




f o r  d i f f e r e n t  c r y s t a l s .  Here 

p r e s e n t e d  a r e  t h e  r e s u l t s  of 

an  e x p e r i m e n t a l  s t u d y ,  u s i n g  

t h e  g i v e n  method, of t h r e e  

e s s e n t i a l  problems connec ted  

w i t h  o r i e n t a t i o n  e f f e c t s  

f o r m a t i o n ,  ion- induced c r y s t a l  

' smages ,  and n u c l e a r  l i f e t i m e  

e s t i m a t i o n .  

F i g .  1. P r o f i l e  of t h e  a x i a l  

d 0 1 >  b l o c k i n g  minimum measur- 

ed i n  diamond i r r a d i a t i o n  w i t h  

12'xe (222 MeV) i o n s  and i n  

r e c o i l s  ( C )  r e g i s t r a t i o n  a t  

t h e  a n g l e  QL=74" t o  t h e  beam. 

I. Volume C a p t u r e  of Nuc le i  t o  Channe l ing  

There  IS a  g e n e r a l  view t h a t  i n  r e c o r d i n g  t h e  a n g u l a r  d i s t r i b u t i o n  

of p a r t i c l e s  s c a t t e r e d  a t  l a r g e  a n g l e s  one shou ld  o b s e r v e  t h e  b l o c k i n g  

e f f e c t .  But i n  our  e x p e r i m e n t s  w i t h  Ge c r y s t a l s  a  t r a n s f o r m a t i o n  of 

c r y s t a l l o g r a p h i c  r e f l e c t i o n s  i s  d i s p l a y e d  15/ w i t h  a  v a r i a t i o n  of d e t e c -  

t i o n  a n g l e  Q L .  As 0  d e c r e a s e s  i n  t h e  r a n g e  0L=80-30' ,  t h e  i n v e r s i o n  of L  
c o n t r a s t  b l o c k i n g  minima t o  t h e  c h a n n e l i n g  maxima t a k e s  p l a c e .  L a t e r  

t h i s  f a c t  was e x p l a i n e d  q u a l i t a t i v e l y  14/ by an  i n c r e a s e  i n  t h e  t a r g e t  

a c t i v e  l a y e r  t h i c k n e s s  i n  t e r m s  of t h e  s econda ry  c a p t u r e  t o  c h a n n e l i n g  

of t h e  p a r t i c l e s  go ing  o u t  from t h e  d e p t h  of t h e  c r y s t a l .  I n  p a p e r s  
/ 5 , 6 /  

an  ana logous  e f f e c t  i s  obse rved  i n  t h e  bombardment of s i l i c o n  and 

diamond s i n g l e  c r y s t a l s  by d i f f e r e n t  heavy i o n s .  A summary of t h e s e  

r e s u l t s  i s  p r e s e n t e d  below. 

A few words  abou t  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  P o l i s h e d ,  (111)  o r  

(110)  o r i e n t e d  w a f e r s  5 1  mm t h i c k  made from m o n o c r y s t a l l i n e  high- 

q u a l i t y  diamond, S i  and Ge a r e  used a s  t a r g e t s .  They a r e  bombarded by 

heavy i o n  beams w i t h  e n e r g i e s  from 0 . 4  t o  6  MeV/amu a t  t h e  U-300 

c y c l o t r o n .  A f t e r  p a s s i n g  a  c o l l i m a t o r  t h e  beam had t h e  f o l l o w i n g  para-  

m e t e r s :  an  a n g u l a r  sp read  o f < O 0 5 ,  a  d i a m e t e r  of 1  mm (on t a r g e t ) ,  a n  

i n t e n s i t y  of d x 1 0 ~ ~  s-', and pu l sed  power of <1 W .  I r r a d i a t i o n s  were 

c a r r i e d  o u t  under  nona l igned  c o n d i t i o n s  a t  room t e m p e r a t u r e .  The beam- 

induced t e m p e r a t u r e  r i s e  on t h e  t a r g e t s  mounted on a  m e t a l l i c  backing 

was i n s i g n i f i c a n t .  The c r y s t a l  damage can be n e g l e c t e d  a t  t h e  dose  

