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N E A R - E L E C T R O D E  L A Y E R S  A T  ~HOT" E L E C T R O D E S  

G. A.  L y u b i m o v  

Z h u r n a l  P r i k l a d n o i  M e k h a n i k i  i T e k h n i c h e s k o i  F i z i k i ,  No.  

References [1, 2] present a definite approach to the problem of theo- 
retically describing the near-electrode layers for a change of poten- 
tial at "hot" electrodes located in a weakly-ionized gas stream. There 
it was assumed that the degree of gas ionization near the electrode and 
its temperature are such that the Debye length computed from param- 
eter values near the surface of the electrode is smaller than the mean 
free path of the charged particles (d ~< l). In this case. the problem of 
the near-electrode layer is separate from the problem of the distribu- 
tion of quantities in the gas stream and its soiution is used to formu- 
late the boundary condition. Moreover, in solving the problem of the 
near-electrode layer, we can assume collision-free motion of the 
charged particles throughout this layer. 

In the indicated references the near-electrode layer problem was 
not solved. The quantities necessary for formulating the corresponding 
boundary conditions were assigned on the basis of physical considera- 
tions. 

In this article, some of the assumptions of [1, 2] are refined on the 
basis of the solution of model problems and a more detailed analysis 
of the effects in question. It is shown, in particular, that the theory is 
inadequate for describing near-electrode layers at eIectrodes made 
from a material that is a poor neutralizer for ions. 

On the basis of an analysis of solutions of model problems of the 
near-electrode Iayer for both "ion-absorbing" and "ion-reflecting" 
surfaces, an attempt is made to construct a semi-emPirical theory of 
the near-electrode layer. For certain cases, experimental data are 
compared with calculated data and, in particular, the experimental 
constants needed to construct the theory are determined. 

Although the experimental and calculated data seem to agree, 
one should remember that the amount of data is still insufficient to 
make a final decision on the quality of the proposed theory. It is 
necessary to perform special carefully organized experiments to study 
near-electrode layers under different conditions. On the basis of an 
analysis of such experiments the experimental comtants of the theory 
must be determined and then substituted in the calculation formulas. 
The results of such experiments may considerably modify our ideas 
about the phenomena taking place in near-electrode layers and may 
possibly require improvements in the theory. 

1. One  of  t h e  m o s t  i m p o r t a n t  a s s u m p t i o n s  in  [1, 2] 
w a s  t h a t  t h e  e l e c t r i c  f i e l d  a t  t h e  e l e c t r o d e  s u r f a c e  h a s  

t h e  f o r m  

E = ~ l d ,  ( 1 . 1 )  

w h e r e  ~ i s  t he  c h a n g e  of  p o t e n t i a l  in t h e  n e a r - e l e c -  

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

in t h e  l a y e r  and to  f i x i n g  t h e  t h i c k n e s s  o f  t h e  l a y e r  a c -  
c o r d i n g  to  t h e  D e b y e  l e n g t h .  

To e s t i m a t e  t he  e f f e c t  of  t h e  n e a r - e l e c t r o d e  l a y e r  
s t r u c t u r e  on  the  m a g n i t u d e  of  E and the  l a y e r  t h i c k -  
n e s s ,  l e t  us  c o n s i d e r  an  i d e a l i z e d  p r o b l e m .  L e t  t h e  
g a s  p a r a m e t e r s  n e a r  t h e  e l e c t r o d e  be  s u c h  t h a t  d < l 
(l i s  t h e  m e a n  f r e e  pa th  of  t h e  c h a r g e d  p a r t i c l e s ) .  If  
t h e  gas  in q u e s t i o n  c o n s i s t s  of  t he  b a s i c  gas  and an  
e a s i l y  i o n i z e d  a d d i t i v e  (~< 1%) f o r  T b 2000 ~ K, p ~ 1 
a r m ,  and e q u i l i b r i u m  c o n d i t i o n s ,  t h e n  t h e  n u m b e r  of  

c h a r g e d  p a r t i c l e s  i s  no t  l a r g e  and t h e i r  m e a n  f r e e  
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path  f o r  c o l l i s i o n  wi th  n e u t r a l  p a r t i c l e s  p r o v e s  to  be  
l e s s  t han  the  m e a n  f r e e  pa th  f o r  c o l l i s i o n s  wi th  e a c h  
o t h e r .  H e r e ,  l >~ 10 -3 c m ;  and the  Debye  l e n g t h  f o r  
t h e s e  cond i t i ons  i s  d ~< 10 -4 e m .  C o n s e q u e n t l y ,  i f  the  
l a y e r  t h i c k n e s s  i s  of  t he  o r d e r  of  d, w i th in  t h e  l a y e r  
t h e  c h a r g e d  p a r t i c l e s  m o v e  wi thou t  c o l l i s i o n s  u n d e r  
t h e  c o n d i t i o n s  in q u e s t i o n .  

