a t a  have been converted t o  c e n t r e  of mass ene rg i e s .  

Below =250 MeV, t h e  s i m i l a r i t y  of t h e  energy dependence of o i n c ,  OT and 

anp  i s  immediately apparen t .  There can be no doubt t h a t  t h e  (p,x-xn) w 

'I, 
channel  i s  r e spons ib l e  f o r  most of t h e  i n c i u s i v e  pion product ion  a t  low 

L 

ene rg i e s .  Though t h e  s i m i l a r i t y  of both a i n c  and aT t o  anp  could be 

f o r t u i t o u s ,  i t  can a l s o  be argued a s  i n d i c a t i v e  of t h e  f a c t  t h a t  t he  d i r e c t  

p + n  -+ p  + p  + n- is  t h e  main mechanism of pion p roduc t ion  a t  lower 

e n e r g i e s .  A t  i n c i d e n t  ene rg i e s  about  =250 MeV, UT d e v i a t e s  from o inc  

and anp  and l e v e l s  off  wi th  i n c r e a s i n g  energy. The energy reg ion  where 

P" 
OT t u r n s  over roughly cor responds  t o  a  t h r e sho ld  where ( a f t e r  emi3sion of 

a  pion and 0 6  neu t rons )  a  p ro ton  has s u f f i c i e n t  energy t o  l eave  t h e  

nucleus.  A t  h ighe r  e n e r g i e s ,  both t h e  i n c i d e n t  p ro ton  and t h e  p ro ton  

r e s u l t i n g  from n- product ion can escape. I n  e i t h e r  ca se ,  t h e  resgdual  b 



EcM (MeV) 

Figure  19 Energy Dependence of Elementary, Summed and I n c l u s i v e  

- n Cross Sec t ions .  So l id  l i n e :  a inc;  open c i r c l e s  

and dashed l i n e :  a n p  from Refs. 58, 59, 64-66. 



nucleus  i s  no t  a s t a t i n e  and t h e  process  i s  not observed i n  t h i s  exper i -  

ment. A t  an  energy -300 MeV, anp a l s o  leve-1s of f  whi le  a incmcon t inues  

t o  i n c r e a s e .  This  energy roughly corresponds t o  t h e  t h r e sho ld  of double 

pion product ion .  The con t inu ing  i n c r e a s e  i n  o fnc  could e due to .doub le  2 
pion product ion  o r  t o  an  i n c r e a s e  i n  pion product ion  by charge exchange 

mechanisms not a v a i l a b l e  t o  anp. If charge exchange is important  t o  

o i n c ,  i t  w i l l  be important  t o  i t s  subse t  aT. From the  a v k i l a b l e  d a t a ,  

t h e r e  is  no way of knowing i f  t h e  h igh  energy behaviour ,of  GT is  charac- 

t e r i z e $  by d i r e c t  o r  charge exchange mechanisms. 
'? 

I- 
A Schematic Model Approach 

I. Kelson has  performed a  schematic  paramet r ic  c a l c u l a t i o n  comparing 

OT t o  o inc  a s  a  f u n c t i o n  of i n c i d e n t  p ro ton  energy63.  H i s  c a l c u l a t i o n  

i s  d i scus sed  i n  t h i s  s e c t i o n .  By concen t r a t i ng  only  on t h e  r a t i o  oT/  

o i n c ,  many of t h e  complex i t i e s  of t h e  pion p r o d u c t i q  mechanism a r e  - 4 

avoided and a  s i n g l e  parameter  is used t o  account f d r both t h e  c r o s s  sec- 

t i o n  r a t i o  and Z a s  f u n c t i o n s  of Ep. The i n t e r m e d i a t e  pion product ion 

mechanisms a r e  ignored.  No m a t t e r  how a  pion i s  produced, t he  f i n a l  s t a t e  

i s  assumed t o  c o n t a i n  a  x' ( t h a t  escapes  a f t e r  d e p o s i t i n g  k ome energy i n  

t h e  nuc leus)  and two p o s i t i v e  energy protons.  Kelson t r e a t s  t h e  nucleus a s  

a  s i n g l e  po in t  i n t e r a c t i o n  r eg ion ,  assumes i s o t r  i c  d i s t r i b u t i o n s  and 7 
averages  over  a l l  weak energy dependences. The more energy t h e  f i n a l - s t a t e  .- 

pro tons  have, t h e  more l i k e l y  they a r e  t o  escape t h e  i n t e r a c t i o n  reg ion;  

t h a t  i s ,  t h e  nucleus.  The p re sen t  experiment can be cons idered  t o  sample a  

f a i r l y  cons t an t  energy " t a i l "  of t h e  two f i n a l - s t a t e  pro tons ,  account ing  
cjl 

f o r  t h e  apparen t  independence of GT and x on Ep. 
,- 

The model assumes t h a t ,  a f t e r  a  pion i s  produced, t h e  t o t a l  energy 



a v a i l a b l e  f o r  d i s t r i b u t i o n  between t h e  pro tons  and t h e  pion is simply: 
eL 

where Ep, %c2  and E* a r e  t h e  i n c i d e n t  proton energy,  t h e  pion rest 

mass and t h e  e x c i t a t i o n  energy of t h e  nucleus.  A normalized p r o b a b i l i t y  

d e n s i t y ,  6 ,  f o r  t h e  two pro tons  t o  have e n e r g i e s  El and E2 is then  d e f i n e d  

