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An e lec t r ic  d ischarge in a flow of ionized gas is widely used in many physics  and engineering 
problems.  Among them are problems associa ted  with cur ren t  flow in var ious  magnetohydro-  
dynamic devices (generators ,  acce le ra tors ) ,  a rc  shunting in a p lasmatroa ,  physical  exper i -  
ments in shock tubes, etc. It is known that with cold e lectrodes  providing the contact between 
the p lasma and the external  c ircui t  and rela t ively high p r e s su re s ,  two modes of cur rent  flow 
occur :  at low current ,  the discharge is of a distr ibuted nature; as the applied voltage in- 
c reases ,  the discharge abruptly shifts into a discharge with a c lear ly  developed cathode spot 
at some cr i t ical  cur rent  density (we call this form of discharge an arc  discharge).  Existing 
experimental  data [1-20] r e f e r s  to vary ing  experimental  conditions. Fur the rmore ,  the c r i t i -  
cal voltage (or current) at which the t ransi t ion of the discharge f rom a distr ibuted discharge 
to an a rc  discharge occurs  var ies  within ve ry  broad limits.  F rom an analysis  of the exper i -  
mental  data, a condition is formulated which the discharge pa rame te r s  sat isfy at the t ime of 
t ransi t ion f rom a distributed discharge to an a rc  discharge.  

We consider  a discharge in a cur rent  of hot, ionized gas flowing along a cold metal wall. The hot core 
of the flow is separa ted  f rom the cold wall by a gas-dynamic  boundary layer.  For cer tain conditions near  
the wall, a layer  is formed within the boundary layer  in which the charged-par t ic le  density is different f rom 
an equil ibrium distribution and the existence of significant space charge is possible.  Let the wall be an 
electrode (cathode) through which contact is made with an external  e lect r ical  c i rcui t  which provides cu r -  
rent flow through the gas. The s t ruc ture  of the nonequilibrium layer  and of the space-charge  layer  near the 
electrode depend on the density of the current  pass ing through the layer,  on the pa rame te r s  of the gas flow, 
and on the wall t empera ture .  

We assume the wall is sufficiently cold so that there is no the rmoemiss ion  f rom its surface,  and we 
limit ourse lves  to conditions in which the following relation holds between the charac te r i s t i c  lengths in the 
var ious  l ayers  near the e lectrode:  

~i ~ d  ~ h ~<6 (1) 

where h i is the mean free path for  an ion, d is the thickness of the space-charge  layer ,  l i is the thickness 
of the layer  with nonequilibrium thermal  ionization, and 5 is the thickness of the gas-dynamic  boundary 
layer .  Satisfaction of the condition (1) requires  a re la t ively high gas p res su re  and low gas tempera ture  
near  the wall (the la t ter  determines  the recombinat ion rate). The relat ions (1) are satisfied for a broad 
c lass  of experimental  conditions. 

Elec t rons  are not present  in the space -charge  layer  under these conditions, and the ions are  in a 
state of  mobility [1]. Fur the rmore ,  there  is the following relat ion between current  density and potential 
drop in the layer  [1]: 

IXi 8n . 
IV  ~ "iT--d" E~~ E w = (ad)'/,, a --~ ---~ ] (2) 
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Here ,  j =jj is the cur ren t  density,  which is equal to 
the ion cu r ren t  density,  V is the potential  drop in the l ayer ,  

i is the ion mobility,  E w is the e l ec t r i c  f ield intensi ty  at 
the e lec t rode  sur face  (at x =0), and d is the th ickness  of the 
space charge  layer ,  which depends on cu r ren t  density. 