Le t  t he  e l e c t r o d e  s u r f a c e  be  such  tha t  a l l  the  ions  
i n c i d e n t  on i t  a r e  n e u t r a l i z e d  ( " a b s o r b i n g "  s u r f a c e ) .  
T h e  c o e f f i c i e n t  f o r  r e f l e c t i o n  of  i ons  f r o m  the  s u r f a c e  
depends  on t h e  type  of  ion  and t h e  s u r f a c e  m a t e r i a l ;  
h o w e v e r ,  f o r  n e u t r a l i z a t i o n ,  i t  i s  n e c e s s a r y  tha t  �9 < 
< U i (~ i s  t he  e l e c t r o d e  w o r k  func t ion ,  U i i s  t he  i o n i -  
z a t i o n  p o t e n t i a l  of  t he  i o n i z e d  a t o m s )  [3]. 

Le t  us  t a k e  t h e  d iode  p r o b l e m  as  a m o d e l .  A s s u m e  
tha t  t he  c a t h o d e  e m i t s  an  e l e c t r o n  c u r r e n t  of  d e n s i t y  
Je and a b s o r b s  a l l  i ons  i n c i d e n t  on i t .  T h e  anode  i s  a t  
t h e  s a m e  t e m p e r a t u r e  and e m i t s  an  e l e c t r o n  c u r r e n t  

Je and ion  c u r r e n t  Ji equa l  to  t he  f low of  c h a r g e d  p a r -  
t i c l e s  f r o m  t h e  p l a s m a .  If  we  a s s u m e  tha t  e q u i l i b r i u m  
c o n d i t i o n s  e x i s t  a t  t he  o u t e r  b o u n d a r y  of  t he  l a y e r ,  

t h e n  . . . .  

]'e = ne t 2 ~  l ' ]i = ne ~ 2nm~-) ' (1.2) 

w h e r e  n i s  d e t e r m i n e d  f r o m  t h e  Saha f o r m u l a .  

We  a s s u m e  tha t  t he  p a r t i c l e s  b e g i n  t h e i r  m o v e m e n t  

f r o m  t h e  c a t h o d e  and t h e  anode  at  z e r o  v e l o c i t y  (we 
c a n  show tha t  a l l o w a n c e  f o r  f i n i t e  p a r t i c l e  v e l o c i t i e s  
does  no t  s i g n i f i c a n t l y  c h a n g e  t h e  m a g n i t u d e  of  E a t  t he  

c a t h o d e  s u r f a c e  i f  T ~ 2000 ~ K and t h e  p o t e n t i a l  d i f -  
f e r e n c e  a c r o s s  t he  d iode  is  g r e a t e r  t h a n  1 V) .  T h e n  

the  c h a r g e d  p a r t i c l e  d i s t r i b u t i o n  in t h e  l a y e r  i s  g i v e n  
by  t h e  e x p r e s s i o n s  ( s ee ,  f o r  e x a m p l e ,  [4]) 

/i ( " ,  1'/, 

Jc ( "~o ~"'l (1o3) 

H e r e  V i s  t h e  p o t e n t i a l  at  t h e  po in t  in q u e s t i o n ,  q~ 
is  t h e  anode  p o t e n t i a l ,  and the  c a t h o d e  p o t e n t i a l  i s  

t a k e n  to  be  z e r o .  
F o r  q~ ~ 1 V and T ~ 2000 ~ K, t h e  e l e c t r o n  d e n s i t y  

i s  b a s i c a l l y  d e t e r m i n e d  by t h e  e m i t t e d  e l e c t r o n s  Jc;  
t h e r e f o r e ,  t h e  p o t e n t i a l  d i s t r i b u t i o n  in t he  l a y e r  i s  

d e s c r i b e d  by  

( m i ~'I, 
dfgdx2 = 4~e (n~ - -  n 0 = Zi~ji \27~-] ( 3 t ) ,  

V~ f ~ - ~  (1.4) 

7 ~ ]i \ ' h i  I ~-  ie ' T; : ' ~ - "  

F o r  t he  f o r e g o i n g  e l e c t r o d e  o p e r a t i n g  c o n d i t i o n s ,  
in MHD d e v i c e s  fl << 1. M o r e o v e r ,  t h e  e l e c t r i c  f i e l d s  
a t  t h e  o u t e r  b o u n d a r y  of  t he  l a y e r ,  wh ich  d e t e r m i n e  
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the c u r r e n t  in the  gas ,  a r e  much s m a l l e r  than the  
e l e c t r i c  f i e lds  at  the  e l e c t r o d e  s u r f a c e  which,  a s  wi l l  
be s een  below,  a r e  of an o r d e r  g r e a t e r  than 10 a V / c m .  
Here  the  b o u n d a r y  condi t ion  fo r  equat ion  (1.4) has  the  
f o r m  

dV 
E~ = - - - 3 7  = 0 fo r  Y = ~ .  (1.5) 

