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We inves t iga te  the potent ia l  change at the cathode in r e l a t ion  to the c u r r e n t  flowing through the gas 
with di f ferent  amounts  of addit ive in  the flow in a p a r t i c u l a r  range  of t e m p e r a t u r e  of the e lec t rode  working 
sur face  and with e lec t rodes  of va r ious  m a t e r i a l s .  We cons ide r  a s impl i f ied  model and take into account  the 
poss ib i l i ty  of extending the obtained r e su l t s  to a rea l  appara tus .  The s impl i f i ca t ion  is  achieved by excluding 
the magnet ic  field f rom cons ide ra t ion  and inves t iga t ing  the case of an e lec t r i c  field applied to the e l ec t rodes .  

Appara tus .  The source  of the l o w - t e m p e r a t u r e  a i r  p l a sma  was a 300-kW dc p l a s m a t r o n  with gas 
s t ab i l i za t ion  of the arc  [1]. The gas p a r a m e t e r s  at the en t rance  to the working channel  were:  mean  m a s s  
t e m p e r a t u r e  ~ 2400-2600 ~ K, ve loc i ty  ~ 350-450 m / s e c ,  and flow ra te  ~ 30-35 g / s e e .  

The gas emerg ing  f rom the p l a s m a t r o n  nozzle  passed  through a device for  in t roduct ion  of the addi-  
t ive (potass ium concen t ra t ion  r and a fore  chamber .  The fore chamber  ensu red  be t t e r  mixing  of 
the addit ive with the flow and shaped the flow for en t ry  into the uncooled c e r a m i c  channel  4 (Fig. 1), 180 m m  
long and 50x18 m m  2 in c ro s s  sect ion,  cons t ruc ted  of separa te  r e c t a ngu l a r  uni t s .  The e lec t rodes  were  
mounted in the side walls  of the channel .  

The t e m p e r a t u r e  T w of the working sur face  of the e lec t rode  
was cont inuously  m e a s u r e d  by a TFPG--1 p y r o m e t e r  and r eco rded  
on a E P P - 0 9  potent iometer~  The spec t ra l  c h a r a c t e r i s t i c s  of the 
photodiode ()~eff=l. 5 #) of the p y r o m e t e r  6 were chosen to m i n i -  
m ize  the effect of e m i s s i o n  of the potass ium~ 

The OSMU-2 magnet ic  sy s t em provided a magnet ic  field 
of up to 1.6 T in an 80- ram gap. The pole p ieces  were  800 x 100 
m m .  

Measur ing  Circui t .  To inves t iga te  the effect of the f r e -  
quency of the supply voltage on the c u r r e n t - vo l t a ge  c h a r a c t e r -  
i s t i c s  we used three  power suppl ies :  a d c  supply 15, a 50-Hz ac 
supply 13, and a 200-Hz ac supply 14. During the expe r imen t  we 
used  the th ree  suppl ies  in  t u rn .  The d i rec t  voltage could be var ied  
smoothly f rom -110 V to 110 V. The ampli tude of the a l t e rna t ing  
voltage was 150 Vo 

The c u r r e n t  c i rcu i t  contains  five r e s i s t o r s  24, which act as 
ba l l a s t  r e s i s t o r s  and a re  also used for  m e a s u r e m e n t  of the c u r -  
r en t .  The voltage drop on these  r e s i s t o r s  is  p ropor t iona l  to the 
c u r r e n t  and, hence,  the deflect ion of the be a ms  of osc i l lographs  
11 and 12 is a lso propor t iona l  to the c u r r e n t .  Some of the r e -  
s i s t o r s  a re  shunted by a switch and this  a l t e r s  the c u r r e n t  sca le .  

Depending on the posi t ion  of the switch 16 the voltage ap-  
Fig .  1 plied to the osc i l lographs  is  that between e lec t rodes  1 and 2 or 

