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The contribution of nonresonance inelastic collisions of atoms or 
molecules to the transport coefficients is examined within the frame- 
work of the classical approximation of collision theory. Attention is 
concentrated on transitions between upper levels adjacent to the con- 
tinuous spectrum. A general estimate is obtained for the total inelastic 
collision cross section, and certain limiting cases are investigated. 

The k ine t ic  theory  of gases  with in t e rna l  degrees  
of f reedom [1, 2] p e r m i t s  exp res s ion  of the t r a n s p o r t  
coeff ic ients  in t e r m s  of the so -ca l l ed  co l l i s ion  in t e -  
g ra l s ,  which take  ine las t ic  p r o c e s s e s  into account.  For  
the co l l i s ion  of a s t r u c t u r e d  and a s t r u c t u r e l e s s  p a r -  
t i c l e  (we confine ou r se lves  to this  case}, the following 
two in tegra l s  a re  the mos t  impor tan t :  

' V ),~ M*(~--~')\  
~('"' = ( 2--~K*- < 2T / '  

k 2uM* ] \(,  2V ] 
x [~- (w~' )  2 - 2_ ( ~ _  ~'5 ]~,, (1) 

L 6 j /  
where  

- 4 k - ~ - ]  J~('")~'kexp\--T] fo(w) dw x 

9ox /q 
Here,  Ei a re  the energy leve ls  of the s t ruc tu r ed  p a r -  
t i d e  of m a s s  Mo; T i s t h e  t e m p e r a t u r e  in energy  uni ts ;  
w and w' a re  the r e l a t ive  ve loc i t ies  of the col l id ing 
pa r t i c l e s  before  and af ter  col l is ion;  M* = m2Mo/(m 2 + 
+ No) is  the r e d u c e d m a s s ;  m 2 is the m a s s  of the s t r u c -  
t u r e l e s s  pa r t i c l e ;  Wik is the p robabi l i ty  of a t r a n s i t i o n  
accompanied  by a change of r e l a t ive  veloci ty  w -~ w'  
and in te rna l  s ta te  Ei ~ Ek; 

M* ~a/2 exp ( M*w 2 

is  the n o r m a l i z e d  Maxwell ian r e l a t ive  veloci ty  d i s t r i -  
bution. 

CIear ly ,  the quant i t ies  t2 depend impor tan t ly  on the 
en t i re  set  of ine las t i c  co l l i s ion  probabi l i t i e s  Wik, 
which, as a ru le ,  a re  only approx imate ly  known, and, 
even in this  ease ,  f inding sums of type (2) involves  
c u m b e r s o m e  computa t ions .  There fo re ,  we have a t -  
t empted  to find quant i t ies  (1) d i rec t ly  on the bas i s  of 

the c l a s s i c a l  approximat ion  of co l l i s ion  theory  [3, 4]. 

This  method p e r m i t s  us to make ce r t a in  e s t ima te s  of 
the ro le  of ine las t i c  co l l i s ions  of a toms and e l ec t rons  
with a toms.  

1. The c l a s s i c a l  approach to the  s t r u c t u r e d  pa r t i c l e  
impl ies  that i ts  ns imple  M component  pa r t i c l e s  with 
m a s s e s  m and m0(m + m 0 = M0) have c l a s s i c a l  ve loc -  
i t ies  v, v0 and coord ina tes  R, R0; t he i r  i n t e rac t ion  is  
desc r ibed  by the effective potent ia l  V (r ~ R - R0). 
The mot ion of the s t ruc tu r ed  pa r t i c l e  as a whole is 
cha rac t e r i zed  by the d i s t r ibu t ion  funct ion F0(G0) of the 
veloci ty  of the cen te r  of i ne r t i a  Go = mv + m0v0/M 0, 
while the in t e rna l  s ta te  with negat ive  energy  0 -> - E  -> 
-> mi n  V(r) is  given by the d i s t r ibu t ion  

{--E-- ~og~2 -v(~)lf' (3) 

where  go = v - v0 is the r e l a t ive  veloci ty  of the p a r -  
t i c les  m and m0, and #0 = mm0/M0 is t he i r  reduced  
m a s s .  