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

S c a t t e r e d  i o n s  and r e c o i l  n u c l e i  were d e t e c t e d  w i t h  a  g l a s s  t r a c k  

d e t e c t o r ,  a s  w e l l  a s  w i t h  p l a s t i c s  ( c e l l u l o s e  n i t r a t e  and p o l y e t h y l e n e  

t e r e p h t h a l a t e ) ,  covered by an A 1  f o i l  and w i t h o u t  i t .  Hence t h e  r e f l e c -  

t i o n  p a t t e r n  can  be r eco rded  s e p a r a t e l y  f o r  s c a t t e r e d  i o n s  and f o r  

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

a b o u t  5  MeV i n  ene rgy  and Z Z 1 0  i n  t h e  a tomic  number of t h e  p a r t i c l e ,  

t h e  p l a s t i c s  had much lower  d e t e c t i o n  t h r e s h o l d s .  The v i s u a l i z a t i o n  of 

t h e  p a t t e r n  i s  ach ieved  by t h e  chemical  development of t h e  t r a c k s  

(p rov ided  t h e  t r a c k  d e n s i t y  i s  s u f f i c i e n t l y  h i g h ) .  

P a t t e r n  photographs  q r e  d i s p l a y e d  i n  f i g .  2 .  They a r e  t a k e n  d u r i n g  

t h e  exposu res  15/ of a  S i  c r y s t a l  t o  4 0 ~ r  i o n s  w i t h  e n e r g i e s  of 25. MeV 

( a )  and 151 MeV ( b ) .  I n  t h e  l a t t e r  c a s e  t h e  i n v e r s i o n  of t h e  b lock ing  

t o  c h a n n e l i n g  p a t t e r n  i s  obv ious .  The r e l a t i v e  y i e l d  /Yb of r e c o i l s  

a l o n g  t h e  < I l l >  S i  a x i s  i s  shown i n  f i g .  3 a s  a  f u n c t i o n  of t h e  4 0 ~ r  

ene rgy .  The t r a n s i t i o n  from b lock ing  t o  t h e  c h a n n e l i n g  e f f e c t  and 

r e t r o g r e s s i o n  t o  b l o c k i n g  a g a i n  w i t h  ene rgy  growth a r e  e v i d e n t .  

T h i s  complex behav iou r  i s  connec ted  w i t h  t h e  c r e a t i o n ,  a t  t h e  

i n t e r m e d i a t e  beam ene rgy ,  of t h e  c o n d i t i o n s  which a r e  ana logous  t o  a  

" b u r i e d "  s o u r c e  of e l a s t i c  r e c o i l s .  T h i s  r e s u l t s  from t h e  two f a c t o r s :  

f i r s t ,  t h e  d r a s t i c  v a r i a t i o n  of t h e  e l a s t i c  r e c o i l  k i n e t i c  ene rgy  w i t h  
2  a n g l e :  Ern- cos BL,  which l e a d s  t o  a  change i n  t h e  t a r g e t  a c t i v e  l a y e r ,  

t ;  and second ,  t h e  energy dependence of t h e  i n e l a s t i c - e l a s t i c  c r o s s  

s e c t i o n  r a t i o .  

T h i s  k ind  of s econda ry  channe l ing  p a t t e r n s  was obse rved  i n  many 

o t h e r  i n t e r a c t i o n s ,  f o r  i n s t a n c e ,  i n  12'xe (122 MeV) on S i  and diamond 

i n  t h e  a n g l e  r a n g e  of 30-4O0, and i n  t h e  r e a c t i o n  2 0 ~ e  (104 MeV) + Ge 

at  8L=40-60'. The l a t t e r  c a s e  i s  i l l u s t r a t e d  by f i g .  4 .  The s c a t t e r e d  

Ne i o n s  were d e t e c t e d  by p o l y e t h y l e n e  t e r e p h t h a l a t e  cove red  by a n  A 1  

f o i l  i n  o r d e r  t o  d i s c r i m i n a t e  t h e  r e c o i l s .  P l a n a r  and a x i a l  c h a n n e l i n g  

maxima were found. 

