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An analys is  is made of the effects of cer tain p rocesses  in the inter ior  of the gas and at the 
electrode surface on the potential drop near  the electrode in a discharge in a dense, slightly 
ionized gas.  Thermionic emission f rom the electrode,  the Schottky effect, diffusion, and 
volume and surface ionization and recombination are  taken into account. The analysis  is 
ca r r i ed  out for  a simple d ischarge-gap geometry:  two infinite, plane-paral le l  e lectrodes.  
Relations are  found for  the potential drop near  the electrode in a two- tempera ture  p lasma 
as a function of the discharge pa rame te r s  and emission charac te r i s t i cs  of the material .  
The calculated resul ts  are  compared with experiment.  

P rocesses  occurr ing  near e lectrodes  in p lasma containing an alkali admixture have recently come 
under intense study in connection with the development of methods for direct  conversion of thermal  energy 
[1, 2]. To a large extent, this interest  results  f rom the study of MHD conversion at small  prototype in- 
stallations, for which the potential behavior  near  the electrodes is of considerable importance.  There are  
other reasons  for the interest  in these electrode p rocesses :  such important  considerat ions as electrode 
erosion and the stability of a distributed discharge are  closely associa ted with p rocesses  occurr ing near  
the electrodes [3, 4]. 

We assume that the p lasma consists  of a mixture of a gas having a high ionization potential, at a quite 
high p re s su re  (Pa ~10-2-10-4 abs. atm), and the vapor of an alkali metal (pg ~1 abs. aim), a small  par t  of 
which is ionized. We assume the gas pa rame te r s  and emission charac te r i s t i cs  of the e lectrodes  to beknown, 
and we seek the e lectr ical  charac te r i s t i cs  of the discharge and the potential drop near  the electrodes.  

In a dense, slightly ionized gas the motion of charged part icles  everywhere except within a distance 
on the order  of the mean free path f rom the e lectrodes  is governed by diffusion and mobility. The electron 
and ion fluxes are  descr ibed by [5] 

Ie = n e v e  = - -  ( D . V n  i .~- ~t, neE) 
f i  ~ n~vi = - -  ( D i V n  i - -  [~iniE) (1) 

where D e and D i a re  the diffusion coefficients,  /~e, and Pi are  the mobilities,  the indices "e" and "i T' re fer  
to electrons and ions, respectively,  and the res t  of the notation is standard. The diffusion coefficients and 
mobili t ies are related by the Einstein relations 

eDe eDi eDi 

The ion tempera ture  is assumed equal to the tempera ture  of the neutral par t ic les  and to the electrode 
tempera ture :  T i = Tg = T w. 

We write the continuity equations for the p lasma components in standard form [6, 7], 

V .  f~ = V "fl = ~non~ - -  ~ (2) 
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w h e r e  fi and a a r e  the  i o n i z a t i o n  and r e c o m b i n a t i o n  c o e f f i c i e n t s ,  and na is  the  c o n c e n t r a t i o n  of i m p u r i t y  
a t o m s .  

S y s t e m  (1), (2) m u s t  be  s u p p l e m e n t e d  wi th  the  Maxwel l  equa t ions  fo r  the  e l e c t r i c  f i e ld  and a r e l a t i o n  
for  the c u r r e n t  dens i ty :  

e (n~ - -  n..), V X E = 0 V ' E = 8 o  

J = ]i + Je : e (/i - -  .re; (3) 

With  the  a p p r o p r i a t e  b o u n d a r y  cond i t i ons  s p e c i f i e d ,  s y s t e m  (1)-(3) g i v e s  a c o m p l e t e  d e s c r i p t i o n  of the  
p r o b l e m  if  the  i o n i z a t i o n  and r e c o m b i n a t i o n  c o e f f i c i e n t s  and the de pe nde nc e  of T e on the o t h e r  d i s c h a r g e  
p a r a m e t e r s  a r e  known. 

To d e t e r m i n e  T e and fl we can  use  the  a p p r o x i m a t e  m o d e l  of a t w o - t e m p e r a t u r e  p l a s m a  [8, 9], which 
i s  b a s e d  on the fo l lowing two a s s u m p t i o n s :  

1) In the  u n p e r t u r b e d  p l a s m a *  t h e r e  i s  an i o n i z a t i o n  e q u i l i b r i u m  a t  the  e l e c t r o n  t e m p e r a t u r e  T e, so 
the  c h a r g e d - p a r t i c l e  d e n s i t y  can  be  c a l c u l a t e d  f r o m  the Saha equa t ion  

(2nrnekTe)'?' e~p ( - -  e~ 
n~  o = n a K  (Te) = na "~" kT,? (4) 