The e l e c t r i c  f ie ld  at  the  e l e c t r o d e  s u r f a c e  c o r r e -  
sponding  to the  so lu t ion  of equat ion  (1.4) fo r  condi t ion  
(1.5) has  the  f o r m  [5] 

e = t ~ i  t .~- /  7 (i.6) 

while  the  l a y e r  t h i c k n e s s  i s  g iven by 

L ( 8 " r - \ i l ' i e m \ ~ / ' ~  
= V x )  ITm2) a .  (1.7) 

R e l a t i o n s h i p s  (1.6), and (1.7) show tha t  f o r  ou r  
c a s e  of an i d e a l l y  a b s o r b i n g  e l e c t r o d e  s u r f a c e ,  the  
e l e c t r i c  f i e ld  at  the  e l e c t r o d e  s u r f a c e  is  l e s s  than  
(1.1), s i n c e  k T / e ~  << 1 and the  l a y e r  t h i c k n e s s  i s  
much  g r e a t e r  than the  Debye length .  Here  we m u s t  
t ake  L ~< l, and not d <~ l ,  as  the  condi t ion  of a p p l i c a -  
b i l i t y  of the  given m o d e l ,  

~~ " 7 

i/ ill I 

/ / "1" v 

Fig. 1 

If the  e l e c t r o d e  s u r f a c e  p a r t i a l l y  r e f l e c t s  the  i n c i -  
dent  ions ,  the  cond i t ions  a r e  c r e a t e d  fo r  the  a c c u m u -  
l a t ion  of ions  in a "potent ia l  w e l l "  n e a r  the  ca thode .  
In t h e s e  cond i t ions  the  e l e c t r i c  f ie ld  at  the  s u r f a c e  of 
the  e l e c t r o d e  depends  upon the  n u m b e r  of " t r apped"  
ions  and t h e i r  d i s t r i b u t i o n  and wi l l ,  in g e n e r a l ,  be 
g r e a t e r  than  the f ie ld  d e t e r m i n e d  by  (1.6).  The p r o c -  
e s s e s  o c c u r r i n g  at  the  e l e c t r o d e  s u r f a c e  when ions  
a r e  n e u t r a l i z e d  and r e f l e c t e d  have r e c e i v e d  n e i t h e r  
much  t h e o r e t i c a l  n o r  much  e x p e r i m e n t a l  a t t en t ion  [3]. 
T h e s e  p r o b l e m s  have  gone a l m o s t  uns tud ied  as  f a r  as  
the  cond i t ions  of  e l e c t r o d e  o p e r a t i o n  in MHD d e v i c e s  
a r e  c o n c e r n e d .  M o r e o v e r ,  the  d i s t r i b u t i o n  of quan t i -  
t i e s  in the  l a y e r  is  ev iden t l y  d e t e r m i n e d  by  the r e f l e c -  
t ion coe f f i c i en t  and the type  of r e f l e c t i o n  of  the  ions  
f r o m  the  e l e c t r o d e  s u r f a c e ,  which depend upon the  
s u r f a c e  m a t e r i a l  and the n a t u r e  of the  i ons .  

In th i s  connec t ion ,  i t  i s  s t i l l  not  p o s s i b l e  to so lve  
the  p r o b l e m  of  the  n e a r - e l e c t r o d e  l a y e r  with a l l o w -  
ance  fo r  t h e s e  e f f e c t s .  ( S i m i l a r  p r o b l e m s  w e r e  con-  
s i d e r e d  in [6, 7] f o r  cond i t ions  c h a r a c t e r i s t i c  of p l a s -  
m a  t h e r m o e l e m e n t s  u n d e r  s o m e  c o n s t r a i n t s . )  N e v e r -  
t h e l e s s ,  i t  i s  of i n t e r e s t  to e x a m i n e  the  o t h e r  l i m i t i n g  
c a s e ,  the  o p p o s i t e  of tha t  c o n s i d e r e d  above .  

C o n s i d e r  the  p r o b l e m  of a d iode  when the ca thode  
c o m p l e t e l y  r e f l e c t s  i nc iden t  ions  and a s s u m e  that  the  

p a r t i c l e  d i s t r i b u t i o n  n e a r  the e l e c t r o d e ,  including 
' ~ r apped"  p a r t i c l e s ,  i s  the  e q u i l i b r i u m  d i s t r i b u t i o n .  
(The so lu t ion  of a s i m i l a r  p r o b l e m  without  a l lowance  
fo r  t r a p p e d  p a r t i c l e s  i s  g iven in [4].)  In th i s  c a s e ,  the  
e l e c t r o n  and ion d e n s i t i e s  a r e  given b y t h e e x p r e s s i o n s  

i _  "(':- no ~ n0xp , h i =  nexls L sc~' , 

where n is the particle density at the outer boundary 
of the layer. The electron density associated with 
particles emitted from the cathode can be ignored for 
the same reasons (fi << i) as in the previous example. 
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Fig. 2 

In this ease the potential distribution is described 

czx~ I;T ] �9 (1.9) 

