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T h e s c a t t e r i n g c r o s s s e c t i o n at a t o m i c r o w s a l o n g c r y s t a l l o g r a p h i c d i r e c -
t i o n s is a n i m p o r t a n t c h a r a c t e r i s t i c in d e s c r i b i n g p a r t i c l e m o t i o n t h r o u g h s i n g l e 
c r y s t a l s u n d e r a x i a l c h a n n e l i n g c o n d i t i o n s [ 1 ] . T h e e f f e c t i v e - p o t e n t i a l m o d e l 
[ 1 ] d e s c r i b e s t h e e l a s t i c s c a t t e r i n g i n v o l v i n g c o n s e r v a t i o n o f t h e e n e r g y of t h e 
m o t i o n t r a n s v e r s e to t h e a x i s of r o w (the t r a n s v e r s e e n e r g y , f o r b r e v i t y ) . T h e 
m a i n f a c t o r s c a u s i n g t r a n s v e r s e - e n e r g y n o n c o n s e r v a t i o n a r e as f o l l o w s : t h e d i s -
c r e t e n e s s in t h e a t o m i c r o w [ 1 - 3 ] a n d t h e t h e r m a l m o t i o n o f t h e a t o m [ 1 , 4 ] , 
w h i c h a r e u s u a l l y c o n s i d e r e d s e p a r a t e l y . 

In t h i s n o t e , w e d i s c u s s t h e r e l a t i o n s h i p b e t w e e n t h e s e f a c t o r s f r o m n u m e r i -
c a l s i m u l a t i o n r e s u l t s o b t a i n e d by M o n t e C a r l o m e t h o d s f o r t h e s c a t t e r i n g of 
fast p r o t o n s (Z-^ = 1) of e n e r g y E = 500 k e V by t h e p r i n c i p a l a t o m i c r o w s < 1 0 0 > , 

< 1 1 0 > , < 1 1 1 > in a g e r m a n i u m c r y s t a l (Z^ = 3 2 ) , w h i c h has t h e d i a m o n d s t r u c t u r e . 

To e s t a b l i s h t h e r o l e of t h e row b a s i s in t h e case of t h e a n g l e <111> d i r e c t i o n , 
w e c o n s i d e r a h y p o t h e t i c a l < 1 1 1 > * r o w w i t h t h e same a v e r a g e i n t e r a t o m i c d i s t a n c e 
d b u t w i t h o u t t h e b a s i s . 

S e e [5] for d e t a i l s of t h e c a l c u l a t i o n p r o g r a m a n d t h e s c a t t e r i n g p a r a m e t e r s 
of a < 1 0 0 > r o w in g o l d . W e s i m u l a t e d t h e i n c i d e n c e of p r o t o n s on a row f r o m °° 
at a n a n g l e to t h e axis* of t h e r o w 0 q , w h o s e v a l u e was v a r i e d w i d e l y , w h i l e t h e 

c r y s t a l t e m p e r a t u r e T w a s v a r i e d f r o m zero to t h e m e l t i n g p o i n t . T h e r e s u l t i n g 
s c a t t e r e d - p r o t o n a n g u l a r d i s t r i b u t i o n s w e r e u s e d to d e t e r m i n e t h e a n g u l a r q u a n -
t i t y 

i ^ L ) _ 
\ 6z I (s) 

w h i c h is p r o p o r t i o n a l to t h e r a t e of i n c r e a s e w i t h d e p t h z in t h e m e a n t r a n s -
v e r s e e n e r g y of t h e c h a n n e l p a r t i c l e s d u e to r e p e a t e d s c a t t e r i n g at t h e r o w s . 
H e r e s is t h e p a r t i c l e p a t h in i n t e r a c t i o n w i t h a r o w in an e f f e c t i v e r e g i o n of 
r a d i u s r n , . * • и j 