In the c l a s s i ca l  approximat ion ,  the i n t e r ac t i on  of a 
s t r uc tu r ed  and an impinging  pa r t i c l e  m2 (with veloci ty  
v2 d i s t r ibu ted  accord ing  to the law f2(v2)) is  t r e a t ed  
as the s ca t t e r ing  of a pa r t i c l e  m (or m0) at m 2, a c c o m -  
panied by an ins tan taneous  change of veloci ty  g = v - 
- v2 by g ' ,  as a r e su l t  of which the re  is  a change i n t h e  
energy of r e l a t ive  mot ion  in the s t r u c t u r e d  pa r t i c l e .  
" Ins tan tanei ty  n of co l l i s ion  means  that  the c h a r a c t e r -  
i s t ic  d imens ions  of the reg ion  of i n t e rac t ion  of the 
pa r t i c l e s  m (or too} and m 2 mus t  be much l e s s  t han the  
c h a r a c t e r i s t i c  d imens ion  of the s t ruc tu red  pa r t i c l e  in 
the s ta te  with binding energy  - E .  

It follows that the c l a s s i c a l  approximat ion ,  in which 
the d i s c r e t e  c ha r a c t e r  of the spec t rum of the s t r u c -  
t u red  pa r t i c l e  is d i s rega rded ,  can be used to ca lcu la te  
means  of type (2) when: a) the chief cont r ibut ion  to 
these  means  is made by t r a n s i t i o n s  between highly 
excited s ta tes ;  b) the dens i ty  of these  s ta tes  

p ( E ) = ; 5 { _ _ E  ~ogo V(r)} V3~ d~g3~ d r (4) 

is such that the d i s tances  between ne ighbor ing  l eve l s  
a re  sma l l  in  compar i son  wi th the  mean  pa r t i c l e  energy 
m2T : pT >> 1; and c} the total  n u m b e r  of these  s ta tes  
is l a rge :  

p (E) dE >> 1. 

2. Thus,  we wil l  cons ide r  the co l l i s ion  of a s t a t ion-  
a ry  s t ruc tu r ed  pa r t i c l e  [Fo(Go! = 5(Go)] in a s ta te  with 
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energy - E  and a particle m2. For  the present we con- 
fine ourselves to the interaction of m~ and m, which 
we character ize by the differential c ross  section for 
elastic scattering do-(g). Then, the probability of a 
transition with change of velocity w ~ w' is gdo-. 
Multiplication of gd o- by the delta function (3) and in- 
tegration over the scattering angles, dw, and phase 
space #gdg0dr/h ~ is equivalent to the summation over 
all end states Ek in (2). The subsequent integration 
over all permissible values of E corresponds to sum- 
mation over the initial states. Introducing the notation 
M = m + m ~ ,  p =mm~/M and going over to the new 
integration variables g and u = (#/M*)g 0 + (m~/M)v2, 
we arr ive  at the expression 

1 ? l( t 

Ix m o ~t~ a~' + ~ ( ~ r  ~ j • 

M* [(mo.? 
• exp 

Y 2T Lk Mo ] 

2 ~ u g +  g :4 

• gd~(g)dgdudr, 

where 

E~a X 

o 

The integral ~2 (2'2), which we henceforth leave out of 
consideration, has a similar,  but more unwieldy form, 

If do- does not depend on the azimuthal scattering 
angle, ' integration over all directions of gT permits a 
transformation of the f i rs t  factor  of the integrand to 

( ~g / 2 ~mo ug, 

and the replacement of do- in (5) with 

f f l (g )  = i (1--cos~)dg(g, @) 

the effective cross  section for momentum transfer .  
After integration over the angles, Eq. (5) takes the 
form 