The solution of equation (1.9) with boundary condi- 
tion (1.5) yields the following expression for the elec- 
tric field at the electrode surface and the thickness of 
the charged layer: 

~p / t,:T '~(O]l [ e~r ] __ 1 \ ,% E = 2 -d- [H~-)  [ t~T j ) L ~ d .  (i.I0) 

The solution of (Ioi0) shows that small changes in 

potential in the near-electrode layer (~ ~ I V) produce 

an increase in the fields at the electrode surface so 
great that a considerable increase in emission cur- 
rent becomes possible due to the Sehottky effect and 

field emission. 
These limiting cases and an analysis of relations 

(1.6) and (i.I0) suggests that a semi-empirical rela- 
tionship of the form 

E = i~ ii '\-~r) (1.11) 

should be used as the first approximation for E in 
calculating the effect of the near-electrode layers on 

the characteristics of MHD devices. 

Here the quantities c~ and r which apparently de- 
pend only upon the properties of the electrode materi- 
al and the nature of the ions, must be determined ex- 
perimentally from an analysis of the current-voltage 
characteristics of the MHD devices. 

Note that if we assume that the electric field at the 
electrode surface is not explicitly dependent upon cur- 
rent density, then by dimensional analysis we can ob- 
tain a relationship of the form E = 5~d-lf (e~,/kT). 
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Equation (1.11) corresponds to approximation of the 
function f by a power ser ies ,  

It is c lear  that the quantities ~ and fi are  not equiv- 
alent. The quantity ~ determines the rate of growth of 
the electric field with increase in the change of poten- 
tial in the near-e lectrode layer .  The quantity fl has 
only a slight effect on the electric field and an even 
slighter effect on the final results  of calculating the 
hmction gv+ = gv+(j, T , . . . )  [1,2]. In this connection, it 
is c lear ly desirable to set ~ _~ 1 initially. 

d~ 

~2 ? 
o 8 18 2# 

Fig. 3 

~-hmctions (I.I0) may be approximated satisfactorily 
enough for calculation purposes in the 1-2 V inter- 
val by the expression E = 0.25god -I (e~/kT) 3. There- 
fore, the change in ~ is limited, evidently, to the 
interval -3/4 < c~ < 3. The theory of [i, 2] corresponds 
to a value ~ = 0. 

For surfaces which are good ion absorbers, ~ is 
small and the change in potential r at the positive 
electrode (electrode from which electrons enter the 
stream) is high for j > Jc* (J~ is the thermoemission 
current). In these conditions, impact ionization at the 
outer boundary of the layer is important, for it in- 
creases the ion current. The basic relations for cal- 
culating the change in potential have the form given in 
[2]. In this case, a characteristic saturation interval 
will be present on the current-voltage characteristic 
of the MHD device (see below). 

When the surface is a good ion reflector (oz >~ i), 
the electric fields grow very rapidly; in this case, 
even at high currents ,  the change in potential in the 
near -e lec t rode  layer  is small .  In these conditions, 
impact ionization is not important and the ion current  
can be ignored. The relation for calculating the 
change in potential in the near-e lec t rode  layers  now 
has the form (compare with [2]): 

] _ • exp {4.39T -~ I/E} T l eexp  { - - e ~ + / k T }  (1.12) 

Owing to the strong growth of current  due to the 
electr ic  field, there  is no saturation interval on the 
current -vol tage  charac ter i s t ic .  

Figure 1 shows the qualitative form of the cur ren t -  
voltage charac ter i s t ics  on absorbing (curve 1) and re -  
flecting (curve 2) sur faces .  

Analysis of the scanty available experimental data 
(see below) shows that potassium ions are  apparently 
neutralized strongly on graphite and weakly on tung- 
sten. 

2. One result  of the formation of near -e lec t rode  
layers  is that the change in potential in the gas s t r eam 

differs from the potential difference across  the elec- 
trodes [1]. Therefore,  in studying the over-al l  char-  
acter is t ics  of MHD devices, it is convenient to t reat  
the near-e lectrode layers as a certain resistance 

r ~ _ r  r  ( 2 . 1 )  
t 

depending upon the current  density. For example, the 
equation of the current-vol tage character is t ic  in the 
problem of the passage of a Current through anionized 
gas will have the form 

j(r §  ~  + % - - %  = v ,  (2.2) 

where r is the internal resist ivi ty of the gas space. 
The slope of the character is t ic  at the origin is [8] 

~v i ~,  kT 1 
di ]j=o- r-4- 2 �9 (2.3) 

e ,/c* § 

We may draw some conclusions from this relation- 
ship with respect to the measurement  of electrical  
conductivity by the electrode method. If the measuring 
electrodes are good ion absorbers  (graphite), they 
have a relatively small work function (@ < Ui) and Jc* ~ 

Ji. Under these conditions, the second t e rm in (2.3) 
is not large for T ~> 2000 ~ K and the angle of inclination 
of the character is t ic  at the origin will not differ greatly 
f rom r for  a suitable distance between electrodes 
[8,91 (Fig. I). 