To obtain f r o m  Eqs.  (2) equations for  the v o l t - a m p e r e  
c h a r a c t e r i s t i c s  of  the d ischarge ,  it is n e c e s s a r y  to d e t e r -  
mine the function d =d(j). This re la t ion  and also the cur ren t  
density under  specif ic  d ischarge  conditions (point on the 
v o l t - a m p e r e  cha rac t e r i s t i c )  c a n b e  de te rmined  by matching 
the solutions of Eqs.  (2) in the s p a c e - c h a r g e  l aye r  and the 
solutions in the region of the boundary  l aye r  ex te rna l  to 
that  layer .T The equation for  the v o l t - a m p e r e  c h a r a c t e r i s -  
t ic  obtained f rom such a solution gives a re la t ion  between 
cu r ren t  density and potential  drop in the d ischarge  for  any 
cur ren t  density. As shown by exper iment ,  however,  only 

the initial  por t ion of this  c h a r a c t e r i s t i c  (at low cur ren t s )  is actual ly rea l ized.  At a ce r ta in  cur ren t  density,  
the d ischarge  shif ts  into a d ischarge  with a cathode spot (we cal l  this  phenomenon breakdown),  the c h a r a c -  
t e r i s t i c  of which must  be desc r ibed  by another  solution. 

The select ion of the t rans i t ion  point (breakdown) on the v o l t - a m p e r e  cha r ac t e r i s t i c  of the d ischarge  
and the const ruct ion of the re la t ion  between p a r a m e t e r s  at the t ime  of breakdown must  be based  on addi-  
t ional  considera t ions .  This  can be done e i ther  theore t ica l ly ,  f rom an analys is  of the physical  p r o c e s s e s  and 
of the distr ibution of p a r a m e t e r s  in the d ischarge ,  or  empi r i ca l ly ,  f r o m  genera l iza t ion  of the exper imen ta l  
data. 

The condition 

Ew = E ~ = 3~10 ~ V/cm (3) 

obtained in [1] is an example  of a s e m i e m p i r i c a l  re la t ion  which de t e rmines  the t ime  of breakdown for  the 
conditions being considered.  Condition (3) was obtained f r o m  an analys is  of expe r imen ta l  data on breakdown 
of the n e a r - e l e c t r o d e  l aye r  in a i r  and in combust ion products  at a p r e s s u r e  of  ~ 1 a im using Eqs. (2). 

To genera l ize  condition (3) for  the breakdown of the n e a r - e l e c t r o d e  l aye r  in a flow of ionized gas,  
we analyzed breakdown expe r imen t s  conducted in a flow with added po tass ium [1-7], in a flow of "pure  ~ 
gases  in shock tubes,  [8-17, 19, 20], and also invest igat ions of a r c  shunting in a p l a s m a t r o n  [18]. Despite  
the difference in expe r imen ta l  conditions, the p re -b reakdown mode in these  expe r imen t s  is c h a r a c t e r i z e d  
by the following genera l  fea tures :  

1) absence  of emi s s ion  f r o m  the cathode; 

2) a p l a s m a  is the anode for  the d ischarge  f r o m  which ions a re  supplied; the s tead iness  of the d i s -  
charge  (continuity and constancy of the ion flux f r o m  the p lasma)  is ensu red  by the p l a s m a  flux fa r  f rom 
the e lec t rode  within the core  of the flow; 

3) the re  is  a ve loc i ty  field which influences ion motion in the s p a c e - c h a r g e  l aye r  if the th ickness  of 
that  l aye r  becomes  comparab le  to the th ickness  of the boundary layer ;  

4) a m a r k e d  nonuni lormity  of gas p r o p e r t i e s  nea r  the e lec t rode  sur face  a s soc ia t ed  with the f o r m a -  
tion of hydrodynamic boundary  l a y e r s  is typical;  

5) the gas contains eas i ly  ionized contaminants ,  impur i t i e s ,  exci ted a toms ,  etc .  , a ssoc ia ted  with the 
use of spec ia l  gas mix tu res  and with the method for  the production of an ionized p l a s m a  flux (heating, e l ec -  
t r i c - d i s c h a r g e  shock tube, etc.).  

