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The kinetics of recombination in a diatomic or polyatomic gas dis- 
persing into a cavity is investigated in a model gas with one ionization 
potential and one electron affinity. 
In addition to the recombination reaction in triple collisions, which 
play the most important role in the case of a monatomic gas [1], 
dissociative recombination, ion-atom charge transfer, and reactions 
involving negative ions are considered. The qualitative differences 
in the kinetics of recombination of a molecular gas (in comparison 
with a monatomic gas) are due to the smallness of the relative electron 
concenrzations at the instant of disturbance of ionization equilibrium 
and to the important contribution of dissociative recombination re- 
actions and the kinetics of formation and recombination of negative 
ions. 

In addition, owing to the greater specific heat of a polyatomic 
gas and the corresponding lower rate of cooling on dispersion, recom- 
bination due to collision of three charged particles is not, as distinct 
from the case of a monatomic gas, decisive for the asymptotic values 
of the adiabatic exponent and residual ionization. For this reason the 
values of the adiabatic exponent can be assigned irrespective of a in 
the solution of the equations of the kinetics of recombination of dia- 
tomie and polyatomie gases. Expressions for the instant of failure Of 
the equilibrium relationship between electrons and, respectively, 
positive and negative ions are obtained. 

The relationship between the charged-particle concentration in a 
gas in ionization nonequilibrium and the time for known valnes of the 
reaction rate constants is expressed by quadratuxes. The values of the 
rate constants of some ionization processes are known only in order of 
magnitude. However, available data on rate constants indicate that 
for practically any initial data for dispersion of the products of explo- 
sion or combustion of chemical compounds ionization equilibrium is 
upset at a time when there is still an equilibrium ratio of concentra- 
tions of electrons and negative ions. 

The  k i n e t i c s  of e l e c t r o n  r e c o m b i n a t i o n  in an e x -  

p a n d i n g  t h e r m a l l y  i o n i z e d  m o n a t o m i c  g a s  w a s  c o n -  

s i d e r e d  in  [1]. H o w e v e r ,  in  m a n y  p r a c t i c a l l y  i n t e r -  

e s t i n g  e a s e s  of d i s p e r s i o n  of a g a s  ( e m e r g e n c e  f r o m  a 

n o z z l e ,  d i s p e r s i o n  of p r o d u c t s  of  d e t o n a t i o n  of c h e m i -  

ca l  e x p l o s i v e s ,  e t c . )  the  a m o u n t  of a t o m i c  g a s  a t  t he  

i n s t a n t  of d i s t u r b a n c e  of i o n i z a t i o n  e q u i l i b r i u m  is  r e -  

l a t i v e l y  s m a l l  and  the  t o t a l  r e l a t i v e  c o n c e n t r a t i o n  of  

d i a t o m i c  and p o l y a t o m i c  m o l e c u l e s  i s  

~ ~ t .  (1) 

The  r e l a t i v e  e l e c t r o n  c o n c e n t r a t i o n  i s  u s u a l l y  

a < ~ l  (2) 

s i n c e  the  i o n i z a t i o n  p o t e n t i a l s  of the  m o l e c u l e s  of the  

bulk  of  the  g a s  m i x t u r e  a r e  u s u a l l y  g r e a t e r  t han  t h e i r  

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

We wi l l  c o n s i d e r  the  k i n e t i c s  of  e l e c t r o n - i o n  r e c o m -  

b i n a t i o n  in a m o l e c u l a r  g a s  w h e n  c o n d i t i o n s  (1) and (2) 

a r e  f u l f i l l e d .  In a d d i t i o n  to the  p r o c e s s  

t ~ A+ ~ e ~- e - - ~ A  ~ e 

w h i c h  i s  t he  m a i n  one [1] in  t he  k i n e t i c s  of  r e c o m b i n a -  

t ion  of a d i s p e r s i n g  m o n a t o m i c  g a s ,  w h e n  c o n d i t i o n s  

(1) and (2) a r e  f u l f i l l e d  we  m u s t  t ake  in to  a c c o u n t  the  

r e a c t i o n s  

2 ~ AB + ~  e - ~ M - - ~ A B - ~ M ,  

3 ~ A B  + + e - +  A + B 

( d i s s o c i a t i v e  r e c o m b i n a t i o n ) .  