On the other hand, if the electrodes are good ion 
ref lectors  (tungsten), they have a high work function 
(~ >~ Ui) and the ion current  at the surface is small (in 
the limiting case all ions are  reflected and Ji = 0). 
Under these conditions, the second t e rm in (2.3) may 
be quite large, so that for a device of reasonable di- 
mensions r ~ 2kT/ej~ (for example, 2kT/ej~ = 300 
ohms for tungsten at T = 2000 ~ K). Clearly, it is now 
impossible to measure  the electr ical  conductivity 
f rom the slope of the current-vol tage character is t ic  
at the origin (Fig. 1 ) .  

However, since the electric field increases  very  
radpily at the reflecting surface with increase in the 
change of potential in the near-e lec t rode  layer,  r ~ de- 
c reases  rapidly with increase in c u r r e n t .  For  exam- 
ple, when the calculations are  based on (1.10) and I ~ 

2000-2500 ~ K, ~+ --~_ increases  quite rapidly to a 
value of ~2 V and remains pract ical ly constant with 
cur rent  increase .  A s imi lar  pattern is also observed 
when (1.11) is used for the calculation with ~ < 3 (see 
below); but, of course ,  the value of % -J ~ increases  
and becomes more  tempera ture-sens i t ive  than at ~ = 
= 3. Since the  value of % -- r increases  rapidly at the 
beginning and then changes only slightly with increase 
in current ,  it is c lear  that r ~ - -  0 as the current  in- 
c r ea se s .  In this case the angle of inclination of the 
current-vol tage charac ter i s t ic  at large currents  must 
correspond to the internal res is tance r, while the seg-  
ment cut off by the line r] § % ~ ~ = V on the V axis 
gives the change of potential in the near -e lec t rode  
layers  at high cur ren ts .  
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3. R e f e r e n c e  [2] gave a f o r m u l a  fo r  c a l cu l a t i ng  the  
change of po ten t i a l  in n e a r - e l e c t r o d e  l a y e r s  a t  ion-  
a b s o r b i n g  s u r f a c e s  with a l l owance  fo r  i m p a c t  i on i z a -  
t ion  of  a t o m s  at  the  o u t e r  bounda ry  of the  l a y e r .  The 
s t r u c t u r e  of the  i m p a c t  i on i za t i on  t e r m  in th i s  f o r m u l a  
i s  

~ I I,. (.) /~ 
r,,.(~k i ,~,~<.) ~c j~(%-Uj~) ,  cj~:=O fo r  %<Uj~.  (3.1) 

H e r e  nk, n a a r e  the  p a r t i c l e  c o n c e n t r a t i o n s  in  the  
add i t ive  and the b a s i c  gas ,  Qk and Qa a r e  t h e i r  c r o s s  
s e c t i o n s  fo r  c o l l i s i o n  with  b e a m  e l e c t r o n s  emi t t ed  by 
the  e l e c t r o d e  and a c c e l e r a t e d  in the  n e a r - e l e c t r o d e  
l a y e r ,  c k is  the  e x p e r i m e n t a l  cons tan t  of i m p a c t  ion i -  
za t ion,  U k i s  the  ion iza t ion  po ten t i a l  of the  add i t ive ,  
and ~+ i s  the  change  of p o t e n t i a l  in the  n e a r - e l e c t r o d e  
l a y e r  a t  the  p o s i t i v e  e l e c t r o d e .  

I t  was  a s s u m e d  in [2] tha t  fo r  the  p u r p o s e s  of s p e -  
c i f ic  c a l c u l a t i o n s  Qa = 2 .10-3Qk [10] (bas ic  gas  is  a r -  
gon, add i t ive  i s  p o t a s s i u m ) .  We know [3] tha t  the  
c r o s s  s ec t i on  fo r  e l e c t r o n - n e u t r a l  c o l l i s i o n  depends  
on the  e l e c t r o n  e n e r g y .  The  fo r ego ing  r e l a t i o n s h i p  
be tween  c r o s s  s e c t i o n s  holds  a t  low e l e c t r o n  e n e r g i e s  
( l e s s  than  1 eV).  At  high e n e r g i e s  ( )5  eV), the  c r o s s  
s e c t i o n s  fo r  a rgon ,  and o t h e r  b a s i c  g a s e s  a r e  c l o s e  to 
the  g a s - k i n e t i c  va lue  and a r e  of the  o r d e r  of  10 -15 c m  2. 
For potassium at energies of ~5 eV, Qk ~ 0-3'i0-13- 

-i0 -14 cm 2 and it decreases fairly slowly with in- 
crease in energy. 