2riM I M*p. ]3 ; ug2al(g)dEdrdg du • 

• exp{ ET M*2T x 

x[ p~--Lu2+ 2(E+V) + ~ 1 ~  M* ~ g~]}' 

the integration with respect  to u being confined to the 
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region 
2(E + V) ms [ 

F 2(E+V) + ms 

so that 

• exp T 2T (g~ q v2) al(g)dgdrdE' 

where 

me 1 , /  2 (E+V) 
0 (r) 

W V ~o 

is the velocity of the particle with mass m for finite 
motion of the pair m + m 0 with energy -E. 

Expression (6) takes into account, in the classical 
approximation, all the elastic and inelastic collisions 
of the particle m z with the particle M0 in all bound 
states, including the lower ones for which the continu- 
ous spectrum approximation is known to be incorrect. 
Therefore, in (6) the integration with respect to E 
should be confined to the region of highly excited 
states, while quantum calculations must be used to 
take inelastic collisions withlower states into account. 
We note, however, that owing to the large distances 
between these levels and their small populations (as 
compared with the ground state), the part played by 
nonresonanee collisions with atoms and molecules in 
lower states should evidently be very small. 

3. In certain cases, a further simplification of 
integral (6) is possible. If the mean velocity of particle 
m is small in comparison with (T/M*) I/2, i.e., 

• exp h~ • 

Emax " E " 

0 

(in the numerator,  the integration with respect  to E is 
confined to the highly excited states), then, expanding 
shx, chx, and exp(x) in series,  we obtain under the 
integral sign 

M* g~v" ( 5M*V'6T +'") 

and, retaining only the f i rs t  term,  we find 

1 ( f~in ) ~- ( ~ ) 1 / 2  ~ 1 l  'l) Q ~exp(-~)p(E)dE• 

\ ~ - - ]  ol(g)gSexp \ - - - ~  ] dg. 
0 



It is  e a sy  to s ee  tha t  the  f i r s t  f ac to r  in (8) is  s i m p l y  
the  r e l a t i v e  number  of a toms  (molecu les )  in exc i t ed  
s t a t e s ,  whi le  the  second  

M, ? M , e  I = (-~-I i ~'g~exP ('--~-I dg 
0 

\ I ,  T I M * )  . . . . .  

r e d u c e s  to the  o r d i n a r y  e l a s t i c  co l l i s i on  i n t e g r a l  fo r  
the  p a r t i c l e s  m and m2. 

In the  o the r  l i m i t i n g  c a s e  (M*v 2 >> T), when the  
r e l a t i v e  mot ion  of p a r t i c l e s  m and m 2 is  ch ie f ly  d e -  
t e r m i n e d  by the  f in i te  mot ion  of the  p a r t i c l e  m, in 
i n t e g r a l  (6) we can r e p l a c e  s h x  and c h x  with exp (x)/2 
and i n t e g r a t e  wi th  r e s p e c t  to g, expanding n e a r  the  
point  g --- v: 

o~ (g) = ~, (v) + o; ( g - -  v) +.. .  

Retaining the first term of this expansion, after 
s i m p l e  t r a n s f o r m a t i o n s  we obtain 

) • (9) 

( ) ~a~176 
X 6 - -  E ~o g~ V ha . 