T h e  r a t e  of d i s s o c i a t i v e  r e c o m b i n a t i o n  3 ~ i s  c h a r -  

a c t e r i z e d  at  r o o m  t e m p e r a t u r e s  [2 -4 ]  by  a c o n s t a n t  

k s ~ 1 0 - 6 - 1 0  - I  c m 3 . s e c  -1 and d e c r e a s e s  s l i g h t l y  wi th  

t e m p e r a t u r e  [2], s o  t h a t  at  t e m p e r a t u r e s  of -~ 0.1 eV 

k3 ~ t0 - sy  -1 c m 3 s e c  -1 . (3) 

We compare this value with the known [4-7] rate 
constants of the first two reactions 

kl ~ 10-~T-'h c m 6 . s e c - 1 ,  

k2 ~ l0 -31 T,  S/, cm6"sec  -1 , (4) 

if  the  t h i r d  p a r t i c l e  M is  an a t o m  (wi th  a t o m i c  w e i g h t  

~ 1 0 - 4 0 )  and 

k 2 .~ t0-a0T-% c m 6 s e c  -1 (5) 

i f  M i s  a m o l e c u l e , *  T i s  the  t e m p e r a t u r e  in eV.  We 

f ind  f r o m  (3), (4), and (5) t ha t  p r o c e s s  3 ~ p r e d o m i n a t e s  
o v e r  1 ~ if  

a6 < 0.03TV, (6) 

( h e r e  6 i s  t he  d e n s i t y  of the  g a s  d i v i d e d  by  i t s  n o r m a l  

d e n s i t y )  and o v e r  p r o c e s s  2 ~ if  

6 < 3 . t 0  ~ TV,. (7) 

It f o l l o w s  f r o m  the  S a M  f o r m u l a  tha t  in  t he  c a s e  of 

i o n i z a t i o n  e q u i l i b r i u m  c o n d i t i o n  (6) i s  f u l f i l l e d  i f  

2.10 -s 6-w 1"/4 (T / I ) " / ,  exp [ I /2T]>~>I  . (8) 

H e r e  I i s t h e  i o n i z a t i o n  p o t e n t i a l  ( in eV) of t he  c o m p o -  

n e n t  m a k i n g t h e  m a i n  c o n t r i b u t i o n  to  i o n i z a t i o n  of t he  g a s .  

P u t t i n g  I = 10 in  t he  f a c t o r  in  f r o n t  of the  e x p o n e n t  

we  h a v e ,  i n s t e a d  of Eq .  (8), 

] / 6 ( I  / T)'v, . ~  exp (I  / 2T).  

* T h e  s p e c i f i c i t y  of the  r e a c t i o n  2 ~ in  a m o l e c u l a r  g a s  

i s  due  to  the  r o t a t i o n a l  and v i b r a t i o n a l  t r a n s i t i o n s  on 

c o l l i s i o n s  w i t h  e l e c t r o n s .  A t  low t e m p e r a t u r e s  (of the  

o r d e r  of  100 ~ K) k~ ~ T - 7 / 2  [8].  
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Inequal i ty  (7) in the case  of adiabat ic  expansion of 
d ia tomic  or  po lya tomic  ga se s  is a lmos t  a lways fu l -  
f i l l ed  (an except ion  is the case  of expansion f rom the 
in i t ia l  s ta te  with t e m p e r a t u r e  T < 0.1 eV and 6 > 102, 
when the in i t ia l  ioniza t ion  is ins ignif icant) .  Inequal i ty  
(6) is  not a r e s t r i c t i o n  in such p r a c t i c a l  c a s e s  as the 
d i s p e r s i o n  of p roduc t s  of c h e m i c a l  r e a c t i o n s  (nozzle ,  
explosion) .  F o r  ins tance ,  if  5 < I, the fu l f i l lment  of 
Eq. (6) m e r e l y  r e q u i r e s  that  16T -< I. In the c a s e  of 

d i s p e r s i o n  of a subs tance  which in i t ia l ly  had a dens i ty  
c h a r a c t e r i s t i c  for  a solid,  inequal i ty  (6) is  fu l f i l led  in 
e v e r y  case  if 23T -< I. In view of what has  been  said 
we wi l l  a s s u m e  in d e t e r m i n i n g  the t ime  t = t l  of de -  
s t ruc t ion  of ionizat ion equ i l i b r ium that r e a c t i o n s  1 ~ and 
2 ~ a r e  unimpor tan t .  Other  r e a c t i o n s  in addit ion to 

those  ones cons ide r ed  may  play an impor t an t  ro le  in 
r e c o m b i n a t i o n  if nega t ive  ions can be fo rmed  in the 
sy s t em.  