Upon comparing the cross sections for collision of 
basic gas atoms and additive, we see that in the con- 
ditions under consideration at an additive concentra- 
tion 4 i%, the total collision cross section is princi- 

pally determined by the basic gas atoms (n k Qk + 
+ na Qa ~ na Qa). Therefore, the effectiveness of im- 

pact ionization is directly proportional to the additive 

c o n c e n t r a t i o n .  
The  quant i ty  (3.1) i s  the  r a t i o  of  the  add i t ive  i on i -  

za t ion  c r o s s  s ec t i on  to the  t o t a l  c o l l i s i o n  c r o s s  s e c -  
t ion  fo r  e m i t t e d  e l e c t r o n s .  If  f o r  the  cons t an t  e k we 
t ake  the  va lue  ob ta ined  in e l e c t r o n i c s  fo r  m e a s u r e -  
m e n t s  in a l k a l i  m e t a l  v a p o r s  at  low t e m p e r a t u r e s ,  
then  ek ~ 10-3o On the  o t h e r  hand,  the  va lue  of  Ck ob-  
t a i ned  f r o m  a n a l y s i s  of  the  e x p e r i m e n t a l  c u r r e n t -  
vo l t age  c h a r a c t e r i s t i c s  u s ing  the  f o r m u l a s  of  [2] is  of  
the  o r d e r  e k ~ 0.4, i . e . ,  r o u g h l y t w o  o r d e r s  g r e a t e r . *  
If, howeve r ,  the e x p e r i m e n t a l  da t a  a r e  r e d u c e d  with 
a l l owance  fo r  (1.6), then  a s t i l l  g r e a t e r  va lue  of c k i s  
ob ta ined  ( s ee  be low) .  

The i n c r e a s e  in c k fo r  a l k a l i  m e t a l  a t o m s  when a l -  
ka l i  m e t a l  v a p o r s  a r e  p r e s e n t  in s m a l l  quan t i t i e s  in a 

* This  va lue  i s  d i f f e r en t  f r o m  the one given in [2]. 
The d i f f e r e n c e  i s  due to the  fac t  tha t  the  e x p r e s s i o n  
g iven  in [10] fo r  the  r e l a t i o n  be tween  the c o l l i s i o n  
c r o s s  s e c t i o n s  f o r  a t o m s  of the  add i t i ve  and the b a s i c  
gas  was  used  in [2] fo r  d e t e r m i n i n g  c k .  The a b o v e -  
men t ioned  v a l u e  i s  ob ta ined  if  c k i s  d e t e r m i n e d  f r o m  
an a n a l y s i s  of  the  s a m e  e x p e r i m e n t s  [2, 8] t ak ing  fo r  
the  c r o s s  s e c t i o n s  the  o r d e r s  of magn i tude  ind i ca t ed  
above. 

gas with a higher ionization potential (operating con- 

ditions for MHD devices) may be due to the following 

circumstance~ In the conditions under consideration 

for additive concentrations ~<1% and pressure p ~ 1 
arm, the mean free path for ionizing electrons (dec- 
trons accelerated in the near-electrode layer) col- 
liding with basic gas atoms is roughly n a Qa/nk Qk 

I0 times less than the mean free path for collision 
with additive atoms. In this case, the beam of accel- 
erated electrons is strongly scattered at atoms of the 
basic gas, the electron energy changing only slightly 

on collision. It is clear that the probability of ioniza- 
tion of the additive may increase due to the impact of 
electrons scattered by basic gas atoms and to step- 
wise ionization. 

0 8 
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Fig~ 4 

The p r o b l e m  of the i n c r e a s e  in i on iza t ion  p r o b a b i l -  
i ty  u n d e r  t h e s e  condi t ions  m u s t  be so lved  e x p e r i m e n -  
t a l l y .  An i n d i r e c t  p o s s i b i l i t y  of d e t e r m i n i n g  the con-  
s tan t  ek  i s  to s tudy 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  gas  space  ob ta ined  in s p e e i a l  e x p e r i m e n t s ,  The 
e x p e r i m e n t a l  da ta  a v a i l a b l e  [8, 9] s t i l l  do not enable  us 
to ob ta in  a f ina l  va lue  fo r  Ck, as  wi l l  be seen  be low,  

4. R e f e r e n c e  [2] g i v e s  a c o m p a r i s o n  of c a l cu l a t ed  
and e x p e r i m e n t a l  [8] 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  
f o r  the  p r o b l e m  of p a s s a g e  of a e u r r e n t  th rough  an 
ion ized  g a s .  E x p e r i m e n t a l  poin ts  [8] c o r r e s p o n d i n g  to 
the  fo l lowing condi t ions  a r e  p lo t ted  in F ig .  2: the 
work ing  gas  is  a r g o n  with 0.4% p o t a s s i u m  addi t ive ;  
T = 2200 :~ 200 ~ K, p ~ 1 arm;  the  e l e c t r o d e s  a r e  
g r a p h i t e .  The c a l c u l a t e d  c u r v e  1 [2] p lo t ted  on th i s  
f i gu re  c o r r e s p o n d s  to the  fo l lowing va lues  of the  p a -  
r a m e t e  r s :  

].~-: 0 , 0 9 5 A / c m  2 r := 2 L i o h m s  (4.1) 

c,,~0.4, ~ = O, 7': 2200 ~ 

Here c~ is the exponent in (i.II). The values in 

(4.1) were determined by mmlyzing the oscillogram 

[8] corresponding to a 0.2% potassium additive [2] 
(curve 1 in Fig. 3). 