A h i g h - q u a l i t y  b l o c k i n g  p a t t e r n  w a s  obse rved  i n  t h e  (BL, EL) r e g i o n ,  

where a c t i v e  t h i c k n e s s  t 5 2  pm ( a l o n g  t h e  d e t e c t i o n  d i r e c t i o n ) ,  i n  

c o n t r a s t  t o  t h e  c h a n n e l i n g  maxima s e e n  f o r  a  t h i c k n e s s  of up t o  5-10 pm. 

The l a s t  v a l u e  i s  p robab ly  t h e  minimum l a y e r  necesda ry  f o r  t h e  t r a n s -  



Pig. 2. R e f l e c t i o n  p a t t e r n s  

r e c o r d e d  w i t h  g l a s s  d e t e c t o r s  

i n  t h e  e x p o s u r e  o f  a  s i l i c o n  

c r y s t a l  t o  4 0 ~ r  i o n s  w i t h  

e n e r g i e s  o f  2 5  MeV ( a )  a n d  

1 5 1  MeV ( b ) .  

b 

Pig. 3. R e l a t i v e  y i e l d  XO 
o f  r e c o i l s  a l o n g  t h e  S i  < I l l >  

a x i s ,  o r i e n t e d  a t  53' t o  t h e  

4 0 ~ r  beam, as a f u r ~ c t i o n  o f  

p r o j e c t i l e  e n e r g y .  ER i s  t h e  

g r a z i n g  e n e r g y .  

Pig. 4. R e f l e c t i o n  

p r o f i l e s  f o r 2 0 ~ e  

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

t h e  Ge d i r e c t i o n s  

( I ? ? ) ,  <I 11> a n d  

( 0 1 7 )  o r i e n t e d  a t  

a n g l e s  5 2 '  ( a ) ,  . 
58" ( b )  a n d  55"  ( c )  

r e l a t i v e  t o  t h e  beam. 

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

c h a n n e l i n g  o n e .  I n  t h e  c a s e  of  f i s s i o n  f r a g m e n t  i n t e r a c t i o n  w i t h  h e a v y  

c r y s t a l s  (W, U02) no s i m i l a r  c h a n n e l i n g  p a t t e r n  was o b s e r v e d .  T h i s  i s  

e x p l a i n e d  i n  t e r m s  o f  t h e  e x p a n s i o n  o f  b l o c k i n g  phase-volume f o r  f i s s i -  

on f r a g m e n t  t r a j e c t o r i e s  on heavy  c r y s t a l s .  

Thus t h e  volume c a p t u r e  of  medium-weight n u c l e i  t o  c h a n n e l i n g  i n  

d i a m o n d ,  S i ,  and  Ge c r y s t a l s  h a s  b e e n  e s t a b l i s h e d  e x p e r i m e n t a l l y .  

C a p t u r e  t o  c h a n n e l i c g  was d i s c u s s e d  17/ e x t e n s i v e l y  f o r  h i g h - e n e r g y  

p r o t o n  i n t e r a c t i o n s  w i t h  m o n o c r y s t a l l i n e  m e d i a .  Such p r o c e s s e s  a r e  

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

known a s  s p o n t a n e o u s  t r a n s i t i o n  f r o m  c h a o t i c  m o t i o n  t o  t h e  o r d e r e d  o n e .  

11. Damaging Power o f  S w i f t  Heavy I o n s  

Now a  growing  i n t e r e s t  i s  b e i n g  shown i n  h i g h - e n e r g y  i o n  i m p l a n -  

t a t i o n .  Some new p o s s i b i l i t i e s  of c r e a t i n g  v e r t i c a l  d e v i c e  s t r u c t u r e s  

and  o t h e r  a p p l i c a t i o n s  a r e  e x h i b i t e d  /'19/ i n  s i l i c o n  i m p l a n t a t i o n .  