Negat ive  ions  z -  can  be produced in the r e a c t i o n s  

4 ~ z §  
5 ~ A z + e - - > z - - F A .  

>> c~. The ac t iva t ion  e n e r g i e s  for  such a r e a c t i o n  a re  

usua l ly  smal l .  
In view of what  has been  said we wi l l  take Z a +  = 

-- c~+ (this is a l so  jus t i f i ed  by the fac t  that  k~ and k s 
in the bes t  case  a r e  known to within a f ac to r  of 2 -3 ) .  
Equat ing,  as in [10, 11] the r a t e  of change of the equi -  
l i b r i u m  e l e c t r o n  concen t ra t ion  in an ad iaba t ica l ly  ex-  
panding ga s d a * / d t  and (-k3Nac~+) (here  and hencefor th  
a* denotes  the e q u i l i b r i u m  value  of c0, we find for  the 
t i m e  t l  of s igni f icant  d i s tu rbance  of ioniza t ion  equ i l ib -  

r i u m  that  

I dT 
2T 2 d t =  k3Nzt* (12) 

whe re  I is  the ion iza t ion  potent ia l  of p a r t i c l e s  making 
the main  cont r ibu t ion  to the value  of c~*. If the r a t e  of 
expans ion  of the gas  is  constant  and the in i t i a l  d i m e n -  
s ions of the cloud or  of the c r i t i c a l  sec t ion  of the 
nozz le  can be neg lec ted ,  then 

d l n T  I s ( ' r - - l )  k3a*(t~) .  (13) 
a l n t  = s ( y - l ) '  2T tt 

P o s s i b l e  ways  of r e c o m b i n a t i o n  of z -  with pos i t ive  
ions a r e  

6 ~' z - + X ~ + M _ > z  ~-X. - I -M,  

7 ~ z- __ X'--> z + X 

(or o ther  neu t ra l  pa r t i c l e s ) .  

P r o c e s s e s  of pho to recombina t ion  of the type AB + + 
+ e ~ AB, which a re  104-105 t imes  s l o w e r  than 3 ~ [9], 

and photoa t tachment  AB + e ~ AB-  (this p r o c e s s  can 
compe te  with 4 ~ only at p a r t i c l e  dens i t i e s  of ~ 1014 

cm -a [4, 9]) wi l l  not be cons ide red .  
We wi l l  f i r s t  c o n s i d e r  r e combina t i on  p r o c e s s e s  in a 

gas  containing no nega t ive  ions (this includes  the case  
where  not al l ,  but only the main ,  components  of the 

gas m i x t u r e  do not have pos i t ive  e l e c t r o n  affinity). The 
k ine t i cs  of i o n i z a t i o n - r e c o m b i n a t i o n  p r o c e s s e s  in this 
ca se  is d e s c r i b e d  by the equat ions  of r e a c t i o n s  1 ~ 2 ~ 

and 3 ~ 

Ida \ \-E)I= -- k~N~~ +/1, (9) 

(da~, 
\ -.~)~ = - -  k2N~aEa+ + / , ,  (10)  

(~-~-~)3=-- k3Naa+ +/3, (11) 

where  N is the n u m b e r  of p a r t i c l e s  in 1 em 3 , Z a +  and 

c~+ a re  the r e l a t i v e  concen t r a t ions  of pos i t ive  ions of 
a l l  p a r t i c l e s  and m o l e c u l e s ,  r e s p e c t i v e l y ,  and f i is 
the symbol  for  the r a t e s  of the c o r r e s p o n d i n g  r e v e r s e  

r e a c t i o n s .  
The i on i za t i onpo ten t i a l s  of m o l e c u l e s  and a toms a re  

usua l ly  c o m p a r a b l e  in value  and, hence ,  if condi t ion 

(1) holds,  xc~+ ~ G+. The fact  that only m o l e c u l a r  ions 
can combine  by r e a c t i o n  3~ is not impor tan t  in v iew of 
the rapid  i o n - a t o m  c h a r g e - t r a n s f e r  r eac t i on  [3,4,  9]: 