w h e r e N is t h e d e n s i t y of a t o m s in t h e c r y s t a l a n d 6 is t h e a n g l e b e t w e e n t h e 
v e l o c i t y v e c t o r a n d the r o w a x i s a f t e r c o l l i s i o n . T h e a n g l e b r a c k e t s d e n o t e 
a v e r a g i n g o v e r an e n s e m b l e of p a r t i c l e s w i t h a u n i f o r m d i s t r i b u t i o n of t h e cen-
t r a l c o l l i s i o n p a r a m e t e r s in t h e r a n g e ( 0 , r Q ) 9 w h i c h c o r r e s p o n d s to a v e r a g i n g 
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F i g . 1 P i g . 2 

F i g . 1 . D e p e n d e n c e of t h e d i m e n s i o n l e s s c h a r a c t e r i s t i c w o f t h e m u l -
t i p l e p r o t o n s c a t t e r i n g at E = 500 k e V by a t o m i c r o w s In g e r m a n i u m 
on t h e d i m e n s i o n l e s s t r a n s v e r s e e n e r g y e x f o r T - 48 K . T h e d a s h e d 
l i n e is t h e t h e o r e t i c a l r e l a t i o n s h i p of (2); s i m u l a t i o n -results: c u r v e 
1 for < 1 1 1 > d i r e c t i o n , 2 for < 1 1 0 > and < 1 0 0 > d i r e c t i o n s a n d f o r a 
h y p o t h e t i c a l < 1 1 1 > * r o w . 

F i g . 2 . D e p e n d e n c e of t h e d i m e n s i o n l e s s c h a r a c t e r i s t i c w of t h e m u l -
t i p l e p r o t o n s c a t t e r i n g at E = 500 k e V by a t o m i c r o w s in g e r m a n i u m 
on t h e d i m e n s i o n l e s s t r a n s v e r s e e n e r g y e_j_ for T = 293 K ; t h e d a s h e d 
l i n e is t h e t h e o r e t i c a l r e l a t i o n s h i p of ( 2 ) , w h i l e t h e solid l i n e is 
t h e s i m u l a t i o n r e s u l t f o r < 1 1 0 > , < 1 0 0 > , < 1 1 1 > , a n d < 1 1 1 > * r o w s In 
g e r m a n i u m . 

o v e r a s t a t i s t i c a l l y e q u i l i b r i u m p a r t i c l e d i s t r i b u t i o n in a x i a l c h a n n e l i n g [ 1 , 5 ] 

T h e d i m e n s i o n l e s s q u a n t i t y 

(i) 
x ez ' £ 

is s h o w n as a f u n c t i o n of t h e d i m e n s i o n l e s s t r a n s v e r s e e n e r g y ех = 2бУ , w h e r e ip^ 

is t h e L i n d h a r d a n g l e , for t h e c a s e s of low t e m p e r a t u r e s ( F i g . 1 , T = 48 K ) and 
r o o m t e m p e r a t u r e ( F i g . 2 , T = 293 K ) . W e a l s o s h o w e d c a l c u l a t i o n s on S d 2 / S z 
(or w T ) in t h e L i n d h a r d m o d e l [ 1 , 6 ] : 

J-/ # ' 

/ 592 N 2 

M Z W L , WL = —(exp(e_L) -j- — 1 (1 —• exp(—• e_[_))3, (2) \ —r— ! = шчо-wl, WL — —— exp i 
\ bz JL C-a1 \ 3 ; 

2 

w h e r e G « 3 , a is t h e s c r e e n i n g c o n s t a n t in t h e T h o m a s - F e r m i m o d e l , a n d u x is 
t h e m e a n - s q u a r e t h e r m a l d i s p l a c e m e n t of t h e a t o m s in t h e t r a n s v e r s e p l a n e . 