A l s o ,  t h e  c r y s t a l  damage p r o c e s s  i n d u c e d  by h i g h l y  i o n i z i n g  i o n s  i s  

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

By u s i n g  t h e  c r y s t a l - b l o c k i n g  t e c h n i q u e  t h e  damaging  power of 

i o n s  f rom Ne t o  Xe f o r  d iamond,  S i  and Ge c r y s t a l s  h a s  b e e n  s t u d i e d  i n  

t h e  e n e r g y  r a n g e  10-130 MeV. The e x p e r i m e n t a l  method was t h e  same as 

d e s c r i b e d  a b o v e .  The b l o c k i n g  e f f e c t  was d e t e c t e d  f o r  e l a s t i c a l l y  

s c a t t e r e d  I o n s  and  r e c o i l s .  The c o n d i t i o n  of  a  t h i n  ( 5 2  pm) t a r g e t  

a c t i v e  l a y e r  was s a t i s f i e d .  C o n t r a s t  b l o c k i n g  minima ( A ( 0 . 4 )  a r e  

o b s e r v e d  f o r  e v e r y  c r y s t a l - p r o j e c t i l e  c a s e  a t  t h e  b e g i n n i n g  o f  i r r a d i a -  

t i o n .  The i n t e n s i t y  o f  t h e  b l o c k i n g  e f f e c t  was a t t e n u a t e d  w i t h  g r o w i n g  

i o n  f l u e n c e  , t h e  minimum y i e l d &  i n c r e a s e d  and  t e n d e d  t o  1  a t  

c r y s t a l  a m o r p h i z a t i o n .  Thus i o n - i n d u c e d  damage was c o n t r o l l e d  on t h e  

s u r f a c e  l a y e r  of  t h e  c r y s t a l  w i t h  a  t h i c k n e s s  much s m a l l e r  t h a n  t h e  

p r o j e c t i v e  r a n g e  o f  i o n s .  

The  m e a s u r e d  v a l u e s  of  t h e  minimum y i e l d  X 0 ( T )  a r e  t r a n s f o r m e d  

t o  )rrad(T) a c c o r d i n g  t o  t h e  f o r m u l a :  

x r o d ( ' P )  = 1 - [I -&(To [ I  -&(og-'. (1 

The q u a n t i t i e s  x r a d ( T )  c o r r e s p o n d  t o  t h e  r a d i a t i o n  damage e f f e c t ,  

x 0 ( 0 )  r e f e r s  t o  a  n o n - i r r a d i a t e d  c r y s t a l .  The damaging  power parame- 

t e r  A X r a d / A T  = O . l / T o , ,  c h a r a c t e r i s e s  t h e  d e g r e e  o f  d i s o r d e r  p e r  

d o s e  u n i t  i n  a  u n i f i e d  way. 

I n  f i g .  5 e x p e r i m e n t a l  r e s u l t s  a r e  shown f o r  A r  a n d  Xe i o n  i n t e r -  

a c t i o n s  w i t h  a  diamond c r y s t a l .  The damage e f f e c t  as w e l l  as t h e  un- 

e x p e c t e d l y  low damaging  power of  ~ e  i o n s  r e l a t i v e  t o  A r  are o b v i o u a .  



Fig .  5 .  The y i e l d  Xrad i n  t h e  

b lock ing  minimum <101> of 

diamond v e r s u s  i o n  f l u e n c e :  

25 MeV 4 0 ~ r  ( a )  and 122 MeV 

12'xe ( b ) .  
0.2 

0.0 

It is  r e a s o n a b l e  t o  look f o r  t h e  c o r r e l a t i o n  of t h e  measured 

damaging power w i t h  t h e  pa ramete r s  of n u c l e a r  and e l e c t r o n i c  ene rgy  

l o s s  of i o n s .  I n  t h e  p r o j e c t i l e  energy r ange  EL 0.5  MeV/amu d i s p e r s e d  

d e f e c t s  a r e  g e n e r a t e d  i n  random e v e n t s  of' n u c l e a r  c o l l i s i o n s .  Hence 

t h e  c r o s s  s e c t i o n  of d e f e c t  fo rma t ion  cart be c a l c u l a t e d  by i n t e g r a t i n g  

t h e  a n g u l a r  d i s t r i b u t i o n  of s c a t t e r e d  r e c o i l s  by t a k i n g  i n t o  accoun t  

t h e  d e f e c t  m u l t i p l i c a t i o n  p e r  pr imary r e c o i l .  The f o l l o w i n g  fo rmula  

was d e r i v e d :  

where  I = A 1 / A 2 ,  a  i s  t h e  Thomas-Fermi s c r e e n i n g  pa ramete r ,  Ed i s  t h e  

d i sp lacemen t  ene rgy  of  a n  atom, and f ( t 1 l 2 )  i s  t h e  u n i v e r s a l  s c a t t e r i n g  
/ I  o /  f u n c t i o n .  The realistic s c a t t e r i n g  c r o s s  s e c t i o n  was t a k e n  from r e f .  . 