I f  t he  p r o b a b i l i t y  t h a t  a  p ro ton  of energy E  w i l l  i n t e r a c t  wj th  t he  nuc leus  

i n  a  way such t h a t  no pro tons  (pr imary o r  s c a t t e r e d )  escape  is  def ined  by 

some f u n c t i o n  P(E),  t h e  r e l a t i o n s h i p  between OT (where no pro tons  escape)  

and a i n c  (where up t o  two pro tons  escape)  i s  g iven  by: 

The average energy depos i t ed  i n  t h e  nuc leus  by t h e  t rapped  pro tons  is g iven  

by : 

0 i n c  ETOT ETOT 
EDEP = (-1 I I 6P(E1 )P(E2 ) (E1+E2 )dEl dE2 (39)  

OT O 

Inc lud ing  t h e  i n i t i a l  e x c i t a t i o n  energy of t he  pion product ion  s t e p ,  t h e  

t o t a l  e x c i t a t i o n  energy of t h e  nucleus is  ED^^ + E*. The expected aver- 

age number of evaporated neut rons  is  simply 



where <Bn> is  t h e  average  neut ron  b inding  energy and <kT> is t h e  s r n d l e r  

k i n e t i c  energy. On t h e  assumption t h a t  i n i t i a l  pion product ion  occurs  i n  a  

c o l l i s i o n  wi th  a  nucleon a t  t h e  t op  of t h e  Fermi s e a ,  E* is  approximated by 

E* - Bn. I n  o rde r  t o  o b t a i n  q u a n t i t a t i v e  r e s u l t s  from Equat ions 38 

b h r a u g h  40, r e a l i s t i c  forms of 6 and P(E) a r e  r equ i r ed .  Kelson t r e a t s  t h e  '7 
t h r e e  f i n a l - s t a t e  p a r t i c l e s  a s  independent  and quas i - f r ee ,  c o r r e l a t e d  on ly  

4- 
by t o t a l  energy conse rva t ion  i n  a  n o n - r e l a t i v i s t i c  system. 6 i s  given t h e  

6 

form: 

The f u n c t i o n  P(E) can f n  p r i n c i p l e  be eva lua t ed  from i n t r a n u c l e a r  cascade  

types  of cons ide ra t i ons .  However, i n  t h e  c a l c u l a t i o n  it is  r ep re sen t ed  i n  

a  s imple one parameter  form based i n d i r e c t l y  on INC c o n s i d e r a t i o n s .  Below 

t h e  Coulomb b a r r i e r  ( B ) . f o r  p ro ton  emiss ion ,  t h e  escape  p r o b a b i l i t y  is  

p r a c t i c a l l y  zero  and 

P(E) = 1, f o r  E < B 

For e n e r g i e s  above t h e  b a r r i e r ,  

The parameter  w i s  monotonical ly  r e l a t e d  t o  t he  nucleon mean f r e e  p a t h ,  

though the  exac t  r e l a t i o n  i s  not c l e a r .  I n  t h e  c a l c u l a t i o n s ,  both ainc/ 

aT and St a r e  s e n s i t i v e  t o  t h e  one parameter (w). F igu re s  20 and 21 
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Figure 20 The Ratio o i n c / ~ T  as a Function of Proton Energy 
for a Number of Values of Parameter ,w 
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Figure 21  the Value of 5 as a Function of Proton Energy 

for a Number of Values of Parameter w 



d i s p l a y  t h e  r e s u l t s  of Kelson ' s  c a l c u l a t i o n s  compared wi th  the  experimental  

r e s u l t s .  .The va lues  of o i n c  have been e x t r a p o l a t e d  from Figure  19. The 

f a c t  t h a t  both & n t i t i e s  a r e  s a t i s f i e d  by the  same va lue  of w l ends  sup- 
* 

p o r t  t o  t h e  assumptions of t h e  schematic  model. 
Z 



The 2 0 9 ~ i ( p , n - x n ) 2 1  O - X A ~  r e a c t i o n s ,  wi th  x  = 0-7, have been s t u d i e d  

i n  t h e  energy r eg ion  120-800 MeV.. Though l i t t l e  in format ion  was ob ta ined  

on the  ;oherent 2 0 9 ~ i ( p , n 1 ) 2 1 0 ~ t  r e a c t i o n ,  t he  o t h e r  e x c i t a t i o n  f u n c t i o n s  

i 
O 2 1 0 ~ 0 1 9  and of show an enkrgy dependence s i m i l a r  t o  t h a t  of 2 0 9 ~ i ( p , a  ) 

i 
o t h e r  m type  r e a c t i o n s s 7 .  The s i m i l a r i t y  between t h e  exc!tation f u n k i o n s  