T h e r e s u l t s i n d i c a t e that ш( £j_> ui) is a u n i v e r s a l r e l a t i o n s h i p for t h e s e 
r p w s in g e r m a n i u m , a p a r t f r o m a r o w w i t h < 1 1 1 > b a s i s at T = 48 K . In t h e l a t t e r 
c a s e , t h e r o l e of t h e r o w s t r u c t u r e h a s an a p p r e c i a b l e e f f e c t at s u f f i c i e n t l y 
s m a l l t r a n s v e r s e e n e r g i e s . Q u a n t i t a t i v e e v a l u a t i o n of t h e r e l a t i o n b e t w e e n t h e 
t h e r m a l a n d d i s c r e t e f a c t o r s c a n b e b a s e d o n t h e d i m e n s i o n l e s s p a r a m e t e r v = u J r D , 
w h e r e r D is t h e c r i t i c a l d i s t a n c e f o r u s i n g t h e e f f e c t i v e - p o t e n t i a l m o d e l [ 1 , 2 ] . 

In t h e c a s e o f t h e L i n d h a r d f o r m of p o t e n t i a l , t h e s o l u t i o n to t h e e q u a t i o n f o r 
Гц [2] can be put a p p r o x i m a t e l y as 
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rD ~0,2568x(l +*/2); 0 < AT < 2, x == — , (3) 
a 

w h e r e к = 1 f o r c h a i n s w i t h o u t a b a s i s a n d к « 7/ 2 f o r < 1 1 1 > c h a i n s w i t h t h e 
d i a m o n d s t r u c t u r e . C a l c u l a t i o n f r o m (3) s h o w e d t h a t у = 0 . 8 l f o r a n < 1 1 1 > r o w 
at T = 48 К; у > 1.8 i n t h e u p p e r c a s e s . T h i s s h o w s t h a t t h e c o n d i t i o n у < 1 
i s a n e c e s s a r y b u t s u f f i c i e n t c o n d i t i o n f o r t h e d i s c r e t e f a c t o r to p r e d o m i n a t e 
o v e r t h e t h e r m a l o n e at l o w t r a n s v e r s e e n e r g i e s . F o r у > 1 , t h e t h e r m a l m o t i o n 
c o n c e a l s t h e d i s c r e t e n e s s , a n d t h e r e l a t i o n s h i p s o f (1) a r e u n i v e r s a l f o r v a r i -
o u s c r y s t a l l o g r a p h i c d i r e c t i o n s . 

T h i s c o n c l u s i o n is c o n f i r m e d b y t h e s i m u l a t i o n r e s u l t s f o r q u a n t i t i e s of . 
t h e t y p e of (1) f o r p r o t o n s c a t t e r i n g b y t h e p r i n c i p a l a t o m i c r o w s I n F C C g o l d 
c r y s t a l s o v e r a w i d e t e m p e r a t u r e r a n g e , a s w e l l as t h e b e h a v i o r " o f t h e e n e r g y 
l o s s e s on i n t e r a c t i o n w i t h a t o m i c e l e c t r o n s a n d t h e b a c k - s c a t t e r i n g y i e l d in 
c h a n n e l i n g in t h e s e c r y s t a l s [ 7 ] . 

C o m p a r i s o n o f t h e n u m e r i c a l c a l c u l a t i o n s (1) a n d t h e a n a l y t i c o n e s (2) 
s h o w s t h a t (2) is a p p l i c a b l e in a r e s t r i c t e d r a n g e of s m a l l t r a n s v e r s e e n e r g i e s 
гх<е*±, e*_L~ln(l + Cza2/u2x). T h i s c o n c l u s i o n s t i l l a p p l i e s w h e n o n e i n c o r p o r a t e s t h e 
s u b s e q u e n t t e r m s i n (uJ(Ca))2 in ( 2 ) , w h i c h r e q u i r e s m o r e c a r e f u l a n a l y t i c a l c a l -
c u l a t i o n s to d e s c r i b e t h e f u n c t i o n s of (1) o v e r a w i d e t r a n s v e r s e - e n e r g y r a n g e . 
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