
A V E R A G E  E N E R G Y  O F  E L E C T R O N S  E J E C T E D  F R O M  

A T O M S  D U R I N G  E L E C T R O N - C O L L I S I O N  I O N I Z A T I O N  

L.  I .  G r e c h i k h i n  a n d  V. V. K u d r y a s h o v  UDC 539.186 

P l a s m a  fo rma t ion  under  va r ious  condit ions i s  usual ly  due p r i m a r i l y  to the ionizat ion of a toms  in 
molecu les  f rom the i r  ground s t a tes  by e l ec t ron  col l is ion.  It is  impor t an t  to know the a ve r a ge  energy of 
the e jec ted  e l ec t rons  as  wel l  as  the number  of ioniza t ion  events.  The number  of such events is  usual ly  
c h a r a c t e r i z e d  by the total  ionizat ion c r o s s  sect ion,  while the e l ec t ron  energy  d i s t r ibu t ion  is  c h a r a c t e r i z e d  
by the d i f fe ren t ia l  c r o s s  sect ion.  Severa l  c r o s s  sec t ions  can be de te rmined  exper imen ta l ly ,  so i t  is pos -  
s ib le  to check the theory  in this  case ;  on the other  hand, it  is  diff icult  to d e t e r m i n e  d i f fe ren t ia l  c r o s s  s e c -  
t ions f rom exper iment ,  so va r ious  methods a r e  used in which a t heo re t i ca l  de sc r ip t i on  is found for  the 
d i f fe ren t ia l  c r o s s  sec t ion  for  e l e c t r o n - c o l l i s i o n  ionizat ion,  the c r o s s  sec t ions  a r e  compared ,  and then 
they a r e  used to ca lcu la te  the ave r age  ene rg ie s  of the e jec ted  e lec t rons .  

The energy  acqui red  by an a tomic  e l ec t ron  during an ionizat ion event  may have any value between 
the ionizat ion energy v 0 and the energy  v of the incident  e lec t ron.  If the a tomic  e l ec t ron  acqu i r e s  an energy  
between x and x + dx, i t  is  convenient to wr i t e  the c r o s s  sec t ion  to this r e a c t i o n  as  

dq (~) ~ a f  (x) ax, (1) 

where  a is  a p ropor t iona l i ty  coeff ic ient  which is independent of the e l ec t ron  energy.  

The total  ioniza t ion  c r o s s  sec t ion  is  

v 

q = a f f ( x )  ~4x. (2) 
,o o 

T h e  probab i l i ty  that an a tomic  e l ec t ron  wil l  acqu i re  an energy  between x and x + dx during an ion i za -  
t ion event is 

f (x) dx 
dw (x) -- v 

f f (x) dx  
vo 

- -  - g ( x )  d x ,  (3) 

where  g(x) is  the no rma l i zed  d i s t r ibu t ion  of e jec ted  a tomic  e l ec t rons  with r e s p e c t  to the energy t r a n s f e r r e d  
to them during the ionizat ion.  The ave rage  kinet ic  energy  of the e jec ted  e l ec t rons  is  

( x - -  Vo) f (x) dx 

v 
~ f (x) dx 

"do 

(4) 

The p rob lem of finding this  ave r age  energy  r educes  to one of finding the function f(x), but nei ther  
c l a s s i c a l  nor quantum mechan ics  gives  a s a t i s f a c t o r y  de sc r ip t i on  of the ioniza t ion  p roces s .  The a g r e e -  
ment  between the theo re t i ca l  r e s u l t s  and expe r imen ta l  data does not appea r  v e r y  convincing. Severa l  a t -  
t empts  have been made to cons t ruc t  s e m i e m p i r i c a l  equations,  of which the mos t  success fu l  is  apparen t ly  
the Drawin equation [1]. This equation gives the total  ioniza t ion  c r o s s  sec t ion  in bes t  ag reemen t  with ex -  
pe r imen t  for  a wide range  of v [2]. The total  ionizat ion c r o s s  sec t ions  a r e  given by exp re s s ions  l ike [3] 
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F i g .  I. D i s t r i b u t i o n  of  e j e c t e d  e l e c t r o n s  f o r  v = 2v  0. 
1) F u n c t i o n  (8); 2) f u n c t i o n  (14). 

F i g .  2. A v e r a g e  k i n e t i c  e n e r g y  of  e j e c t e d  e l e c t r o n s .  

1) F u n c t i o n  (9); 2) f u n c t i o n  (15). 

L/ 
q = ~ -  F (u), (5) 

w h e r e  u = v / v 0 ,  and  the  f o r m  of F(u) d e p e n d s  on t h e  m e t h o d  u s e d  to c a l c u l a t e  t he  c r o s s  s e c t i o n .  

B e l o w  w e  c o m p a r e  t h e  c a l c u l a t e d  d i s t r i b u t i o n  f u n c t i o n  g(x) and t h e  a v e r a g e  e n e r g y  v found on  the  

b a s i s  of  t h e  F(u)  f u n c t i o n s  o b t a i n e d  by  T h o m s o n  and  D r a w i n ,  s i n c e  b o t h  t h e s e  f u n c t i o n s  a r e  a s s u m e d  to 

ho ld  o v e r  a w i d e  r a n g e  of v.  