Since in [8] graphite is used for the electrodes 
(there is no mention of the emission prope1%ies in this 
article), i.e., an ion-absorbing surface, the formulas 
for calculating the chanlge of potential in the near- 
electrode layer at such a surface contain two experi- 

mental constants: c~ and c k. It is clear, therefore, 
that the analysis of the experimental data (particularly 
when the electrode work function is not knoxx~) with 
the aim of determining the experimental constants 



32 ZH. PRIKLAD.  MEKH. TEKH. F I Z . ,  JULY-AUGUST 1965 

m a y  be done  in m o r e  than one way.  F o r  e x a m p l e ,  F ig .  
3 g ives  the  ca l cu l a t ed  cu rve  2 c o r r e s p o n d i n g  to the  
fol lowing va lues  of the  p a r a m e t e r s :  

L = 0.i25 A / c m  2, r = 24.t ohms ,  (4.2) 

c k = l . 2 ,  a = - - a / 4 ,  T = 2 2 0 0 " K .  

Both c u r v e s  in F i g .  3 l i e  wi th in  the  s p r e a d  of the  
e x p e r i m e n t a l  poin ts  (the d i s p e r s i o n  i s  ind ica ted  in the  
f i gu re ) .  The c a l c u l a t e d  c u r v e  fo r  0.4% p o t a s s i u m  i s  
g iven in F ig .  2 ( cu rve  2) fo r  the  va lue s  of  the  p a r a m -  
e t e r s  (4.2).  

-? ' /Z o, 8 /.2~ • 

o 8 16 

Fig. 5 

Clearly, both calculated curves describe the ex- 
perimental data equally well [8]. The final selection 
of values for ~ and c k will be possible only after a 
great number of special experiments have been ana- 
lyzed. 

Unfortunately, we cannot make a final selection of 
the values of the constants even after analyzing the 
experimental data of [9] for ~ = 0, c k = 0.4 and ~ = 
= -3/'4, c k = 1.2 (Fig. 4). Curve 1 in Fig. 4 corre- 
sponds to the theory according to which the near-elec- 
trode layer is replaced by a potential discontinuity 
surface; curve 2 corresponds to the values ~ = 0, 
e k = 0.4 and curve 3 to the values ~ = -3 /4 ,  c k = 1.2. 
Under the experimental conditions in question (low 
temperature, small additive concentration, poor emit- 
ter), both the potential discontinuity theory and the 
theory developed above yield values that give a good 
description of the experimental data. 

Let us now consider the current-voltage charac- 
teristic obtained by passing a current through argon 
con ta in ing  about  0.5% p o t a s s i u m  with  tungs t en  u sed  a s  
the  e l e c t r o d e  m a t e r i a l ,  i . e . ,  a good ion r e f l e c t o r .  

F i g u r e  5 g ives  the  e x p e r i m e n t a l  po in ts  ob ta ined  fo r  
v a r i o u s  e l e c t r o d e  and gas  t e m p e r a t u r e s . *  Unfor tun-  
a t e ly ,  t h e s e  da ta  c o r r e s p o n d  to a r a n d o m  se t  of  gas  
and e l e c t r o d e  t e m p e r a t u r e s  and the r e s i s t a n c e  of  the  
gap  was  not  m e a s u r e d  i ndependen t ly .  

An a p p r o x i m a t e  e s t i m a t e  of the  gap r e s i s t a n c e  f r o m  
the  m e a s u r e d  v a l u e s  (TI* = 2300" K, T2* = 2200 ~ K, 
T~* = 2400 ~ K) of  the  f low c o r e  t e m p e r a t u r e  ( m e a s u r e d  
by  the  hea t  b a l a n c e  method  and c o r r e s p o n d i n g  qui te  
a c c u r a t e l y  to  the  m e a n  gas  t e m p e r a t u r e  at  the  work ing  
s e c t i o n  in le t )  shows tha t  the  r e s i s t a n c e s  c o r r e s p o n d i n g  

* T h e s e  da t a  w e r e  ob ta ined  by  N. M: Mas l enn ikov  
who c o u r t e o u s l y  a l lowed  us to pub l i sh  t h e m .  

to  the  s e r i e s  of  poin ts  2 and 3 d i f fe r  by a f a c t o r  of 
two.  The  r e s i s t a n c e  c o r r e s p o n d i n g  to the  s e r i e s  of  
points  1 m u s t  be somewha t  g r e a t e r ,  s i nce  in th i s  c a s e  
the  flow is  cooled  n e a r  the  e l e c t r o d e .  If, in a c c o r d -  
ance  with the  f o r e g o i n g  c o n s i d e r a t i o n s ,  we e s t i m a t e  
the  r e s i s t a n c e  f r o m  the angle  of inc l ina t ion  of the  
c h a r a c t e r i s t i c  a t  l a r g e  c u r r e n t s ,  we obta in  

r l ~  ~ ohms,  r ~ 4  ohms,  r3 ~ 2 ohms . (4.3) 

These  va lue s  a r e  found to a g r e e  with rough e s t i -  
m a t e s  f r o m  the t e m p e r a t u r e  and a r e  used  in the  sub -  
sequent  c a l c u l a t i o n s .  