The s y s t e m a t i c s  of damaging power as a  f u n c t i o n  of t h e  c a l c u l a t e d  

6D v a l u e s  i s  p r e s e n t e d  i n  f i g .  6 .  The d a t a  on S i  and Ge c r y s t a l s  a r e  

i n c l u d e d .  It  i s  s e e n  t h a t  a l l  p o i n t s  l i e  on a  l i n e a r  f u n c t i o n  e x c e p t  

t h e  r e s u l t s  f o r  Xe i o n s .  Hence t h e  c o r r e l a t i o n  of t h e  damaging power 

w i t h  t h e  c r o s s  s e c t i o n  GD i s  c o r r o b o r a t e d ,  bu t  a  new mechanism, 

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

Xe). Th i s  anomaly was obse rved  e a r l i e r  /11-13/ and i n t e r p r e t e d  a s  t h e  

s e l f - a n n e a l i n g  of each  i o n  t r a c k  p rov ided  t h e  e n e r g y - r e l e a s e  d e n s i t y  

was s u f f i c i e n t l y  h igh .  

F ig .  6. C o r r e l a t i o n  between t h g  i o n  

damaging power an$ t h e  c a l c u l a t e d  

c r o s s  s e c t i o n d D  of d e f e c t  fo rma t ion .  

Black p o i n t  r e f e r g  t o  S i  c r y s t a l ,  

l i g h t  one t o  Ge. 

0 
'Od~lctx  , nevipm 20 

Fig.  7. The same a s  i n  f i g .  6 ,  i n  

c o r r e l a t i o n  w i t h  t h e  e l e c t r o n i c  s topp-  

i n g  power of i o n s .  

Then t h e  c o r r e l a t i o n  

between t h e  damagtng power and 

e l e c t r o n i c  s t o p p i n g  power 

dE/dx shou ld  be i m p o r t a n t .  

It  i s  p l o t t e d  i n  f i g .  7. 
Indeed ,  t h e  t h r e s h o l d  a c t i v a -  

t i o n  of t h e  new menbanism of  

c r y s t a l  media r e sponse  i s  

conf i rmed f o r  h i g h  dE/dx va lu -  

e s .  I n  f i g .  7 t h e  growth chang- 

e s  t o  r e t r o g r e s s i o n  a t  t h e  

t h r e s h o l d  whose v a l u e  i s  d i f f e r -  

e n t  f o r  S i  and Ge, p o s s i b l y ,  

because  of t h e  d i f f e r e n c e  i n  

t h e  d i f f u s i o n  c o e f f i c i e n t s  of 

a toms i n  t h e  two m a t e r i a l s .  

The model which i d e n t i f i -  

e s  t h e  d e f e c t s  w i t h  t h e  atoms 

d i s p l a c e d  i n  n u c l e a r  c o l l i s i o n s  

does  n o t  e x p l a i n  t h e  Xe anomaly, 

n o r  t h e  r a t i o  between t h e  r a d i a -  

t i o n a l  r e s i s t a n c e  of diamond 

and Ge. Another model which 

is  v a l i d  f o r  d i e l e c t r i c s  

c o n s i d e r s  t h e  Coulomb ion- 

e x p l o s i o n  a s  a  r e a s o n  f o r  t h e  

d e s t r u c t i o n  of volumes ( l a t e n t  

t r a c k  f o r m a t i o n ) .  It p r e d i c t s  

t h e  amorph iza t ion  of diamond 

f o r  t h e  f l u e n c e  v a l u e s  of 

abou t  10" cm-2 . I n  f a c t ,  t h e  

l o n g - r a n g e , o r d e r  i n  diamond 

remains  f o r  a f l u e n c e  of up 

t o  l o q 5  cm-'. Hence t h i s  model 

i s  a l s o  uncapab le  of reproduc-  

i n g  t h e  c r y s t a l  behav iour .  