2) The  e l e c t r o n  t e m p e r a t u r e  i s  d e t e r m i n e d  f r o m  the energ3~-balance  equa t ion  f o r  the  e l e c t r o n  gas ,  
w r i t t e n  a s  

He re  K(Te)  i s  the  Saha e q u i l i b r i u m  cons t an t ,  ~ i  i s  the i m p u r i t y  i on i z a t i on  po t e n t i a l ,  a i s  the e l e c t r i c a l  
c onduc t i v i t y  of the p l a s m a ,  Yek i s  the  f r e q u e n c y  of c o l l i s i o n s  wi th  a t o m s  of  s p e c i e s  k, 6 i s  a p a r a m e t e r  c h a r -  
a c t e r i z i n g  the e n e r g y  l o s s  of e l e c t r o n  gas ,  and the r e s t  of the no ta t ion  i s  s t a n d a r d .  

Us ing  the a s s u m p t i o n  tha t  an i o n i z a t i o n  e q u i l i b r i u m  e x i s t s  a t  the  e l e c t r o n  t e m p e r a t u r e ,  and  us ing  the  
p r i n c i p l e  of d e t a i l e d  e q u i l i b r i u m ,  we can d e t e r m i n e  f r o m  Eqo (2) the i o n i z a t i o n  coe f f i c i en t  a s  a funct ion  of 
the recombination coefficient and the equilibrium constant: 

= ~K (Te) = an ~_ / n~ (6) 

Below we a s s u m e  tha t  fo r  a g iven  i m p u r i t y  s p e c i e s  the  quan t i ty  a and  thus  fi depend  on only the  e l e c -  
t r o n  t e m p e r a t u r e .  Unde r  t h e s e  a s s u m p t i o n s ,  the  a va lue  can  be  t aken  f r o m  [6]. A m o r e  r i g o r o u s  a p p r o a c h  
to the  d e t e r m i n a t i o n  of the  i on i za t i on  and r e c o m b i n a t i o n  c o e f f i c i e n t s  has  been  r e p o r t e d  e l s e w h e r e  [7]. 

We a s s u m e  tha t  the  e l e c t r o n  t e m p e r a t u r e  T e is  s p a t i a l l y  u n i f o r m  (for a g iven  c u r r e n t  dens i ty )  b e -  
c a u s e  of the high e l e c t r o n i c  t h e r m a l  conduc t iv i ty ,  to wi th in  a d i s t a n c e  f r o m  the  e l e c t r o n  on the o r d e r  of the 
m e a n  f r e e  pa th  of the c h a r g e d  p a r t i c l e s .  Then the d i f fus ion  coe f f i c i en t  and m o b i l i t y  D e and # e  a r e  a l s o  
cons tan t .  

The p e r t u r b e d - p l a s m a  r e g i o n  n e a r  the  hot  (T w ~2000~ e l e c t r o d e  in a dense ,  s l i gh t ly  i on i z e d  g a s  can 
be  d iv ided  into an a m b i p o l a r - d i f f u s i o n  r e g i o n  (n e =n i =n) and a s p a c e - c h a r g e  shea th  (n i =n  e) [10]. 

In the  a m b i p o l a r - d i f f u s i o n  r e g i o n  s y s t e m  (1)-(3) can  be  s o l v e d  a n a l y t i c a l l y ;  the  so lu t ion  i s  

f~. ( i  - N~) + i __ i~. (I - -  N~) + ~i (7)  
J r =  ~ + s  , Ji = ~ + 8  

+ _ o 0 - - ~ / o ) i ~ * l - - N  ~ i (8) 
E :  s~ (t -{- 0) (l -l- e) 7v- -~ ~( t4 ,  e)N 

i~'e/kTg~ (t + 0) X] (9) N : th IArth  N~ 

Here  and be low the  u p p e r  s i gn  r e f e r s  to the  n e g a t i v e l y  c h a r g e d  e l e c t r o d e  (the ca thode) ,  and  the l o w e r  s ign  
c o r r e s p o n d s  to the  anode;  the  s u b s c r i p t  " s"  deno tes  the  va lue  of a quan t i ty  a t  the  b o u n d a r y  b e t w e e n  the 
a m b i p o l a r - d i f f u s i o n  r e g i o n  and the s p a c e - c h a r g e d  shea th ,  and the c o o r d i n a t e  x i s  r e c k o n e d  f r o m  th i s  
b o u n d a r y :  