0 
of t h e  (p,n ) and (p,n-xn) r e a c t i o n s  a s  w e l l  a s  t h e  f a c t  t h a t  both can be 

desc r ibed  by two-nucleon mechanisms ( by ~ i l l i ~ "  f o r  (p ,nO ) and ~ i h b s ~  f o r  

(p,n-xn)) sugges t  t h a t  t h e  mechanisms f o r  both n- and no product ion  i n  

heavy n u c l e i  a r e  s i m i l a r .  Both c a l c u l a t i o n s  r e l y  on t h e  popula t ion  of 

h i g h - l y i n g . f i n a 1  nuc l ea r  s t a t e s .  Res idua l  n u c l e i  w i th  5-7 neut rons  removed 

firom t h e  coheren t  product  were found t o  be favoured i n  t h e  (p,n-xn) reac- 
,- 

8 
t i o n  channel .  The r e s i d u a l  a s t a t i n e  mass d i s t r i b u t i o n s  could be f i t  wi th  a  

- Gaussian s h a p e . t h a t  imp l i e s  an  average  r e s i d u a l  e x c i t a t i o n  energy (=60 MeV) 

and momentum t r a n s f e r  ( ~ 3 3 5  M ~ V / C )  f o r  t h e  (p,n-xn) channel .  This  momentum+ 

t r a n s f e r  is s i m i l a r  t o  t h a t  observed f o r  t h e  s e r i e s  of (p ,xn)34  charge k 
6 

exchange r e a c t i o n s  and o t h e r  proton induced r e a c t i o n s  a t  medium 

energy 6 0  ,61  and sugges t s  t h e r e  i s  a  s i m i l a r  average amount of momentum 

t r a n s f e r  f o r  r e a c t i o n  channels  involv ing  only neut ron  emission.  The 

measured energy dependence and mass d i s t r i b u t i o n s  a r e  i n  good agreement 

" with  t h e  two-ml%on  mechanism c a l c u l a t i o n  of ~ i b b s * l  a t  lower proton 
& 

e n e r g i e s .  While t h e  magnitude of t h e  e s t ima ted  t o t a l  c r o s s  s e c t i o n  i n  t h e  

(p,n-xn) ghannel (oT) i s  not reproduced by the  two-nucleon c a l c u l a t i o n ,  

i t  i s  p o s s i b l e  a  minor c o r r e c t i o n  t o  t he  assumed l e v e l  d e n s i t y  can account 

f o r  t h e  discrepancy.  The es t imated  magnitude of GT, up t o  Ep = 

2 2 0  MeV, is  i n  agreement wi th  an i n t r a n u c l e a r  cascade c a l c u l a t i o n 2 2  t h a t  
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a t t r i b u t e s  more than  h a l f  of t he  pion product ion  t o  charge exchange pro- 

ce s se s .  A t  i n c i d e n t  e n e r g i e s  below =250 MeV, the  (p,xexn) channel  domin- 

a t e s  t h e  i n c l u s i v e  TC- product ion .  Above 250 MeV, aT remains a t  a  

r e l a t i v e l y  cons t an t  va lue  account ing  f o r  only <= 0.5% of t he  i n c l u s i v e  c~!oss 

s e c t i o n .  This low va lue  is  no t  s u r p r i s i n g  s i n c e  r e a c t i o n  channels  involv-  

i n g  charged p a r t i c l e  emiss ion  become e n e r g e t i c a l l y  f e a s i b l e  a t  h igher  

ene rg i e s ' and  appa ren t ly  dominate t he  (p ,x )  c r o s s  s e c t i o n .  Over t he  e n t i r e  

energy r eg ion ,  t h e  energy dependence of aT/ainc and t h e  average number 

of evapdrated neut rons  a r e  reproduced we l l  by a  schemat ic  model63 t h a t  

t akes  i n t o  p r o b a b i l i t i e s  of one .o r  two pro ton  emission.  

Although no d e f i n i t e  conc lus ions  on t h e  under ly ing  mechanism of (p,x-xn) 

r e a c t i o n s  can be made, t he  s i m i l a r  energy dependence of CTT t o  onp ( t h e  

elementary np + ppx- c r o s s  s e c t i o n )  and t h e  q u a l i t a t i v e  agreement with t he  

two-nucleon model can suppor t  a  d i r e c t  pion product ion  mechanism. 

P- Since  OT is  such a  minor component of a in ,  a t  h igher  ene g i e s ,  it 

i s  i n t e r e s t i n g  t o  ask what r e a c t i o n  ( o r  c o l l e c t i o n  of r e a c t f m s )  is  

r e s p o n s i b l e  f o r  n- p roduct ion  a t  h ighe r  ene rg i e s .  It may w e l l  be t h a t  

channels  such a s  (p ,p texn)  o r  ( p , 2 p ~ - x n )  a r e  dominant. Unfo r tuna t e ly ,  
t!FJ- 

t h e s e  r e a c t i o n s  cannot be examined by s imple radiochemical  methods. Much 

more complex experiments  i nvo lv ing  co inc idence  measurements of emitt.ed par- 

t i c l e s  would be r equ i r ed .  
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