between e lec t rode  1 and probe 3. 
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The o s c i l l o g r a p h  12 is  of the d o u b l e - b e a m  type.  The f i r s t  b e a m  
g ives  the c u r r e n t  sweep on the s c r e e n  and the second  g ives  the vo l tage  
sweep.  O s c i l l o g r a p h  11 is  of the  s i n g l e - b e a m  type .  The v e r t i c a l  d e -  
f l ec t ion  on i t s  s c r e e n  i s  p r o p o r t i o n a l  to  the  vol tage  and the hor izon ta l  
de f l ec t ion  i s  p r o p o r t i o n a l  to the c u r r e n t .  Thus,  the curve  d e s c r i b e d  
by the b e a m  is  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 .  The s c r e e n s  of 
both o s c i l l o g r a p h s  a r e  pho tographed .  The s t a r t  of the o s c i l l o g r a p h s  
i s  synch ron i zed .  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  a r e  r e c o r d e d  
as  the  e l e c t r o d e  t e m p e r a t u r e  i n c r e a s e s .  The t i m e  of photography  of 
each f r a m e  is a u t o m a t i c a l l y  m a r k e d  on the t ape  of the  i n s t r u m e n t  10, 
which r e c o r d s  the t e m p e r a t u r e .  Dur ing  one e x p e r i m e n t  (~ 6 min) up 
to 30 f r a m e s ,  c o r r e s p o n d i n g  to d i f fe ren t  e l e c t r o d e  su r f ace  t e m p e r a -  
t u r e s ,  a r e  taken .  

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 .  The m e a s u r i n g  c i r c u i t  enabled  us to r e c o r d  t h r e e  kinds of 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  [1]: the e l e c t r o d e - p r o b e ,  the e l e c t r o d e - e l e c t r o d e ,  and the s top c h a r a c t e r i s t i c .  By 
a l t e r i n g  the range  of c u r r e n t  and vo l tage  m e a s u r e m e n t  we could a l t e r  the s ca l e  of the o s c i l l o g r a m s .  A 
change in the appl ied  vo l tage  affects  the range  of the c h a r a c t e r i s t i c s  without affect ing the c h a r a c t e r i s t i c  
angles  of inc l ina t ion .  

A typ ica l  e l e c t r o d e - p r o b e  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  fo r  e l e c t r o d e s  of s i l i c i f i ed  g raph i t e  has the 
f o r m  i l l u s t r a t e d  in F ig .  2o The b r anch  of th is  c h a r a c t e r i s t i c  with j > 0 (] =I /S,  whe re  I i s  the c u r r e n t  in the  
e l e c t r o d e  c i r cu i t ,  and S is  the e l e c t r o d e  a rea )  c o r r e s p o n d s  to ope ra t ion  o f  the e l e c t r o d e  as  a ca thode 
{cathode branch) ,  and that  with j < 0 i s  the anode branch~ 

Acco rd ing  to [1], a c h a r a c t e r i s t i c  of the  anode b r anch  of the o s c i l l o g r a m  i s  tan  a = A U a / I ~  R~ where  
R a is  the  r e s i s t a n c e  of the  gas  l a y e r  be tween  the e l e c t r o d e  and the p r o b e .  

The cathode b r anch  of the o s c i l l o g r a m  has  t h r e e  c h a r a c t e r i s t i c  po r t i ons  [1]: the  po r t i on  CA is  
c h a r a c t e r i z e d  by a l eve l  of c u r r e n t s  j* c o r r e s p o n d i n g  to the point  A; the  po r t i on  AB i s  c h a r a c t e r i z e d  by  
cotan (~c=tan fi ; the po r t i on  BB'C is  c h a r a c t e r i z e d  by  a cathode fal l  U be low which t h e r e  is  no a r c  r e g i m e  
of the ca thode .  An inves t iga t ion  [2] of a d i s c h a r g e  in condi t ions  c o r r e s p o n d i n g  to th i s  p a r t  of the  c h a r a c t e r -  
i s t i c  showed that  in th is  r eg ion  the d i s c h a r g e  is  a r c - l i k e  with d i s t i nc t  spo t s .  

F i g u r e  3 shows the gene ra l  f o r m  of the  e l e c t r o d e - e l e c t r o d e  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  fo r  the  
s a m e  m a t e r i a l s .  Since the p r o c e s s e s  c lo se  to the  ca thode  p lay  a d e c i s i v e  ro l e  i n t h e  channel  t he two  b r a n c h -  
es  of the  e l e c t r o d e - e l e c t r o d e  c h a r a c t e r i s t i c  a r e  qua l i t a t i ve ly  s i m i l a r  in s t r u c t u r e  to the  cathode b r a n c h -  
es  of the 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 .  

F ig .  3 

If the e l e c t r o d e - e l e c t r o d e  c h a r a c t e r i s t i c  is  r e c o r d e d  in the 
p r e s e n c e  of a magne t i c  f ie ld  a c o r r e c t i o n  mus t  be made  for  the i n -  
duced emf .  