* Here  " u n p e r t u r b e d  p l a s m a "  r e f e r s  to tha t  p a r t  of the d i s c h a r g e  in which  t h e r e  a r e  no g r a d i e n t s  in the 
c h a r g e d - p a r t i c l e  d e n s i t i e s .  
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]i, = ~ eDi 'A (l 4- 0) v~ (i 4- e)'/~cc'/2n;~ ~ 

e = ~i/~B, O = T e / T g ,  N = n / n e ~ ,  

The p o t e n t i a l  change  in the  a m b i p o l a r - d i f f u s i o n  r e g i o n  i s  

kT~ r _ l - 8 1 o  , I _( l+o)~/  i+N,] 
AV1 = - 7 -  L ~ - - - ~  m ~  -P 0/,. l n ~ j  (10) 

Le t  us  e x a m i n e  so lu t ion  (7)-(9). We se t  N = N  s in (7), and we a s s u m e  that  the  c h a r g e d - p a r t i c l e  dens i t y  
in the  p l a s m a  n e a r  the e l e c t r o d e  s u r f a c e  i s  s m a l l  in c o m p a r i s o n  with that  in the  u n p e r t u r b e d  p l a s m a ,  so we 
have  Ns2<< 1. We thus  f ind tha t  fo r  a s p e c i f i e d  c u r r e n t  de ns i t y  j the c h a r g e d - p a r t i c l e  f luxes  in the s p a c e -  
c h a r g e d  shea th  a r e  e s s e n t i a l l y  c o n s t a n t ,  

],, T-ii. (l --  N,~)+ / =F/r i (11) 
= 1 4- e ~ ~ = const 

4-/i, (t - -  N~) + ei ::t=ii,§ el (12) 
]~ = i 4- e ~ ~ = const 

T u r n i n g  now f r o m  the so lu t ion  in the  s p a c e - c h a r g e  shea th ,  we c o n s i d e r  r e l a t i o n s  (11), (12), which in 
th i s  c a s e  hold r i g h t  up to the  e l e c t r o d e  s u r f a c e .  Since the m e c h a n i s m  fo r  c u r r e n t  t r a n s p o r t  be tw e e n  the 
e l e c t r o d e  and the  p l a s m a  depends  on the p h y s i c a l  p r o p e r t i e s  of the  e l e c t r o d e  m a t e r i a l ,  on the  e l e c t r o d e  t e m -  
p e r a t u r e ,  and on the  cond i t ions  n e a r  the  s u r f a c e  [1], we see  tha t  t h e s e  r e l a t i o n s  a r e  not  mean ing fu l  a t  a l l  
c u r r e n t  d e n s i t i e s .  To d e t e r m i n e  the r a n g e  of  a p p l i c a b i l i t y  of t h e s e  r e l a t i o n s ,  we m u s t  a n a l y z e  the p h y s i c a l  
m e c h a n i s m s  f o r  c u r r e n t  t r a n s p o r t  a t  the  e l e c t r o d e  s u r f a c e .  We tu rn  b r i e f l y  to the  e m i s s i o n  c h a r a c t e r i s t i c s  
of the e l e c t r o d e  m a t e r i a l .  

The e m i s s i o n  p r o p e r t i e s  of the  e l e c t r o d e  m a t e r i a l  a r e  u s u a l l y  c h a r a c t e r i z e d  by two p a r a m e t e r s :  the 
R i c h a r d s o n  cons t an t  A and the w o r k  funct ion  q~w- T h e s e  p a r a m e t e r s  a r e  r e l a t e d  to  the m a x i m u m  t h e r m -  
ion ic  c u r r e n t  d e n s i t y  by the  R i c h a r d s o n  equat ion ,  

�9 o ( ~ 1  I~  = AT,~ 2 exp - -  kT~/ (13) 

When t h e r e  i s  an  a c c e l e r a t i n g  e l e c t r i c  f i e ld  n e a r  the e l e c t r o d e  s u r f a c e ,  the e m i s s i o n  c u r r e n t  dens i t y  
i n c r e a s e s  b e c a u s e  of the l o w e r i n g  of the  p o t e n t i a l  b a r r i e r  (the Schot tky effect)  and is  g iven  by 

F e~(2E'A 
j . o :  j oox  I I 

The ion c u r r e n t  f r o m  the e l e c t r o d e  s u r f a c e  i s  r e l a t e d  to s u r f a c e  i on i za t i on  [11] and can  be  c a l c u l a t e d  
f r o m  the S a h a - L a n g m u i r  equa t ion  if  the s u r f a c e  p r o p e r t i e s  a r e  known. 