A + + XY ~ A + XY + which has  a r a t e  constant  of the 

o r d e r  of 10 -~ k3, but is  much m o r e  rap id  s ince  a m >> 

Here  s is a n u m b e r  equal  to t h r ee  for  unsteady 
s p h e r i c a l  d i s p e r s i o n  and two for  unsteady cy l ind r i ca l  
o r  s teady s p h e r i c a l  (nozzle)  d i spe r s ion ,  and Y is  the 

e f fec t ive  adiabat ic  exponent.  
Equat ion (12) or  (13), t oge the r  with the Saha equa-  

tion and the r e l a t ionsh ip  T(t) fo r  adiabat ic  flow, g ives  

the t ime  t 1 of d i s tu rbance  of ionizat ion equ i l ib r ium.  
When t > t 1 the e l e c t r o n  concen t ra t ion  is g iven by the 

equat ion 

d_~a = __ [ k l a n  + koN ~ k3] a~-N (14) 
dt 

with in i t i a l  data  a(t~) = a*(t l ) .  
We ca lcu la te  a fo r  t > t l  a f t e r  noting the following. 

Dia tomic  and po lya tomic  g a s e s  at t e m p e r a t u r e s  ~ 0.1 
eV a re  c h a r a c t e r i z e d  by an adiabat ic  exponent  7 ~ 1.3 
and cool much m o r e  s lowly on adiabat ic  expansion than 
a mona tomic  gas.  The r e l a t i v e  s m a l l n e s s  of 7 is due 

to the ro ta t iona l  and v ib r a t i ona l  mot ions  of the m o l e -  
cules  and, hence ,  as d i s t inc t  f r o m  the case  of a m o n -  
a tomic  gas ,  Y can be a s s igned  i r r e s p e c t i v e  of the 
k ine t i c s  of e l e c t r o n  recombina t ion .  It is known [1] that 
p r o c e s s  1 ~ plays  a d e c i s i v e  ro l e  in the k ine t i cs  of r e -  
combina t ion  of an expanding mona tomic  gas  and leads 
to z e r o  r e s i d u a l  ioniza t ion  if T > 37/27 fo r  s = 3 and 
y > 4/3 fo r  s = 2. Such va lues  of y in d i a tomic  and 
po lya tomic  g a s e s  can be at ta ined only at late s tages  of 

d i spe r s ion ,  when the gas t e m p e r a t u r e  becomes  l e s s  
than 0.1 eV: Such cool ing,  however ,  is accompanied  
by " f r e e z i n g "  of the v ib ra t iona l  energy .  Owing to the 
r e l a t i v e l y  rap id  t r a n s f e r  of v ib ra t iona l  ene rgy  to f r e e  
e l e c t r o n s  the cool ing of the e l e c t r o n  gas is  r e t a r d e d .  

Thus,  cool ing of e l e c t r o n s  in a m o l e c u l a r  gas is 
f a i r l y  slow at a l l  s t ages  of d i s p e r s i o n  and, as d i s t inc t  

f r o m  the case  of a mona tomic  gas ,  r e ac t i on  1 ~ does 

not lead to comple t e  r e com bina t i on  of the e l e c t r ons .  

F o r  this  r e a s o n  in the p r o c e s s  of expansion of a 

m o l e c u l a r  gas the r a t io  ( ak l  + k2)N/k3 is  e i t he r  a lmos t  

constant ,  or  d e c r e a s e s ,  which means  that when the 
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in i t i a l  inequa l i t i es  (6) and (7) hold at t ime t l  We can ig-  
nore  r eac t ions  1 ~ and 2 ~ at t > tl  too. Hence,  ins tead  
of (14) we have 

d(z 
dt 

t 
a = a* ( t i ) [ i  -~ at* (ti) I kaNdt]  -1 . 

t~ 
(15) 

p a r t i c l e s  of A and negat ive  ions.  This  is  a fa i r ly  r i g -  
id condit ion,  s ince it follows f rom the Saha fo rmula  
that ~_ ~ a6 at ve ry  low t e m p e r a t u r e s  T < 1/3 e, at 
which the concen t ra t ions  of a toms or rad ica l s  of A 
capable of reac t ion  5 ~ , if any are p r e se n t  in the sys -  
tem,  a re  usual ly  much less  than unity. F o r  this  r e a -  
son p r o c e s s  5 ~ will  be neglected f rom now on. 

We p r e s e n t ,  like Eq. (9)-(11),  the equat ions of the 
k ine t i cs  of r eac t ions  4 ~ 6 ~ and 7 ~ in  the fo rm 

We find the r e s idua l  ioniza t ion  ~ in the case  of 
spher ica l  and cy l ind r i ca l  d i spe r s ion .  Subst i tu t ing in 
(15) for  a d i s p e r s i n g  [10] gas* 

N - - N  o (t o / t)s (16) 

and taking the slowly va ry ing  quant i ty  ka outside the 
i n t eg ra l  s ign at the lower  l imi t ,  we find, us ing  Eq. 
(13), that 

rs ('r - -  t) .]-i  ( 1 7 )  
otr : a *  ( t l ) [ t - ~  2 ( s _ l ) T ( t , )  . 