M e a s u r e m e n t  of R e s i s t a n c e s .  The r e s i s t a n c e s  of the i n t e r -  
e l e c t r o d e  gap and the insu la t ing  wa l l s  connected  in p a r a l l e l  (Fig .  4, 
where  1 i s  the cathode,  2 is  the cathode fa l l  r eg ion ,  3 i s  the boundary  
l a y e r  at the cathode,  4 i s  the co re  of the  flow, 5 is  the bounda ry  l a y e r  
at the  anode,  6 i s  the anode fa l l ,  7 i s  the  anode, and 8 i s  the probe)  
can be  s e p a r a t e l y  d e t e r m i n e d  by an a n a l y s i s  of the c h a r a c t e r i s t i c s .  

The a v a i l a b i l i t y  of e l e c t r o d e - p r o b e  and e l e c t r o d e - e l e c t r o d e  
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  r e c o r d e d  s u c c e s s i v e l y  at  su f f i c ien t ly  
sho r t  i n t e r v a l s  enabled  us  to d e t e r m i n e  the to ta l  r e s i s t a n c e  of the gap.  

A d i a g r a m  of the  c u r r e n t s  f lowing be tween  the e l e c t r o d e s  in the  
work ing  p l a s m a t r o n  i s  shown in F ig .  4. To e s t i m a t e  the c u r r e n t  
f lowing through the in su la t ing  wa l l s  we r e c o r d e d  the "s top M c u r r e n t -  
vo l tage  c h a r a c t e r i s t i c  at  the ins tan t  when the p l a s m a t r o n  was s topped 
with a vo l tage  i m p o s e d  on the work ing  e l e c t r o d e s .  The angle  of i n -  
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c l ina t ion  of this  c h a r a c t e r i s t i c  to the c u r r e n t  axis c h a r a c t e r i z e s  the r e s i s t a n c e  of the insula t ion  between 
the e l ec t rodes .  

T r e a t m e n t  of C h a r a c t e r i s t i c s .  F igu re  2 i l l u s t r a t e s  the rep lo t t ing  of the cu r r en t -vo l t age  c h a r a c t e r -  
i s t i c .  The potent ial  drops  on the e l e c t r o n - p r o b e  reg ion  in the case where  the inves t iga ted  e lect rode o p e r -  
ates as a cathode or  anode a re  de t e rmined  by the r e s i s t a n c e s  

Rc, ~ = AU / I', Re__ Rc(~) § Be (3), .~ __ R(~.) § R(~) 

Here AU is the potent ial  drop in the reg ion  between the inves t iga ted  e lec t rode  and the probe,  I' is 
the cu r r en t  in the e lec t rode  c i rcu i t  minus  the c u r r e n t  flowing through the insula t ion ,  R(2) is the ra t io  of 
the anode or  cathode potent ial  drop to the c u r r e n t  and R {3) is the r e s i s t a n c e  of the gas l ayer  between the 
e lec t rode  and probe .  The subsc r ip t s  c and a denote that the inves t iga ted  e lec t rode  opera tes  as a cathode 
or anode. 

If we a s s u m e  that Rc(3) =Pa (3) and on the bas i s  of [2] take Ra (2) as negl igibly  smal l  at the c u r r en t  den -  
Ra=Ra(3) - Re  (3) s i t ies  m e a s u r e d  in the expe r imen t s ,  then we can say that - o 

Thus,  by sub t r ac t ing  the potent ial  drop on the r e s i s t a n c e  R a f rom the l ine  NOA"K (Fig. 2) for  given 
va lues  of I we obtain the l ine OAL, which is the c h a r a c t e r i s t i c  of the re la t ionsh ip  between the cathode fall 
and the c u r r e n t  densi ty~ 

Reg i s t r a t ion  of Arc Spots~ The cine photographs were  taken with a Pentaze t -35  
c a m e r a  at a r a t e  of 2000 sec - l~  The f i lming  ra te  was m e a s u r e d  and the l i fe t ime of 
the spots was de t e rmined  f rom t ime m a r k s  made at a ra te  of 1000 sec -1. 

For  the photography we se lec ted  15-TT-800  fi lm, which in compar i son  with KH 
f i lms  has a lower  in i t ia l  dens i ty  (D0=0~ 24), a higher con t r a s t  fac tor  (7=1.6) when 
p r o c e s s e d  in the same  way, and a higher  m a x i m u m  dens i ty  (Dmax=3.0-3o2) .  The 
exposure  had to be chosen so that the optical  dens i ty  of spots on the negat ive  always 
lay  on the th reshold  Dmaxo This enabled us to d i s t inguish  incandescen t  pa r t i c l es ,  
which appeared  occas iona l ly  on the e lec t rode  sur face ,  f rom the a rc  spots .  