A more compl i ca t ed  n a t u r e  of 

t h e  c r y s t a l  media r e sponse  t o  

a h i g h l y  i o n i z i n g  p a r t i c l e  i s  

r e v e a l e d .  



111. I n f l u e n c e  of t h e  Nuc lea r  De-Exci ta t ion  Time 

on t h e  Blocking Minimum 

B l o c k i n g - r e f l e c t i o n  fo rma t ion  h a s  some p e c u l i a r i t i e s  i n  t h e  c a s e  

of t h e  r e g i s t r a t i o n  of i n e l a s t i c  n u c l e a r  r e a c t i o n  p r o d u c t s .  As known, 

no t  o n l y  t h e  p e r f e c t i o n  of t h e  l a t t i c e ,  b u t  a l s o  t h e  d i sp l acemen t  of 

t h e  p roduc t  emis s ion  p o i n t  p l a y  an  impor t an t  r o l e .  Exc i t ed  p r o d u c t s  

decay by t h e  emis s ion  of d - p a r t i c l e s  and n u c l e o n s ,  and g-rays produce 

r e c o i l  momentum w i t h  t h e  a d d i t i o n a l  a n g u l a r  s p r e a d  which changes  t h e  

t r a j e c t o r y  of t h e  p roduc t  i n  m o n o c r y s t a l l i n e  medium. The i n f l u e n c e  of 

t h e  d e - e x c i t a t i o n  p r o c e s s  on t h e  b lock ing  minima was r e v e a l e d  e x p e r i -  

m e n t a l l y  i n  pape r s  / 3 , 5 , 1 4 , 1 5 / .  

The r e g i s t r a t i o n  of e n e r g e t i c  n u c l e i  w i t h  s o l i d  s t a t e  t r a c k  

d e t e c t o r s  p r o v i d e s  t h e  p o s s i b i l i t y  of s e l e c t i v e  d e t e c t i o n  of t a r g e t -  

l i k e  p r o d u c t s .  Th i s  method was used f o r  measur ing / I 5 /  t h e  b lock ing  

minimum y i e l d  & a s  a  f u n c t i o n  of i o n  ene rgy  i n  t h e  r e a c t i o n s  2 0 ~ e  + 
+ Ge and 2 2 ~ e  + Ge. The r e s u l t s  a r e  e x h i b i t e d  i n  f i g .  8. I t  i s  e v i d e n t  

t h a t  w i t h  a n  ion-energy growth t h e  a b s o l u t e  y i e l d  of d e t e c t e d  p roduc t s  

d e c r e a s e s  a e  a  consequence of t h e  deg rad ing  of e l a s t i c  and q u a s i e l a s t i c  

p r o c e s s e s ,  and t h e  r e l a t i v e  y i e l d  )Coincreases because of the de-excita- 
t i o n  e f f e c t - H e n c e  t h e  d e - e x c i t a t i o n  t ime  i s  e s t i m a t e d  t o  be 1 .5x10- '~S.  

I f  a  t a r g e t - l i k e  p roduc t  i s  e m i t t e d  a t  t h e  a n g l e  BL i n  t h e  l a b .  

sys t em,  t h e n  t h e  t o t a l  e x c i t a t i o n  energy of b i n a r y  r e a c t i o n  p r o d u c t s  i s  * X 
r e s t r i c t e d  / 3 ' 5 /  by k i n e m a t i c a l  l i m i t  E  <E l im:  

- 
where A 1 . . . A 4  a r e  t h e  mass numbers of r e a c t i o n  p a r t i c i p a n t s ,  and Q i s  

t h e  ene rgy  r e l e a s e  i n  t h e  r e a c t i o n .  Hence t h e  e x c i t a t i o n  ene rgy  of 

p r o d u c t s  i n c r e a s e s  w i t h  p r o j e c t i l e  ene rgy  E L ,  b u t  d o e s  no t  exceed t h e  

v a l u e .  So it is  p o s s i b l e  t o  choose ,  by v a r y i n g  BL, t h e  mean 

e x c i t a t i o n  ene rgy  of a  t a r g e t - l i k e  p roduc t  n e a r  t h e  t h r e s h o l d  of s t r o n g  

decay.  