To analyze the exper imen ta l  data [1-20] on the bas i s  of Eqs.  (2), we introduce the d imens ionless  
var iab les .  

1" -~ C~], V*  = C1V, C1 = 3/2Ui ,  C~ = 8~.es /~t iUi  2 (4) 

Examples  of  such solutions were  cons t ruc ted  in the d isser ta t ion  of V. N. Mikhailov, WNear-electrode effects  
in a p l a sma  containing added alkal i  metal ,  u and will not be d i scussed  here .  
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Here,  h e is the mean free ionization range of an e lectron near  the surface of the electrode and Ui is 
the ionization potential of the gas. In the var iables  (4), Eqs. (2) are  wri t ten in the fo rm 

i ' V *  = K 3 (5) 

K = Ew~e - -  2 V X. (6)  
U s 3 d U~ 

The thickness of the space-charge  layer  is 

d = K2Z~ / 1" (7) 

If the t empera tu re  gradient near  the wall is large,  the variat ion of h i and ~i may be considerable 
within the bounds of the space -cha rge  layer .  If we neglect the longitudinal veloci ty of the ions (with respec t  
to the electrode),  the var iabi l i ty  of t empera tu re  and density ac ros s  the space-charge  layer  can be taken 
into account in Eqs. (4)-(7) by the introduction of values averaged over  the layer .  

In the actual analysis  of the experimental  data, the resul ts  of which are given below, it was assumed 

~p]/-T--= const, <~> = const / < p>v'<T> (8) 

Here <p> and (~> are average values of density and mobility where 

d 

<o> = T p d z  (9) 
0 

In the calculation of (p>,  the p res su re  ac ross  the space-charge  layer  was assumed constant and the 
t empera tu re  distribution was var ied  in accordance  with the mode of flow in the boundary layer.  

For  laminar  flow in shock-tube experiments ,  it was assumed 

r (x) = r~ (l + Cx) ~/<~+~), T~ = T~ (l § C6)~/(n§ (i0) 

The quantity C is determined by the thermal  flux in the channel wall. Unfortunately, insufficient data 
for  the determination of the pa r ame te r s  C and n is given in most shock-tube papers ,  and, therefore ,  values 
for these quantities obtained in [21] were used in the analysis  of the experimental  resul ts .  

For  a turbulent flow, it was assumed  the t empera tu re  distribution was l inear within the l imits  of the 
laminar  sublayer  and T =T~o at the external  boundary of this sublayer.  The thickness of the laminar  sub- 
l ayer  was calculated f rom gas-dynamic  equations [22]. 

The average mean free path is 

<le> = i /At<p> (ii) 

where A 1 is the tabulated value of the quantity in the equation for the first Townsend coefficient 

a -- Azp exp (-- Bz,o / E) (12)) 

The results from various experiments on breakdown of the near-electrode layer analyzed by using 

the variable (4) and Eqs. (7)-(10) are given in Flg. 1 (the points correspond to the current and voltage, j~ 

and V ~ at the time of breakdown; the notation is defined in Table i). The great spread of the points plotted 

in Fig. 1 may be associated not only with the spread in the values of j~ and V ~ from experiment to experi- 

ment under identical conditions (see [i]) but also with inaccuracy in the analysis of the data because of the 
absence of direct measurements important for the analysis of parameters in most of the papers. Despite 

this, one can note a tendency toward a reduction in the dimensionless voltage as the dimensionless current 
rises at the breakdown points. 

The data shown in Fig. i corresponds to breakdown in air, combustion productS, argon, nitrogen, and 
helium with and without added potassium. The range of pressures and temperatures in the core of the flow 
is ~ 10-760 mm Hg for p and ~ 2500-II,600~ for T. Experiments were conducted both in applied and in- 
duced electric fields with the magnetic field varying in the range B ~ 0-1.5 �9 104 G. The resultant current 
density and voltage at the time of breakdown fall within the limits j~ ~ 10 -4 -I A/era 2 and V ~ 10-700 V. 