However ,  i f  the  e l e c t r o d e  i s  bounded  by  a gas  con ta in ing  an a lka l i  v a p o r ,  the  e m i s s i o n  p r o p e r t i e s  of 
the  s u r f a c e  m a y  be  s i g n i f i c a n t l y  changed ,  to a d e g r e e  which  depends  on the s u r f a c e  c o v e r a g e  by the f i lm  
of a l k a l i  a t o m s .  Since  t h e r e  has  a c t u a l l y  been  no s tudy  of the  e f fec t  of an a lka l i  v a p o r  on the w o r k  funct ion 
of an  e l e c t r o d e  m a t e r i a l  u n d e r  cond i t ions  a p p r o x i m a t i n g  those  in an MHD i n s t a l l a t i o n  f o r  the c a s e  of v a r i o u s  
t y p e s  of i m p u r i t i e s  in the  gas ,  we wi l l  a s s u m e  h e r e  tha t  the e l e c t r o d e  s u r f a c e  i s  c h a r a c t e r i z e d  at  a g iven  
t e m p e r a t u r e  by c e r t a i n  e m i s s i o n  c u r r e n t s  Jew ~ and Jiw, to be  d e t e r m i n e d  e m p i r i c a l l y .  

Us ing  Eqs .  (11) and (12) with the  s p e c i f i e d  v a l u e s  of Jew ~ and Jiw, we can d e t e r m i n e  the c u r r e n t - d e n s i t y  
r a n g e s  in which so lu t ion  (7)-(10) is  mean ing fu l .  F r o m  (12) we see  that  with j > e - l j .  ( 1 - N s  2) the  ion c u r -  
r en t  n e a r  the  anode  changes  d i r e c t i o n  and f lows f r o m  the anode  t o w a r d  the p l a s m a  (and the  anode  p o t e n t i a l  
d rop  r i s e s ) .  However ,  s i n c e  the  ion c u r r e n t  f r o m  the anode  cannot  e x c e e d  the va lue  Jiw a c c o r d i n g  to th is  
t h e o r y ,  Eq. (12) g i v e s  us  the  fo l lowing  l i m i t a t i o n  on the  c u r r e n t  dens i ty :  

] ~  ii~"({4-~)4-ii*(t--N~)~ ~ / i~'( i  +~)  + / ~ ' 8  =1~  (15) 

To e x c e e d  the  v a l u e  Ja we m u s t  a l s o  t ake  into account  p r o c e s s e s  such a s  c o l l i s i o n a l  i on i z a t i on  n e a r  
the  anode  and the i n c r e a s e  in  the  ion e m i s s i o n  c u r r e n t  due to the s u r f a c e  hea t ing .  T h e s e  p r o c e s s e s  r e -  
q u i r e  an a d d i t i o n a l  e x p e n d i t u r e  of e n e r g y  and a r e  r e l a t e d  to an i n c r e a s e  in the  p o t e n t i a l  d r o p  n e a r  the anode .  

If,  wi th in  the  f r a m e w o r k  of d i f fus ion  t h e o r y ,  we n e g l e c t  the  Schottky ef fec t ,  we a l s o  f ind a r e s t r i c t i o n  
on the c u r r e n t  d e n s i t y  at  the  ca thode :  f r o m  Eq. (11) we s e e  tha t  f o r  j > J i ,  ( l - N 2 )  the e l e c t r o n  c u r r e n t  n e a r  

491 



the cathode changes direction and flows f rom the electrode toward the plasma.  Using a maximum electron 
emission current  of Je =Jew ~ we find f rom Eq. (11) the following res t r ic t ion  on the current  density: 

] ~<]ew ~ (1 -[- e) -[- 1r (1 - -  Ns ~) < ]e~ ~ ( l  + e) -~ 1~, = 1~ (16) 

This type of res t r ic t ion  on the current  density near  the cathode has been discussed elsewhere [1]. If 
Jk is to be exceeded, charge c a r r i e r s  must be created near  the electrode, through collisional ionization, 
surface heating, the Schottky effect, etc. These p rocesses  require  energy and are  related to an increase  
in the potential drop near  the cathode. 

Inequalities (15) and (16) define the cur ren t -dens i ty  range over which the discharge near  the electrode 
is a distributed discharge;  if these inequalities are not satisfied, arcing may occur,  and cathode (or anode) 
spots may ar i se .  There is an important distinction between the conditions for  the existence of cathode and 
anode potential drops :  according to (15), (16), collisional ionization or  any other p rocess  which increases  
the ion flux is a factor  of 1/~ more  efficient near  the anode than near  the cathode. 

To calculate the charac te r i s t i cs  of the ambipolar-diffusion region f rom (7)-(10) we must determine 
the quantity N s, which depends on both the densities New and Niw near  the electrode surface and on the so- 
lution in the space-charge  sheath. In turn, New and Niw can be determined if we know the part icle  fluxes 
f rom the electrode surface,  which general ly depend on the field intensity E w at the electrode surface and 
the fluxes in the p lasma at the boundary of the sheath, which depend on N s. Accordingly, Ns, New, and Niw 
must  be determined jointly. If we have Ns 2 << 1, but Ew is not large,  so that we have Jew-" -Jew~ the problem 
can be split into two par ts :  Firs t ,  neglecting the t e rm on the o rder  of Ns 2 in compar ison with unity, we can 
determine New and Niw, and then we can find Ns. 