De-exc i t a t i on  n e a r  t h r e s h o l d  t a k e s  t ime  abou t  e q u a l  t o  t h e  e l e c t r o -  

magnet ic  decay p e r i o d  of 10-l6 s .  Consequent ly  t h i s  l ong  d e l a y  h a s  t o  

i n f l u e n c e  t h e  b lock ing  minimum i n  a  pronounced way. T h i s  i s  t h e  c a s e  
/ 5 /  

f o r  t h e  r e a c t i o n s  of 2 7 ~ 1  and 4 0 ~ r  w i t h  s i l i c o n  c r y s t a l s ,  a s  shown 

i n  f i g .  9. 

P a r t i c l e  e m i s s i o n  from t h e  product  s i m u l a t e s  t h e  d i sp l acemen t  S  

of i t s  t r a j e c t o r y  from t h e  a tomic  row: 

S = vq'T4sinG, 
(4 

F i g .  8. The r e l a t i v e  y i e l d  

xo a t  t h e  minimum measured 

f o r  t h e  r e a c t i o n s  2 0 ~ e + ~ e  

and 2 2 ~ e + ~ e  a s  a  f u n c t i o n  

of p r o j e c t i l e  ene rgy .  The 

a b s o l u t e  r e a c t i o n  y i e l d  Y ,  

and d i sp l acemen t  S  a r e  

a l s o  shown. The dashed l i n e  

i s  a  g u i d e  one f o r  t h e  

points)(b and Y ,  t h e  s o l i d  

l i n e  i n d i c a t e s  t h e  S  v a l u e s .  

F i g .  9. and d i s p l a c e m e n t  S  

v e r s u s  p r o j e c t i l e  ene rgy  f o r  r e a c t i o n s  

2 7 ~ 1  + S i  ( a )  and 4 P ~ r  + S i  ( b ) .  P o i n t s  0.6 

a r e  r e s u l t s  of measurements ,  da shed  s.- a I--- I 
l i n e  i s  t h e  c o n t r i b u t i o n  of t h e  e l e c t r o -  

a04 
magnet ic  decay p e r i o d  t o  N o ,  t h e  s o l i d  

l i n e  i n d i c a t e s  t h e  S  v a l u e s .  0.01 

0 M2M a q t O  1m l w  1% m 2% o 

EL. UH 
where V4 and T4 a r e  t h e  l a b o r a t o r y  v e l o c i t y  and t h e  l i f e t i m e  of a  

t a r g e t - l i k e  p r o d u c t ,  r e s p e c t i v e l y ,  and 5 i s  t h e  mean a n g l e  of d e f l e c -  

t i o n  c r e a t e d  by t h e  r e c o i l  of p a r t i c l e  emis s ion .  I f  V4T4>>dr  where 

d  i s  t h e  i n t e r a t o m i c  d i s t a n c e ,  t h e  d i sp l acemen t  S becomes un impor t an t  

because  t h e  a n g u l a r  d i s t r i b u t i o n  of b l o c k i n g  i s  formed b e f o r e  p a r t i c l e  

e m i s s i o n .  However, t h e  a n g u l a r  s p r e a d  s t i l l  i n f l u e n c e s  t h e  b l o c k i n g  

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

For  t h e  r e a c t i o n s  2 7 ~ 1  + S i  and 4 0 ~ r  + S i  ( f i g .  9 ) ,  t h e  s t r o n g  

decay  l i f e t i m e  g e n e r a t e s  t h e  d i s p l a c e m e n t s ,  and e l e c t r o m a g n e t i c  decay 

c r e a t e s  t h e  a n g u l a r  d i s p e r s i o n  ny : 

where EI  and MI a r e  t h e  mean ene rgy  and m u l t i p l i c i t y  of a  j - r ay  oaecade ,  

r e s p e c t i v e l y .  The c o n t r i b u t i o n  f rom e l e c t r o m a g n e t i c  decay w a s  s i m u l a t e d  

n u m e r i c a l l y  and t h e  d i sp l acemen t  S ,  connec ted  w i t h  t h e  l i f e t i m e  of 

s t r o n g  decay ,  T4, was e x t r a c t e d ,  a s  shown i n  f i g .  9. 
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