2 

At f i r s t  g lance  i t  might  a p p e a r  that ,  by ana logy  
with  (8), th is  e x p r e s s i o n  should  contain  the  a v e r a g i n g  
ove r  the  f in i te  mot ion  of the  quant i ty  (m0go/M0)sal. 
However ,  th i s  is  not  so, s ince  in th i s  c a s e  the  change  
of ve loc i t y  of the  p a r t i c l e  m 2 (in the  s y s t e m  of the  
c e n t e r  of i n e r t i a  of the  p a r t i c l e  Me) i s  ch ie f ly  r e l a t e d  
to the  change of the  ve loc i t y  of the  c e n t e r  of i n e r t i a  
of the  s t r u c t u r e d  p a r t i c l e  a f t e r  s c a t t e r i n g  of the  f a s t  
p a r t i c l e  m on the a l m o s t  s t a t i o n a r y  p a r t i c l e  m2, as  
d i s t i nc t  f r o m  the  c a s e  M*v  2 << T, when the  change  
of ve loc i t y  of t he  f a s t  p a r t i c l e  m 2 is  d e t e r m i n e d  by  
s c a t t e r i n g  on a s t a t i o n a r y  p a r t i c l e  and the c e n t e r  of 
i n e r t i a  of the  s y s t e m ,  m + mo, r e m a i n s  f ixed.  

4. We use  t he  r e s u l t s  ob ta ined  to  e s t i m a t e  the  ro l e  
of i n e l a s t i c  p r o c e s s e s  in t h e  co l l i s ion  of v a r i o u s  
p a r t i c l e s  wi th  s i n g l e - e l e c t r o n  a toms .  The Coulomb 
po ten t ia l  d e s c r i b i n g  the i n t e r a c t i o n  of a va l ence  e l e c -  
t r o n  and a nuc leus  l e a d s  to the  d i v e r g e n c e  of Q and 
o the r  quant i t i es  of type  (8), (9). To e l i m i n a t e  th i s  
effect ,  it  is  p o s s i b l e  to use  the  s c r e e n e d  Coulomb 
po ten t i a l  

V - -  exp - -  , 
r 

selecting the screening radius R in accordance with 
the state of the gas mixture in question. For example, 
in a slightly nonideal plasma, R is the ordinary Debye 
radius, and R >> e2/T. The statistical sum over the 
bound states and the number of these states in the 
screened Coulomb field [5] are, respectively, equal 

(without r e g a r d  fo r  spin)  to 

Q ~ e x p  + N ;  N ~  29/--- 7 \ ao / , 

whe re  I i s  the  ion iza t ion  po ten t ia l  of the  a tom,  and a 0 
is  the  Bohr  r a d iu s .  

S imple  ca l cu l a t i ons ,  p e r f e c t l y  analogous  to those  
made  in (5), g ive  

12 ( m 0  ~2 e ~ 
< v ~ >  = - 5  \ M0 ] ~0R ' (10) 

and inequal i ty  (7) t a k e s  the  f o r m  

s \ - ~ o . J - ~  >> M* 

In the  event  of the  co l l i s i on  of an a tom and an e l e c -  
t r o n  (#0 = M* = me),  c r i t e r i o n  (11) of the  i m m o b i l i t y  
of the f in i te  e l e c t r o n  (and, a f o r t i o r i ,  the nucleus)  is  
s a t i s f i ed ,  owing to the s m a l l n e s s  of the p a r a m e t e r  
J / R T .  In this c a se  G 1 = 2~e4h/p2g 4, where  h is  the 
Coulomb loga r i t hm,  and the cont r ibu t ion  of i ne l a s t i c  
co l l i s ions  of the e l e c t r o n  with the a tomic  e l e c t r o n  o r  
nucleus  is  

N ( M *  ~ 2 ~e4A 
(Oin)  ~-~- \ 2~t ) r 2 (12) 

Thus,  the i ne l a s t i c  co l l i s i on  of a f r e e  e l e c t r o n  with 
an exc i t ed  a tom r e d u c e s  to s c a t t e r i n g  of the e l e c t r o n  
on a l m o s t  s t a t i ona ry ,  weak ly  i n t e r a c t i n g  c h a r g e s ,  the  
s c a t t e r i n g  on the nuc leus  be ing  s m a l l e r  by a f a c t o r  of 
4 than that  on the  f in i te  e l ec t ron .  In i n t e g r a l  (1), the  
quant i ty  (12) is  combined  with the  a v e r a g e d  dif fus ion 
c r o s s  sec t ion  for  e l a s t i c  s c a t t e r i n g  on an a tom in the  
ground s t a t e :  