Ida+ ~ - -  k ~ + a - N  2 ~- /6 ( ~ - )  : - - k a a N ~ - ~ - / 4 ,  ~'-'~-] : 

( d~+ "~ = __ kTa+o:_N -I- Iv "--Ei-]7 

The constant  ks and the typical  (in o rde r  of magn i -  
tude) va lues  of the cons tan ts  k4 and k7 are  

k8 ~-~ 3 . t0  -~s (T) -~/, cm6.sec -1,  

k4 ~ 5 . t0  -3. (T) V~ cm6.sec -1 , 

k 7 ~ 2 . i0  -~ (T)-'/,cm6-sec -1. (18) 

We t u r n  now to the case where  the gas may conta in  
negat ive  ions.  The vas t  ma jo r i t y  of the a toms and 
mo lecu l e s  ex is t ing  in na tu re  have posi t ive  e l ec t ron  af- 
f ini ty  and, hence,  the cons ide red  case is v e r y  genera l .  
In gas m i x t u r e s  the total  r e l a t ive  concen t ra t ions  of 
neu t r a l  p a r t i c l e s  ~z which form negat ive  ions a re  
usua l ly  c lose  to unity.  In accordance  with this we con-  
s ide r  a gas model  in which az  = 1. In addition, we as -  
sume  for s impl i c i ty  that all  the neu t r a l  p a r t i c l e s  have 
a common e l ec t ron  affinity e. 

The k ine t ics  of r ecombina t ion  is desc r ibed  by equa-  
t ion (11) and the equat ions  of r eac t ions  4~  ~ . React ion  
5 ~ is  usua l ly  highly endothermic** and, hence,  p r o -  
ceeds at a low rate .  In an adiabat ica l ly  expanding gas 
the d i rec t ion  of reac t ion  5 ~ may be r eve r s ed ,  depend-  
ing on the k ine t i cs  of r ecombina t ion  of a toms or  r ad -  
ica ls  of A. If the r e v e r s e  reac t ion  to 5 ~ with a ra te  
cons tant  of the o r d e r  10- 10 cm3/sec  [3, 4, 9], is to be 
l a rge ly  neu t r a l i zed  by reac t ion  4 ~ then (~A a_ ~ a6,  
where  aA and a_ a re  the re la t ive  concen t ra t ions  of 

*The p a r a m e t e r  to is  equal to the in i t ia l  rad ius  r0 of 
the cloud divided by the ve loc i ty  of i ne r t i a l  d i s p e r s i o n  
u. If the f la red  pa r t  of the nozzle  is  conical  r0 is equiv-  
a lent  to the rad ius  of the c r i t i ca l  sec t ion  mul t ip l ied  by 
the cotangent  of half  the apical  angle of the cone. 
**An except ion is the case where the gas conta ins  

molecu les  with a d i s soc ia t ion  potent ia l  D l e s s  than 
the i r  e l ec t ron  affinity e or the d i f ference  between D 
and e is ins ign i f ican t .  Halogens a re  among the r e l a -  
t ively s imple  molecu les  which have this  p roper ty .  In 
this  case k4 in all  the following fo rmu la s  m u s t  be r e -  
placed by kiN + ~hks,  where  ~h is the r e l a t ive  con-  
cen t ra t ion  of halogens  and k s ~ 10 -s ma.sec  -1. This  
value of k s is  de r ived  f rom the r e l a t ionsh ip  between 
the c ross  sect ion of the p r o c e s s  12 + e ~ I -  + I and 
the e l ec t ron  ene rgy  [12]. 