In  a c l a s s i c a l  a n a l y s i s ,  T h o m s o n  found  F(u) to be  

F 1 (u) = 4~1~ . . (~  --  (6) 
//2 

T h e  t o t a l  T h o m s o n  i o n i z a t i o n  c r o s s  s e c t i o n  i s  found  by s u b s t i t u t i n g  the  known  f u n c t i o n  f(x) [4] i n to  Eq.  (2): 

4 
A (x) = - -  �9 (7) 

UX 2 

T h e  d i s t r i b u t i o n  g(x) i s  

g~ (~) = _ _ _  ~)U o 
(v - -  vo) x~ 

(8) 

T h e  a v e r a g e  k i n e t i c  e n e r g y  v of t he  e j e c t e d  e l e c t r o n s  i s  

A s  u ~ 1, i . e . ,  a s  v ~ v0, w e  h a v e  v 1 ~ 0; i f ,  

v 0 ( Inu  - 1). 

D r a w i n  w r o t e  t he  f u n c t i o n  F (u) a s  

v1 VO\u_ l  / (9) 

on  the  o t h e r  hand ,  we  h a v e  u >> 1, i . e . ,  v >> v0, we  h a v e  v 1 

(u--  
F2 (u) = 2,65 b -'-- In (1.% cu), (10) //2 

w h e r e  w e  h a v e  b = 0 . 7 - 1 . 3  and c = 0 . 8 - 3  f o r  v a r i o u s  a t o m s .  H o w e v e r ,  t he  i o n i z a t i o n  i s  d e s c r i b e d  q u i t e  w e l l  
i f  w e  a s s u m e  b = c = 1 f o r  t h e  v a r i o u s  a t o m s .  

S i n c e  Eq .  (10) i s  e m p i r i c a l ,  w e  m u s t  f ind  t h e  f u n c t i o n  f(x) ;  f o r  t h i s  p u r p o s e  w e  u s e  Eq,  (2), s u b -  
s t i t u t i n g  Eq .  (5) i n to  i t s  l e f t  s i d e ,  u s i n g  Eq .  (10): 

v 

v = f~ (x) d~. 
Vo 

(11) 

S i n c e  i o n i z a t i o n  e n e r g y  v 0 m u s t  a p p e a r  on ly  a s  a n  i n t e g r a t i o n  l i m i t  i n  Eq .  (2) f o r  t he  t o t a l  i o n i z a t i o n  
c r o s s  s e c t i o n ,  w e  m u s t  h a v e  

d 7 
dvo J fi2(x) dx --f2(vu). (12) 

Vo 
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D i f f e r e n t i a t i n g  the  l e f t  s i de  of Eq. (11) wi th  r e s p e c t  to v0, and r e p l a c i n g  v 0 by  x in  the  func t ion  f2(v0), we 

f ind 

D i s t r i b u t i o n  func t ion  g(x) i s  

f~ (x)= 2'66b( ln(3"4cvlx}vx'J v!x)"  (13) 

VVo (,ln(3,4cv[x} 1 ) 1 
g~ (-0 : v -- vo ', x 2 v-x' " (14) In (1,25 c vlvo) 

F i g u r e  1 i l l u s t r a t e s  the  d i f f e r e n c e  b e t w e e n  func t ions  gl(x) and g2(x); h e r e  we have  a s s u m e d  e = 1. 

L e t  us  u s e  the  func t ion  f2 (x) to d e t e r m i n e  ~: 

( u In u In (3.4e ]/'u) l ) 
~ = vo \ ( a - - - - T ) ) I ~  In (1.25cu) 1 . 

AS U ~ 1, i . e . ,  a s  v --- Vo, we have  ~2 ~ O; if ,  on the o t h e r  hand,  we have  u >> 1, i . e . ,  v >> Vo, and c ~ 1, 
we  have  

v~ = Vo In u --  . 

F i g u r e  2 shows  the  func t ions  ~l(u) and v2(u ) in  r e l a t i v e  e n e r g y  un i t s ;  h e r e  we have  a s s u m e d  c = 1. 

The  a v e r a g e  e n e r g y  i s  an  i n c r e a s i n g  func t ion  of u, and th is  i s  t r u e  of both  the  v 1 (u) and v 2 (u) d e -  
p e n d e n c e s .  C a l c u l a t i o n s  c a r r i e d  out  on the b a s i s  (15) fo r  a l l  v a l u e s  of u y i e l d  a v e r a g e  e n e r g i e s  l o w e r  than  
t h o s e  fo_und t h rough  the u s e  of Eq. (9). The  d i s c r e p a n c y  i n c r e a s e s  wi th  i n c r e a s i n g  u, and a t  u >> 1 the  
e n e r g y  v 1 has  b e c o m e  r o u g h l y  tw ice  a s  l a r g e  a s  v 2. 

By u s i n g  func t ion  f2 (x) and the  p r o p e r  v a l u e  of the  coe f f i c i en t  c, we m a y  be  a b l e  to f ind a h ighly  a c -  
c u r a t e  a v e r a g e  k ine t i c  e n e r g y  fo r  the  e l e c t r o n s  e j e c t e d  f r o m  a t o m s  in e l e c t r o n - c o l l i s i o n  ion iza t ion ,  both  
f o r  v a r i o u s  a t o m s  and f o r  a wide  r a n g e  of u. 
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