Let us find the limiting values of the charged-par t ic le  densities New and Niw in the diffusion approxi-  
mation. The total number of charged par t ic les  which in tersect  unit a rea  per  unit t ime in the positive (or 
negative) direction in the gas is given by [12] 

(17) fro+_ = S i S(w~!v~)g(w~)dw., 
- -co  --oo ~-vrtl 

where g(w m) is the part icle  distribution function, w m is the thermal  velocity, v m is the diffusion velocity, 
and m = e  or  i. 

Assuming the charged par t ic les  to have Maxwell distribution of diffusion velocit ies,  we fend 

where 

?~trtwrtt /m~ -~--- exp [--4 ?1 § rt § 
_ n ~ w . ~ / J - -  2 L - -  ~ [  ~ wm/J '  

2 z 

qb(z) = ~ f e x p ( - - t  2) d t  

0 

(18) 

is the probability integral.  

The total number of charged par t ic les  emitted by the electrode and intersect ing unit a rea  in the posi-  
tive (or negative) direction is governed by the emiss ion currents :  

/m~- ---- 1"~ (19) 
8 

From the charged-par t ic le  balance at the surface of each electrode,  

]m= ],n+ -- ]m- (20) 

we find, using (18) and (19), the charged-particle densities at the electrode surface, 

f = / '~ '~  { e x p ( - - z ~ ) § 2 4 7  
Nmw /'row 

, (i,,,,~ , e ~  (21) 

where jmo~ is the electron or ion random current in the unperturbed plasma. With Jm s <<Jmw, we find from 
(21) the approximate relation [10] 
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N,~ --  im~ ~ ~1~i,~, (22) 

To evaluate the conditions in the space-charge  sheath we must  solve sys tem (1), (3) for the specified 
values of Ji and Je [determined f rom (11), (12)] and specified values of New and Niw [calculated f rom Eq. 
(21)], specifying as a boundary condition at the outer boundary the condition for  matching with the ambipolar-  
diffusion region. In general  sys tem (1), (3) must  be integrated numerical ly .  

There is one important  case, however, in which the calculation can be ca r r i ed  out for the electrode 
region in a much s impler  manner .  If the diffusive fluxes of charged par t ic les  in the space-charge  sheath 
are  small in compar ison with the corresponding random fluxes, the part icle  distribution near  the electrode 
differs little f rom an equilibrium distribution in an electr ic  field, and we can assume* 

Ne = New exp (eV I kTe), Nr = Ni w exp (-- eV I kTg) (23) 

where V is the e lectr ic  potentiaJ with respect  to the electrode surface.  At the outer boundary of the sheath 
we set Nes = Nis = N s and V=V s, where V s is the potential change in the sheath; f rom Eqs. (23) we find 

kTe , N~ ( i )  ~~ Va = 0 = (24) 

Combining this last  expression for V s with Eq. (10), we find the following expression for the total po- 
tential drop near  the electrode,  for  the case ~<< 1: 

I "~ kTe " t _~_ (l-[-O) e/ t+NewNiw 
AV = ~ -  -7-In In (25) - -  X ~  0[~, 2N~N L 

The quantity New which appears in Eq. (25) depends on the thermionic cur rent  density and thus on the 
e lectr ic  field at the electrode surface,  so we must  in general  determine E w in order  to calculate AV. A 
relation between E w and the field intensity Es(Ns) can be found f rom Eqs. (3) arid (23), 

(n.ookTg 1 
- -  + O) Ne~,N~w] (26) E ~  = E ,  2 + 2 \ ~ 1  [ONiw + N,w ( l  oa 

System (4), (5), (7), (8), (14), (21), (24)-(26) of algebraic  and transcendental  equations is used to ca l -  
culate the potential drop near  the electrode as a function of the cur rent  density, gas pa ramete r s ,  and elec-  
trode charac te r i s t i c s .  

Using Eqs. (21) and (25) we can determine the physical  meaning of res t r ic t ions  (15) and (16): if we 
neglect the Schottky effect, we have New ~ 0  as j ~Jk, and the potential drop near  the cathode is AV ~ 
with ] ~  Ja the potential drop near  the anode becomes infinite. 