If the  angle  of inc l ina t ion  of the  c h a r a c t e r i s t i c  at  
the  o r ig in  fo r  the  t e m p e r a t u r e  va lue s  m e a s u r e d  ex -  
p e r i m e n t a l l y  (T1 ~ = 1750 ~ C, T2 ~ = 2000 ~ C, T~ ~ = 
= 2300 ~ C) is  computed ,  a t  Ji = 0, f r o m  (2.3) we ob-  
t a in  va lue s  fo r  poin ts  2 and 3 which a r e  much l o w e r  
than  t h e i r  e x p e r i m e n t a l  c o u n t e r p a r t s .  We m a y  a s s u m e  
tha t  the  ca thode  t e m p e r a t u r e s  w e r e  i n a c c u r a t e l y  m e a -  
s u r e d  (by an o r d i n a r y  p y r o m e t e r ,  w h i c h  is  not too a c -  
c u r a t e ,  p a r t i c u l a r l y  at  high t e m p e r a t u r e s ) .  In th is  
connect ion ,  (2.3) was  used  to d e t e r m i n e  the ca thode 
t e m p e r a t u r e .  The fol lowing r e s u l t s  we re  obtained:  

T1 ~-~ 2t00" K, T~ ~ 2200 ~ K, T3 ~-~ 2300 ~ K.(4.4) 

One s e r i e s  of poin ts  was used  to d e t e r m i n e  the 
cons tan t  ~ in (1.11).  We obta ined  the va lue  

a , ~  1.2,  (4.5) 

Us ing  (4 .3) - (4 .5) ,  two o t h e r  c h a r a c t e r i s t i c s  w e r e  
computed  f r o m  (1.12) and (2.2).  The r e s u l t s  a r e  
r e p r e s e n t e d  by the c u r v e s  in F ig .  5. 

F i g u r e  5 shows tha t  the  c u r v e s  thus computed  a r e  
in good with the  e x p e r i m e n t a l  da t a  when the ca thode  
t e m p e r a t u r e s  a r e  equal  to (4.4).  

An a n a l y s i s  of the  f o r m u l a s  shows tha t  i t  i s  i m -  
p o s s i b l e  to m a k e  a l l  t h r e e  c h a r a c t e r i s t i c s  co inc ide  
with  the  e x p e r i m e n t a l  da ta  by  v a r y i n g  ~ if  the  ca thode  
t e m p e r a t u r e s  a r e  t aken  equal  to  the  m e a s u r e d  v a l u e s .  
M o r e o v e r ,  i f  the  e x p e r i m e n t a l l y  m e a s u r e d  ca thode  
t e m p e r a t u r e s  a r e  u sed ,  then  c h a r a c t e r i s t i c s  2 and 3 
a r e  a l m o s t  s t r a i g h t  l ines  and do not  have the bend at  
the  o r i g i n  c h a r a c t e r i s t i c  fo r  the  e x p e r i m e n t a l  c u r v e s .  
Thus i t  s e e m s  p r o b a b l e  tha t  the  ca thode  t e m p e r a t u r e s  
w e r e  not  m e a s u r e d  a c c u r a t e l y .  

The above  c o m p a r i s o n  of the  e x p e r i m e n t a l  and c a l -  
cu l a t ed  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  and the  va lue s  
of  the  e x p e r i m e n t a l  cons t an t s  is  p r e l i m i n a r y  in n a -  
t u r e .  F u t u r e  e x p e r i m e n t s  wi l l  show how we l l  the  d e -  
ve loped  t h e o r y  c o r r e s p o n d s  to  the  p h y s i c a l  content  of 
the  p r o b l e m .  T h e s e  e x p e r i m e n t s  m a y  change  and r e -  
f ine o u r  i d e a s  about  the  e f fec t s  t ak ing  p l a c e  in the  
n e a r - e l e c t r o d e  l a y e r  and r e q u i r e  an i m p r o v e m e n t  in 
the  t h e o r y .  N e v e r t h e l e s s ,  i t  i s  p o s s i b l e  to u s e  the  
t h e o r y  in i t s  p r e s e n t  s t a g e  a s  a w ork ing  method  f o r  
ana lyz ing  e x p e r i m e n t a l  da ta  and p e r f o r m i n g  p r e l i m -  
i n a r y  c a l c u l a t i o n s .  
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