The second fo rmula  of Eq. (18) at t e m p e r a t u r e s  
~0.1 eV sa t i s f ac to r i ly  r ep roduce  the data of [13] for 
0 2 . The ra te  of p r oc e s s  4 ~ in the case of 0 2 depends 
on the e f fec t iveness  of s tab i l iza t ion  [4] of the excited 
s tate  of the negat ive  ion 02-.  In a complex mix tu re  of 
gases  the ra te  of r eac t ion  4 ~ wil l  p r e s u m a b l y  be com-  
pa rab le  with that of r eac t ions  (18). We note that the 
appl ica t ion of the p r inc ip le  of deta i led ba lance  to the 
data of [4] for  the r e v e r s e  r eac t ion  4 ~ in the case of 
co l l i s ion  of negat ive  oxygen ions and a toms of iner t  
gases  when the col l iding pa r t i c l e s  have energ ies  of 
~10 eV, or  more ,  leads to the re la t ionsh ip  k 4 

10 -~ l /T .  Approx imate ly  the same re la t ionsh ip  is  ob- 
ta ined for  the co r r e spond ing  reac t ions  with the nega-  
t ive hydrogen ion [4]. 

At n o r m a l  t e m p e r a t u r e  k7 ~ 10 -7 em3.sec - i  [9]. An 
ana lys i s  of ca lcu la t ions  [14] shows that ky dec r ea se s  
with i n c r e a s e  in  t e m p e r a t u r e  approx imate ly  as T- i /2 .  
This  leads to exp re s s ion  (18) for kT. * 

When negat ive  ions a re  p r e se n t  ionizat ion equi l ib-  
r i um in  the cons ide red  gas model  is cha rac te r i zed  not 
by one, but by two, re la t ionsh ips  between ~+, ~_, 
and a ,  depending on the t e m p e r a t u r e  and gas densi ty ,  
e. g . ,  by two Saha equat ions 

a§ = ~ ( T ,  5), (19) 

a = a• (T ,  5) . (20) 

Ioniza t ion  e qu i l i b r i um dur ing  the d i spe r s ion  of the 
gas wil l  be upset  at t ime t 1 when at l eas t  one of these 
r e l a t ionsh ips  fa i ls  to hold. To find out which of them 
fai ls  f i r s t ,  we compare  the expres s ions  for  the t ime tl  
in the two cases .  We wr i te  the Saha fo rmulas  and the 
condit ion of q u a s i - n e u t r a l i t y  of the p l a sma  in the form 

*The data of [15] cannot  be rega rded  as ve ry  r e l i -  
able,  but  the o r d e r s  of magni tude  are  probably co r r ec t  

[91. 
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240 T~h g+ 
(a+*) ~ = a~ ~o6 e~n..~. ~ (t + • ( 2 1 )  

a f t  • a *  : a+*_ ( 2 2 )  = i + •  1 + ~ '  

where ,  as  in Eq. (20~ 

a *  5g_ 
• a* 2&, - ~ ' '  exp)gdfv~  - ~  " (23) 

Here  ~0 is the concen t r a t i on  of the components  
undergoing  ion iza t ion ,  and go, g+, and g_ a r e  the e l e c -  
t r on i c  s t a t i s t i c a l  s u m s  of neu t r a l  p a r t i c l e s ,  pos i t i ve  
ions,  and nega t ive  ions. 

The ma in  t e m p e r a t u r e  dependence  of (~+*)2 is  g iven  
by the f a c t o r  exp ( - I / T ]  and, hence ,  the t i m e  t i of s i g -  
n i f icant  f a i l u r e  of equa l i ty  (19) without  f a i l u r e  of Eq. 
(20) is given,  l ike  Eqs.  (12) and (13), by the r e l a t i o n -  
sh ips  

[k~ 4- • (k~N + k~)] Na* = 

dct+* I d T  I s ( ~ - - l )  (24) 
= - - a ' ~ - ~  ~ 2T  ~ dt 2T  tl 

If equa l i ty  (20) f a i l s  without  a l t e r a t i o n  of the equ i -  
l i b r i um be tween  c~ and c~+, then, using Eqs.  (21), (22), 
and (23) 

[k~-+ ( k ~ N  + k~)a+*l N = 

da_* 2 e - - I  d T  l - - 2 s  s ( T - - t )  
- - - -  (25) 

a ~dtdt -~- 2T  "~ dt T t 1 

The r a t e  cons tan t  k 4- of the r e v e r s e  r e a c t i o n  4 ~ is 
connec ted  with kt  by the r e l a t i o n s h i p  

ka- = k46/•  . (26) 

Subs t i tu t ing  Eq. (26) into Eq. (25) and e x p r e s s i n g ~  
in t e r m s  of ~+ in Eq. (24) by m e a n s  of r e l a t i o n s h i p  
(22) we f ind that  the f a i l u r e  of equa l i ty  (19) o c c u r s  
be fo re  that  of equa l i ty  (20), if  

[k+N 4- • (k+N 4- k,) cr (1 4- :4) I ~.  
L ~  ~ , - ~  ih%N--: k-~] ~ _  .)s)- j t (27) 

It  can e a s i l y  be shown that  in view of the equa l i t y  of 
the o r d e r s  of magni tude  of k~ and k7 [ see  (3) and (18)] 

L ~ i (28) 

i r r e s p e c t i v e  of the va lue s  of ~, 5, and al l  k i. So, when 

k 3 = k~ 

~ hN (I + • 4- k+N~+ }I----~ L = [~.a + • (kG:V _ kT)] ~+,~ + t  > t .  