Calculation for the electrode region simplifies in the case of an equilibrium plasma (T e = Tg): since 
the p lasma pa ramete r s  do not depend on the cur rent  density, and we do not need to use Eq. (5), the form of 
the other relations in this sys tem simplifies.  In par t icular ,  Eq. (25) becomes 

kTg [, l . 28i 1- 1-4- (NewNi~) 'A ] 
AV = - .~--LSn.~-~ -I - i~,_,, 2(Newmi~,),l: j (27) 

Using Eq. (27) along with Eq. (22), we can find the res is tance  of the electrode region: 

/ t o =  - - E - [ 2 / , , , , + / ~ ,  V l-~-. In [ 21---t-[(2s',w+/i.)(21i~+s'i.)] j ]  (28) 

To ca r ry  out a calculation for  the electrode region by this procedure  we must  know the gas pa rame te r s  
and electrode charac te r i s t i c s .  As was mentioned above, the charac te r i s t i cs  of an electrode bounded by a 
gas containing an alkali admixture may be markedly changed. We will therefore  determine these cha rac te r -  
is t ics f rom experimental  data. 

*Analysis shows that Eqs. (23) hold under the conditions 

fesh ~ s  fish <~l 
]ew~,e fiw~"i 

where X e and )'i a re  the electron and ion mean free paths. 

& = ( ~ok~, Vq 
t 
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We use  the r e s u l t s  of [13], which conta ins  the m o s t  ex tens ive  in-  
f o rma t ion  about the expe r imen ta l  condi t ions .  F igu re  1 shows the expe r i -  
men ta l  points  on the init ial  reg ion  of the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  
of the g a s - f i l l e d  gap between an e l ec t rode  and a p robe  in the immed ia t e  
v ic in i ty  (~5 mm) of e l ec t rode  su r face ,  de t e rmined  dur ing the flow of c u r -  
r en t  through a rgon  containing 0.15% p o t a s s i u m  at T g - - T w =  1700~ 

If, on the bas i s  of t heo re t i ca l  cons ide ra t ions  (AV--~o as j --Jk),  we 
a s s u m e  that  t he re  is a bend  in the c h a r a c t e r i s t i c  in the  cathode (j > 0) r eg ion  
at j =Jk, we find Jew = 0.18 A / c m  2 under  these  expe r imen ta l  condi t ions .  
Since the ion c u r r e n t  f r o m  the e l ec t rode  su r f ace  is unknown unde r  these  
expe r imen ta l  condi t ions ,  the va lue  of Jiw is used  as  a p a r a m e t e r  in the 
ca lcu la t ions  and is  de t e rmined  f r o m  the condi t ions  fo r  ma tch ing  the  ex-  
p e r i m e n t a l  and ca lcu la ted  c h a r a c t e r i s t i c s .  The phys ica l  cons tan t s  r e -  
qu i red  fo r  the ca lcu la t ion  (the co l l i s ion  c r o s s  sec t ions ,  etc.)  were  taken 
f r o m  the data  in [6, 14, 15]. We note that in cons t ruc t ing  the c u r r e n t - v o l t -  
age c h a r a c t e r i s t i c  of a ga s - f i l l ed  gap be tween an e l ec t rode  and a p robe  the 
cu rve  ca lcu la ted  f r o m  Eq. (25) mus t  be d i sp laced  by the magni tude  AW of 
the contac t  potent ia l  d i f fe rence  fo r  the e l e c t r o d e - p l a s m a - p r o b e  s y s t e m  [if 
the e l ec t rode  and p robe  have ident ical  p r o p e r t i e s ,  the c h a r a c t e r i s t i c  p a s s e s  
through the or igin ,  and we have A W = A V  (j = 0)]. 

Before  c o m p a r i n g  the expe r imen ta l  and t heo re t i ca l  data, we note that, 
a c c o r d i n g  to [14], the Saha equation with an e l e c t r o n  t e m p e r a t u r e  d e t e r -  
mined  f r o m  Eq. (8), with 6, equal to the e n e r g y - l o s s  coeff ic ient  fo r  e l e c -  
t r o n s  in e l a s t i c  co l l i s ions  (6~2), is a good app rox ima t ion  fo r  sma l l  s y s -  
t e m s  only under  the condi t ions  n e > 1014 c m  -3 and T e > 3500~ F o r  l a rge  
s y s t e m s  (L ~10 cm) the lower  appl icabi l i ty  l imi t  of the Saha equat ion fo r  
T = T e shif ts  to t e m p e r a t u r e s  on the o r d e r  of 2300~ As the t e m p e r a t u r e  
o r  e l ec t ron  densi ty  i s  r educed ,  the ionizat ion b e c o m e s  l e s s  than that  p r e -  
dic ted by Eqs.  (4) and (5) with 6 = 2 ,  and fo r  suff ic ient ly  smal l  s y s t e m s  and 
f o r  a suff ic ient ly  low e l ec t ron  densi ty ,  the gas  t e m p e r a t u r e  mus t  play a 
ro le  in Saha equat ion (4). Neve r the l e s s ,  even under  these  condi t ions  we 
can use  Eqs .  (4) and (5) to ca lcu la te  T e and ne=o, choos ing  an effect ive  
lo s s  coeff ic ient  6 f r o m  the condit ion fo r  ma tch ing  the ca lcu la ted  and ex-  
p e r i m e n t a l  data.  The va lues  of 6 d i f fer  fo r  d i f ferent  expe r imen ta l  condi -  
t ions  ( f rom 6~2  to 8 ~102). At a low c u r r e n t  densi ty  (t J I < 0.2 A / c m  z) un-  
de r  the expe r imen ta l  condi t ions  of [13] (Tg ~2000~ n e ~3"  1012 cm-3),  we 
would expect  the se lec t ive  heat ing of e l e c t r o n s  to be negl igible .  