0 

~.I0 a 

lO-e 

4, 6 8 t0 I2 PzO -r 
Tota l  c r o s s  s ec t ion  fo r  i n e l a s t i c  co l l i s i ons  
(Gin) be tween e l e c t r o n s  (Ira20 uni ts)  and 
hydrogen  a toms  {sol id l i ne s ,  the  f i gu re s  
denote  the  p r e s s u r e  in a im) .  F o r  c o m -  
p a r i s o n :  a - (Gel)  [6], b) the  quant i ty  
7re4/T 2, which d e t e r m i n e s  the o r d e r  of the 
Coulomb c r o s s  sec t ions ;  the  l ine  c i n t e r -  
s e c t s  the  i s o b a r s  at the  po in t s  w h e r e  the  

d e g r e e  of ionizat ion,  i s  equal  to 10%. 
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We compare this quantity, which is tabulated in [6], 
with (Crin). Using calculations of the degree of ioniza- 
tion of atomic hydrogen [7] and the formulas for N, Q, 
and (Crin), we arr ive  at the results given inthe figure. 
Clearly, there are  regions of temperatures  and pres-  
sures,  where the fraction of atoms in excited states 
is large, and the contribution of inelastic collisions 
to the integrals ~ exceeds that of elastic collisions. 
However, in these regions, the degree of ionization 
is so large that electron-atom collisions have almost 
no effect on the t ransport  phenomena. 

We now consider the collisions of two atoms, one 
of which is inthe ground state and transitions in which 
are  not taken into account. The interaction of this 
atom and the nucleus should be taken into account in 
accordance with (8), and since inthis case the quantity 
~1 is on the order  of the gas-kinetic cross  sections, 
@in) is approximately a factor N/Q smaller  than the 
c ross  section for elastic collision of two atoms in the 
ground state. 

The interaction with the finite electron of the ex- 
cited atom under the same conditions as considered 
above should be estimated in accordance with (9). 
Assuming, for simplicity, that c h = ~ea is constant, 
we have 

( g i n ) - -  4~ -  - -  h a • 

• ; e  e/r I e x p ( - - @ ) - -  @ ]  rdrdE. 

Neglecting exp (E/T), extending the integration with 
respect  to E to co and going over tothe new variable T:  
exp ( -  z) = ~-ER/e 2, we obtain 

8n2( 2a,__~*)'/: me~R(~, a 

r 1 

S 
o o 

and, finally, 

2 R 
((Yin) 

nQ a0 

xdx (1 + x) e -~ (e - ~ -  xe-~) 

2~rM*P)~/2 (In2 + 1/8)~a = 
T 

N 24 (1 /8+1n2) (M*  e~ ) 1/2 

Q 5~ m e RT, 
Oea. 

Under the conditions considered above, owing to the 
smallness of N/Q, the quantity (13)is small in compar-  

ison with the cross  section for elastic scattering of 
hydrogen atoms. For  atoms with a smaller  ionization 
potential and greater  masses,  and at l*e2 /meRT >> 1, 
the opposite situation is clearly possible but the anal- 
ysis of such cases lies outside the scope of this 
article. 

The case of collision between a heave charged par-  
ticle and an atom is also of interest. The interaction 
with the nucleus is found from (8) and is exactly equal 
to (12). The interaction with the finite electron should 
be found from (9), but in view of the Coulomb nature 
of cr 1 the corresponding integrals with respect  to E 
diverge at the lower limit, which is due tothe assump- 
tion, made in deriving (9), that the free particle is 
stationary. Therefore, noting that (9) is the averaging 
of ~l over the finite motion, we replace (g~3)with 
((g0)) -3, after which 

Q m e aoT 

In a number of cases, this quantity may be quite large; 
however, a more accurate estimate is possible only if 
the integral (6) is correc t ly  evaluated. 
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