Analysis of Fig. 1 leads to the conclusion that for the majority of experiments, despite the considerable 
variation in experimental conditions, the value of the parameter K [Eq, (6)] at the time of breakdown varies 
within the ra the r  narrow l imi t s  
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T A B L E  1 

Notation 1 2 3 4 5 

Reference [11 i x ] [2] [81 [41 

Working gas air air -~ K combustion I combustion combustion 
products-}- K t products products-~ K 

Notation 6 7 8 9 10 

Reference [~1 [~l [71 [s] [8] 

Working gas combustion air + K combustion argon helium 
products-}- K products + K 

Notation 11 12 13 t 1=~ 15 
I 

Reference [!,, 11 [,11 [1~ l [23, 141 [1~, 1, l 

Working gas argon argon argon 1 argon air 

Notation 16 17 18 19 20 

Reference [13] [1~] [17] [1~] [19] 

Working gas argon argon argon argon air 

0.8 ~ K ~ 4.5 (13) 

The  da ta  f r o m  [9, 10, 20] a r e  an e x c e p t i o n  (the po in t s  f r o m  [20] a r e  not shown in Fig .  1 b e c a u s e  t h e y  
f a l l  o u t s i d e  the  b o u n d a r i e s  of  the  f igure ) .  A n a l y s i s  of the  r e l a t i o n s  be tw e e n  the  f u n d a m e n t a l  c h a r a c t e r i s t i c  
l eng ths  5, d, and  X i in t h e s e  e x p e r i m e n t s  shows  t ha t  d ~X i fo r  t h e m .  T h e r e f o r e ,  the  c ond i t i ons  u n d e r  which  
tha t  s e t  o f  p o i n t s  was  o b t a i n e d  a r e  such  tha t  t h i s  da ta  cannot  be a n a l y z e d  by  the  me thod  d e s c r i b e d  above  
b e c a u s e  the  a s s u m p t i o n s  i m p o s e d  on the  t h e o r e t i c a l  mode l  (2) a r e  not s a t i s f i e d .  

C o n s i d e r i n g  the  s t a t i s t i c a l  n a t u r e  of  the  b r e a k d o w n  phe nome non  and the s m a l l  v a r i a t i o n  (13) of  the  
p a r a m e t e r  K a t  the  t i m e  of  b r e a k d o w n  in v a r i o u s  g a s e s  and u n d e r  v a r i o u s  e x p e r i m e n t a l  cond i t i ons ,  one can 
a dvance  the  fo l lowing  cond i t i ons  fo r  the  b r e a k d o w n  of  the  n e a r - e l e c t r o d e  l a y e r *  

K = K,,,m: = I (14) 

The  c u r v e  c o r r e s p o n d i n g  to  Eq.  (14) i s  shown in Fig .  1. The  p h y s i c a l  m e a n i n g  of the  b r e a k d o w n  cond i -  
t i on  (14) i s  t ha t  b r e a k d o w n  s e t s  in at  the  t i m e  when a r a n d o m  e l e c t r o n  a c q u i r e s  an e n e r g y  equa l  to the  i on i -  
za t ion  p o t e n t i a l  be tween  two c o l l i s i o n s  in the n e a r - e l e c t r o d e  l a y e r ,  i . e . ,  a c q u i r e s  the  c a p a b i l i t y  of  i on i z ing  
gas  a t o m s  by  c o l l i s i o n . ~  