A c c o r d i n g  to Eq. (28), ion iza t ion  e q u i l i b r i u m  (19) 
i s  d i s t u r b e d  e i t h e r  e a r l i e r  than, or  a l m o s t  at  the s a m e  
t i m e  as ,  the d i s t u r b a n c e  of the " e q u i l i b r i u m "  r a t i o  of 
e l e c t r o n s  and nega t ive  ions  in Eq. (20). Thus ,  the t ime  
t t  i s  g iven by r e l a t i o n s h i p  Eq. (24). 

Beginning  at  t ime  tl,  the r a t e  of r educ t i on  of ~ (ex-  
ponen t i a l  up to th is  t ime)  b e c o m e s  much l e s s  than that  
of e~* [ c o m p a r e  Eqs.  (14) and (22)]. The d i r e c t i o n  of 
r e a c t i o n  4 ~ is  a l t e r e d  and the f o r m a t i o n  of nega t ive  ions  
can be (depending On the in i t i a l  da ta ,  s ee  below) an e f -  

f ec t ive  t r a p  for  f r ee  e l e c t r o n s .  A l l  the r e m a i n i n g  p r o -  
c e s s e s  at t > t l  have l i t t l e  effect .  Le t  t 2 ~ tt .  We note 
a l so  that  condi t ion (20) in any ca se  is  fu l f i l led  a c c u r a t e l y  

10 4 

]O'~'[ 

10"81 

J 
10 -m 

i :m-n 
l 

t 
z 

~4 

~§ 

--I 

t/t, 

a t  the m o m e n t  when r e a c t i o n  4 ~ is  r e v e r s e d .  When t < 
< t 2, a c c o r d i n g  to Eq. (20) and the condi t ion  of q u a s i -  
n e u t r a l i t y  of the p l a s m a ,  

a - -  a+ a = •  (29) t - b ~ '  

The c o n c e n t r a t i o n  c~+ s a t i s f i e s  the equat ion 

and, hence ,  

du+ -- N [k3 @- z (kGN -b kT)] a+ ~- _ _  

dt t q - z  -- 

----P(t) a+ ~ fo r  t< t2  

t - I  

d,+:r~+*(tl)[IAuO~§ I P(t )d, ]  . 
t~ 

(30) 

At  the t ime  t 2 of f a i l u r e  of q u a s i - e q u i l i b r i u m  of r e -  
ac t ion  4 ~ [or ,  what  is  the s a m e  thing,  of r e l a t i o n s h i p  
(20)] and when t > t2 

d l n a  
dt - -  ~ k.~a+N - -  k4N  ~ . (3 i) 

On the o the r  hand, when t 1 < t - <  t 2, us ing (29 
(30) we obta in  

d l n ' x  _ _  p ( i ) a + _ _  din( l -F-x)  
dt (lt 

and 

(32) 

Equa t ing  (31) and (32), we find for  the time t 2 

, ., d In (t 4- • P (t) a,  (33)  
k~a+N -v k.lN- - -  at ~ 

This  equat ion,  t oge the r  with Eqs.  (23), (29), (13), 
and (16), g ives  t2, the t e m p e r a t u r e ,  dens i ty ,  and 
c h a r g e d - p a r t i c l e  concen t r a t i on  at t = t2. I n t eg ra t ing  
Eq. (31), us ing  Eq. (16), and tak ing  the weak ly  v a r y -  
ing f ac to r  out f rom under  the i n t e g r a l  s ign at the lower  
l i m i t  ( inc luding  the f ac to r  c~+), we find 

a = a ( & ) e x p t ~ L k  t j - - 1 ! @  

ks~+( t , )N( tJ t= ,  r l  t., \s-1 t ]  \ + LI ) - , ; '  (34) 
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Set 