C o m p a r i s o n  of expe r imen ta l  and ca lcu la ted  data  c o n f i r m s  this  con-  
c lus ion .  F igu re  1 shows the ca lcu la ted  " e l e c t r o d e - p r o b e  c h a r a c t e r i s t i c "  
for  a m i x t u r e  of A r  +0o1570 p o t a s s i u m  with Jew = 0.18 A / e r a  2, J iw=2 .5  �9 10 -4 
A / c m  2 and Tg = 1950~ (Since the expe r imen ta l  gas  t e m p e r a t u r e  was  m e a -  
su red  within about 1-270, the value of Tg was  chosen  fo r  a bes t  fit of the 
ca lcu la ted  and expe r imen ta l  cu rve s ,  with Tg v a r i e d  ove r  a range  of ~25~ 
Curves  1-3 in Fig.  1 c o r r e s p o n d  to the va lues  6=2 .66 ,  100, ~o The ex-  
p e r i m e n t a l  points  a r e  seen  to lie c lose  to the ca lcu la ted  points  in the case  
6 = ~o (T e = Tg). 

At suff ic ient ly  high c u r r e n t  dens i t ies  (I J I > 1 A/era2; Fig.  2) the re  is 
appa ren t l y  an apprec iab le  se lec t ive  heat ing of e l e c t r o n s .  The nonequi l ib-  
r i u m  ionizat ion can be i n f e r r e d  f r o m  the bend of the c u r r e n t - v o l t a g e  c h a r -  
a c t e r i s t i c  toward  the j axis;  this f ea tu re  shows that  the p l a s m a  p a r a m e t e r s  
depend on the c u r r e n t  densi ty  (curves  1 and 2 in Fig.  1). We see  that  the 
AV(j) dependence for  I J I > 1 A / c m  2 in Fig.  2 is s i m i l a r  to cu rve  2 in Fig.  1 
f o r  I J I > 0.2 A / c m  2. However ,  ca lcu la t ion  of the c h a r a c t e r i s t i c  at  a high 
c u r r e n t  densi ty  goes  beyond the f r a m e w o r k  of  the diffusion approx ima t ion  
[5] because  of the high e l e c t r i c  f ie lds  at  the e l ec t rode  (E w ~10 s V /cm) .  
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Figure 3 i l lustrates  the effect of the ion current  Jw f rom the surface on the form of the charac ter is t ic ;  
curves 1-3 correspond to ion current  densities of jw = 5 �9 10 -3, 2.5 �9 10 -4, and 5 �9 10 -5 A / c m  2. F rom the con- 
dition for  matching the experimental  and calculated charac te r i s t i cs  we find Jiw = 2.5 �9 10 -4 A / c m  2 under these 
experimental  conditions. 

To check the theory we ca r r i ed  out an analogous calculation for  the case Tg= 1600~ (Fig. 4), de ter -  
mining Jew f rom the experimental  charac te r i s t ic  (Jew = 0.25 A/cm2), and assuming Jiw equal to that found 
ear l ie r ,  Jiw=2.5 �9 10 -4 A / c m  2. Curves 1 and 2 in Fig. 4 correspond to Tg= 1850~ and Tg= 1875~ respec-  
tively. We see that the experimental and calculated charac te r i s t i cs  agree,  within the possible experimental  
e r r o r .  

We also calculated the res is tance  of the electrode region for  var ious surface tempera tures .  A slight 
dependence of Jew on the electrode tempera ture  was noted in [13]: as the electrode tempera ture  was varied 
over  the range 1400-1800~ the Jew value was (on the average) approximately equal to Jew = 0.1 A / c m  2. The 
actual values were scat tered  over the range 0.05-0.2 A/cm 2 as a resul t  of uncontrollable experimental  con- 
ditions. These values were also used in the calculations. The Jiw value was assumed fixed and equal to the 
value Jiw = 2.5" t0 - t  A / c m  2 determined previously,  although Jiw could in general  also change. 