The  f o r m  of  condi t ion  (14) i n d i c a t e s  tha t  b r e a k d o w n  of  the  n e a r - e l e c t r o d e  l a y e r  u n d e r  the  cond i t i ons  
d i s c u s s e d  i s  of  a v o l u m e  n a t u r e .  The r e l a t i v e l y  m i n o r  r o l e  of  s u r f a c e  p r o c e s s e s  i s  i n d i c a t e d  by  the  fac t  
t ha t  wi th in  the  a c c u r a c y  of  the  m e a s u r e m e n t s  t h e r e  i s  no e f f ec t  of  e l e c t r o d e  m a t e r i a l  on the  b r e a k d o w n  
phenomenon  ( e l e c t r o d e s  of  c o p p e r ,  s t e e l ,  a l u m i n u m ,  tungs t en ,  and  n icke l  w e r e  u s e d  in t h e s e  e x p e r i m e n t s ;  
the  s u r f a c e  t e m p e r a t u r e  of  the  e l e c t r o d e  d id  not e x c e e d  500-600~ 

The v a l u e s  of  the  q u a n t i t y  K a t  the  t i m e  of  b r e a k d o w n  for  e x p e r i m e n t s  invo lv ing  a m a g n e t i c  f i e ld  can  
be  d i f f e r e n t i a t e d ,  g e n e r a l l y  speak ing ,  f r o m  the  c o r r e s p o n d i n g  v a l u e s  fo r  B =0 b e c a u s e  the  m a g n e t i c  f i e l d  
can l e a d  to a change  in the  e f f ec t ive  f r e q u e n c y  of  i on i z ing  c o l l i s i o n s  for  an e l e c t r o n .  

*The r e l a t i o n  ~ e >> d ho lds  fo r  the  cond i t i ons  in [8, 11] and  fo r  s o m e  da ta  in [12, 15]. On the  b a s i s  of the  
p h y s i c a l  m e a n i n g  of  the b r e a k d o w n  condi t ion  {14), i t  i s  n e c e s s a r y  to  r e p l a c e  the  quan t i t y  X e by  d in e x p r e s -  
s i o n s  fo r  the  p a r a m e t e r  K when a n a l y z i n g  t h i s  da ta .  

The  cond i t ion  (14) a g r e e s  in f o r m  wi th  t he  cond i t ion  fo r  gas  b r e a k d o w n  in a h i g h - f r e q u e n c y  f i e l d  [23]. 

310 



To evaluate  the poss ib le  effect  of a magnet ic  f ie ld on the breakdown phenomenon and the c o r r e s p o n d -  
ing change in the c r i t i c a l  value of the e l e c t r i c  f ie ld  intensi ty ,  one can turn  to the phys ica l  s ignif icance of 
condition (14). The c r i t i c a l  e l e c t r i c  f ie ld in tens i ty  can v a r y  if the e l ec t ron  mean f ree  path along the f ie ld 
and the ene rgy  acqu i r ed  by the e l ec t ron  between two co l l i s ions  v a r i e s  co r r e spond ing ly  (it is a s s u m e d  the 
magnet ic  f ie ld  has no effect  on ion motion - ~iT i << 1). Such a va r i a t ion  in ene rgy  wi l l  be impor tan t  if the 
r a t io  X/R (~ is the e l e c t r o n  mvan f ree  path in the absence  of a magnet ic  f ie ld  and R is the L a r m o r  rad ius  
for  the e lec t ron)  becomes  s igni f icant ly  g r e a t e r  than one. In th is  case ,  the e l ec t ron  mean f ree  path along 
the e l e c t r i c  f ie ld  wi l l  be de t e rmined  by the quant i ty  R, the c r i t i c a l  f ie ld in tens i ty  i n c r e a s e s ,  and it wil l  be 
n e c e s s a r y  to de te rmine  it f r om the condition 

K B  = E R  / U~ (15) 

If it is a s s u m e d  the e l e c t r o n s  c r e a t e d  by ionizat ion have ze ro  in i t ia l  ve loc i ty ,  the L a r m o r  rad ius  
wi l l  be de t e rmined  by the maximum of the ve loc i t i e s  

cE eE v (o'c 
vD : ~ , v : ~ m  ~' v D 2 

Here ,  v D is the dr i f t  ve loc i ty ,  v is  the ave rage  e lec t ron  ve loc i ty  between co l l i s ions ,  and ~- is the t ime  
between e l ec t ron  co l l i s ions  in the n e a r - e l e c t r o d e  l aye r .  F o r  w7 << 1, we have VD>>V and 

v'~eB (u1") 2 
tr racy D 2 " ~  t 

It then follows that  when wT << 1, the c h a r a c t e r i s t i c  e l e c t r o n  range along the f ie ld  is  de t e r m i ned  by 
the quanti ty X and the magnet ic  f ie ld should have no effect  on the c r i t i c a l  e l e c t r i c  f ie ld  intensi ty .  