1 
2 

3 

El, $~C 

25.t0-a 
35. i0-a 
52.i0-~ 

6 (h) 

t6. tO-a 
8.10-a 

37.10-s 

I/T(h) / X(h) 
i 

36.4 I 0.04 
41 .2  0.54 
38.6 1.9 

29. t0-a  
14.10"~ 
26. i0-a  

6 (tz) 

t . t0 "a 
69. t0  -5 
i5. tO-a 

I/T (t2) X (tz) 

38.9 I 0.06 
68 27 
73.5 203 

a~ = a(t~.) exp [ k'N'Z(t~)t~2s-- 1 k3N(t~)t.,,]s_l . (35) 

The concen t r a t i on  a +  at  t > t~ can  be found by  
n u m e r i c a l  i n t eg ra t i on  of Eq. (30), whe re  n m u s t  be 
r e p l a c e d  by (~+/a - 1, and a i s  r e p l a c e d  by  the e x -  
p l i c i t  e x p r e s s i o n  (34). Equat ions  (33), {34), and (35) 
and the equat ion  fo r  a + a r e  g r e a t l y  s i m p l i f i e d  if 
~(t2) >> 1 and 

k , N  (t2) ~ (k6N ~ k7 - -  ks)a+ (te). 

In th i s  ca se ,  i n s t ead  of Eqs.  (33), (34), and (35), 
r e f e r r i n g  to Eq. (23), we have 

g d T  s s ( 3 ; - - t )  , 
k4N'~( t2) -  T" dt "~ T(t~) t.~ 

= a (t~) x 

- -  8, ' t ,  2 s - 1  

a~ = a (tQ exp .  s ('~-- i )e  .] 

d~--2-+ == - -  N (k~N + k~) a+ "2 ~ Q (t) a+ ~ , 
dt 

t 

c~_ .~ a + =  a+ (t2)Lt + ~+ (t~) j~O (t)dt -1.  

We note a l so  that  when t >-- h , .  u sua l ly  ksN << k3 [for  
th is  5 m u s t  be  << 3.102(T)S/2]. If th is  condi t ion  i s  s a t -  
i s f i ed  and in view of the a p p r o x i m a t e  r e l a t i o n s h i p s  (3) 
and (18) we take k3 = 1~, then Eq. (30) is  independent  
of ~ and i t s  i n t e g r a t i o n  g ives  

a+* (t,) N, (h) kstl t s-1 ~ ] - 1  
a+ = a+* (h) [ l  + s = t  ( 1 - -  t--:z~-l,J ' 

o r ,  in view of Eqs.  (24) and (29) 

Is  ('~ - -  t) ~ t (  ~-1\ "~-1 
a = a + * ( t , )  _ t  ~ .,Tl(s_t)(l'~)j (t > t l )  . 

The f igu re  shows the va lues  of ~ ( t / t l )  and c~+(t/tl) 
for  t h r e e  se t s  of in i t i a l  da t a  fo r  s = 2. The gas  is  
c h a r a c t e r i z e d  by the va lues  7 = 1.2 and e / I  = 0.2. The 
f i r s t  se t  c o r r e s p o n d s  to the in i t i a l  data:  I /T0 = 10, 
60 = 1, to = r0 /u  = 10 -4 sec ;  the second  se t  to; I /T0 = 
= 10, 60= 10, t0= 10 -4 sec;  and the th i rd  se t  to; I /T0 = 
= 20, 60 = 1, to = 10 -4 sec .  

The v a l u e s  o f t i ,  t2, 6, I / T  a n d •  a r t = t 1  a n d t =  
= t2 a r e  g iven  in the t ab le .  

We r e c a l l  that  the d e n s i t y  and t e m p e r a t u r e  at  s = 2 
and T = 1.2 a r e  connec ted  with t in the fol lowing way: 

s=8( t , )  (t,_) ~', ~tl w.4 T = T (t,) I T )  �9 

The va lues  of the r a t i o  t = t J t l  a r e  ind ica ted  on the 
axis  of the f igure .  

The f igure  shows that  the f o r m a t i o n  of negat ive  ions  
l e a d s  to a c o n s i d e r a b l e  r educ t ion  of ~ when t 1 < t < t 2. 
A f t e r  t 2 the r educ t ion  of ~ is  r e l a t i v e l y  s l igh t .  A g r e a t  
d i f f e r ence  be tween  a and ~+ is  o b s e r v e d  in the second  
and th i rd  s e t s ,  whe re  the va lues  of ~t(t2) a r e  l a r g e .  
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