Results calculated f rom Eq. (28) are  shown in Fig. 5; curve 1 corresponds  to the value Jew=0.05 
A/cm 2, and curve 2 cor responds  to Jew = 0.2 A/cm 2. Over the range 1600-1800~ the experimental points lie 
within the range of the expected scat ter .  For  Tg< 1600~ the size of the per tu rbed-p lasma region is com-  
parable to the electrode size, so the res is tance  calculated f rom Eq. (28) is too high. 

In conclusion we will discuss the conditions under which th is  theory is applicable. If  the electron tem-  
pera ture  is known (e.g., experimentally) the l imitations on the theory a re  related to the general  conditions 
for  the applicability of diffusion equations with constant coefficients [5] and the possible use of Eqs. (23) in 
the space-charge  sheath. 

We note that Eq. (26), obtained with the help of (23), does not ref lect  the tendency of the space -charge  
sheath to expand (albeit slowly) at high applied voltages, so calcuations car r ied  out for the cathode region 
under the condition j > Jk yield values of AV which are too low. When the electron tempera ture  is deter-  
mined f rom Eqs. (4) and (5), res t r ic t ions  associa ted with their applicability also hold [14]. In an equilib- 
r ium plasma the res t r ic t ions  are less  severe.  In this case the basic contribution to the potential drop near  
an electrode comes f rom the second te rm in Eq. (25), and the e r r o r  associated with the approximate deter-  
mination of N s has only a slight effect on the calculated resul ts .  

The authors thank G. A. Lyubimov for interest  in the study and for discussion of the results ,  and B. V. 
Parfenov for graciously  furnishing the neces sa ry  experimental  data f rom [13]. 

L I T E R A T U R E  C I T E D  

1. G .A.  Lyubimov, "Electrode layers  in which there is a rapid potential change ~_ear a 'hot '  e lectrode,"  
Teplofiz. Vys. Temp., 4, No. 1 (1966). 

2. A. Pinchak and t~. Zhukoski, "Volume and surface phenomena in a plasma containing admixtures ,"  
in. Applied Magnetohydrodynamics [in Russian], Moscow, Mir (1965). 

3. L . B .  Loev, Fundamental P rocesses  of Electr ical  Discharge in Gases, Wiley (1939). 
4. L . E .  Kal[khman, Elements of Magnetohydrodynamics [in Russian], Moscow, Atomizdat (1964). 
5. t~. Blyu, D. Ingol'd, and V. Ozerov, "Diffusion of e lectrons and ions in a neutral gas," Thermionic En- 

ergy Conversion tin Russian], Vol. 2, Moscow, Atomizdat (1965). 
6. T. Hiramoto, "Nonequilibrium charac te r i s t i cs  of working plasma for magnetoplasmadynamic (MPD) 

genera tors , "  J. Phys. Soc. Japan, 2__0_0 , No. 6 (1965). 
7. L . M .  Biberman, V. S. Vorob'ev,  and I. T. Yakubov, "Ionization and recombination functions in a 

plasma,"  Teplofiz. Vys. Temp., --7, No. 4 (1969). 
8. J . L .  Kerrebrock,  Proceedings of the Second Symposium on the Engineering Aspects of MHD, Phila- 

delphia (1961). 
9. J . L .  Kerrebrock,  "Nonequilibrium ionization due to electron heating. Theory," AIAA Journal,  2, 

No. 8, 1072-1080 (1964). 
10. G.A.  Lyubimov and V. N. Mikhailov, "Analysis of the per tu rbed-p lasma region near  an electrode,"  

Izv. Akad. Nauk SSSR, Mekhan. Zhidk. i Gaza, No. 3 (1968). 
11. E . L .  Zandberg and N. I. Ionov, Surface Ionization [in Russian], Nauka, Moscow (1969). 

495 



12. G . N .  Pat terson,  Molecular  Flow of Gases [in Russian],  Fizmatgiz ,  Moscow (1960). 
13. V . O .  German,  G. A. Lyubimov, and B. V.Parfenov,  "Potent ia l  drop nea r  a molybdenum e lec t rode  in 

an argon flow with a po tass ium admixture , "  Zh. Pr ikl .  Mekhan. i Tekh. Fiz. ,  No. 4 (1970). 
14. K . M .  Are f ' ev  and I~ I. Paleev,  Fundamentals  of Thermionic  and Magnetohydrodynamic Energy Con- 

ve r s ion  [in Russian],  Atomizdat ,  Moscow (1970). 
15. G . W . C .  Kaye and T. H. Laby, Tables  of Physical  and Chemical  Constants  and Some Mathematical  

Functions, Longmans,  Dorches te r ,  ~ England (1959). 

496 