F o r  w T >> 1, the L a r m o r  rad ius  depends on the ve loc i ty  v >~ v D and 

~'~ r a c y  

Under these  condit ions,  the c h a r a c t e r i s t i c  e l ec t ron  range along the f ie ld  is  de t e rmined  by the quanti ty 
R and the c r i t i c a l  e l e c t r i c  f ie ld  in tens i ty  should depend on the magnet ic  f ie ld in the following manner  [see 
Eq. (15)]: 

E B  = OyV E o (16) 

where  E 0 is the c r i t i c a l  e l e c t r i c  f ie ld  in tens i ty  in the absence of a magnet ic  f ie ld and at the same gas 
densi ty ,  E B is the c r i t i c a l  in tens i ty  with a magnet ic  f ie ld  p re sen t .  

In the e x p e r i m e n t s  with a magnet ic  f ie ld  ment ioned above, we find 

2~104G, E ~ 1 0 4 V / c m , ~ 1 0  -4cm, 
~ (2~m / e E )  ','~ ~ l0 -12 sec,~0 . . .~eB / m c  ~'~ 2. i0  u sec  -1 

Consequently,  w r  << 1 for  these  expe r i m e n t s ,  and the c r i t i c a l  e l e c t r i c  f ield in tens i ty  should not de-  
pend on the magnet ic  f ield.  This  is  conf i rmed  by the fact  that  the quanti ty K ca lcu la t ed  for  them does not 
depend on the magnet ic  f ie ld  (within the s p r e a d  of the e x p e r i m e n t a l  data; see Fig. 1 where  points  c o r r e -  
sponding to expe r imen t s  involving a magnet ic  f ie ld  a r e  plotted).  

Note that  the breakdown condition (14) is  d i f ferent  f rom the co r r e spond ing  condit ions for  the t r a n s -  
fo rmat ion  of a n o n - s e l f - s u s t a i n i n g  d i scha rge  into a s e l f - s u s t a i n i ng  Townsend glow d i scha rge  [24, 26], the 
t r a n s f o r m a t i o n  of a glow d i scha rge  into an a r e  d i scha rge  [25, 26], and f rom the condit ions for  a spa rk  
breakdown [26]. As an i l l u s t r a t ion ,  a curve  is  shown in Fig.  i co r r e spond ing  to the condition for  t r a n s f o r -  
mat ion into a Townsend d i scha rge ,  1 - y[exp (ad) - 1] = 0 for  y= 10 -2 with a and d ca lcu la t ed  f rom the sblution 
of Eqs.  (2). 

The r e l a t i on  between p a r a m e t e r s  at the t ime  of t r a n s i t i on  f rom one fo rm of d i scharge  to another  
should depend on the phys ica l  na ture  of the o r ig ina l  d i scha rge .  It is  t h e r e f o r e  na tura l  that  the fo rm of the 
breakdown condit ion for  th is  d i scha rge  differ  f rom the breakdown condit ions for  o ther  d i s cha rges  (in p a r t i c -  
u l a r ,  those  ment ioned above). 

There  is i n t e r e s t  in the inves t iga t ion  of the phys ica l  p r o c e s s e s  leading to  the t r a n s f o r m a t i o n  of the 
d i s t r i bu t ed  d i scha rge  d i s c u s s e d  into an a r c  d i scha rge  and in an explanat ion of the k inet ic  meaning of the 
breakdown condit ion (14). 
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