Arcs  on the cathode sur face  were  r e g i s t e r e d  in the absence  of a magnet ic  field 
[2] and in expe r imen t s  with an applied magnet ic  f ield.  In the l a t t e r  case a m i r r o r  
with an ex te rna l  r e f l ec t ing  l a y e r  was mounted within the magnet  pole piece to allow 
inspec t ion  of the e lec t rode  sur face  (Fig~ 5). The use  of the m i r r o r  enabled us to d i rec t  the 
axis  of photography along the e lec t rode  sur face  and, thus,  to inves t iga te  the s t r uc tu r e  
of the arc  d i scha rge .  

In the choice of sca le  of the photographs we took the following into account:  
With i n c r e a s e  in sca le  the depth of def ini t ion is  g rea t ly  reduced and with reduct ion  of 
the d i a m e t e r  of the focal ape r tu re  of the lens  the r e so lv ing  power  of the optical  sy s t em 
is reduced~ Hence, s topping-down of the lens  to 8-11 should be rega rded  as the l imi t .  

The sca le  was p rov i s iona l ly  chosen so that the spot on the negat ive would be two 
to th ree  o r d e r s  g r e a t e r  than the na tu ra l  g ra in  of the negative~ In this case the sca le  

Figo6 had to be in the range  1:4 to 1:1o 
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Fig. 7 

A m i r r o r  mounted at an angle of 47-48 ~ to the horizontal  optic axis  enabled us to observe  the e l e c -  
t rode  sur face  at an angle of 2-3 ~ . The zone of sharp  focus was chosen in the middle  of the e lec t rode  and 
when the sca le  of the photographs was ~ 1:2 was ~ 5 mmo 

The scale  of the photographs was f inal ly  decided f rom the following fo rmula :  

G = 0.066 nM (M -t- i) 

Here G is the depth of definit ion,  n is  the r e l a t ive  ape r tu re  of the lens ,  M is the r ec ip roca l  of the 
sca le  (the ra t io  of the l i n e a r  d imens ions  of the p ic tu re  plane to the l i n e a r  d imens ions  of the f rame)~ 

Expe r imen ta l  Resul t s .  Typical  cu r r en t - vo l t a ge  c h a r a c t e r i s t i c s  are  shown in F igs .  3, 6, and 7. Fo r  
compar i son  we show c h a r a c t e r i s t i c s  r ecorded  for  the same e lec t rode  sur face  t e m p e r a t u r e s  and with the 
same concen t ra t ions  of addit ive.  F igure  6 shows that the f requency of the applied voltage had no effect on 
the form of the c h a r a c t e r i s t i c .  Hence, the p r o c e s s e s  occu r r ing  nea r  the e lec t rode  become steady in a t ime  

much  s m a l l e r  than the length of one cycle .  This appl ies  to the 
iO ~ - - . .  dis t r ibuted  d ischarge .  In the case  of the a re  d i scharge  the steady j~c+~l / 'jl //~ i s ta te  does not set  in. The c u r r e n t  and voltage pulsa t ions  a re  

i 

f0-r _ 

, , , 

p r e s u m a b l y  due to the dynamics  of i n t e rac t ion  of the arc  c o l u m n  
and the gas flow, 

F lgnre  7 compares  the c h a r a c t e r i s t i c s  for  d i f ferent  va lues  
of the magnet ic  f ield.  Within the l i m i t s  of expe r imen ta l  accu racy  
we could detect  no effect of the magnet ic  field (1o 3 -1 .5  T) on the 
f o r m  of the c h a r a c t e r i s t i c s .  The cine photographs indicated  that 
the outward appearance  of the a rc  d i scharge  was una l t e red  when 

1000 f~oo 10oo zzoo 
Fig.  8 

the magnet ic  field was switched on. 

In view of this  we can conclude that for inves t iga t ion  of the 
opera t ion of e lec t rodes  we can use  a s impl i f ied  method in which 
a 50-Hz voltage is  applied to the e lec t rodes  in the absence  of a 
magnet ic  field. This  fac i l i t a tes  inves t iga t ion  of d i f ferent  m a t e r -  
ia ls  in a wide range  of t e m p e r a t u r e s  and concen t ra t ions  of addi -  
t ive .  

Some r e s u l t s  of inves t iga t ions  c a r r i e d  out by the s impl i f ied  
method a re  shown in Fig.  8, where  the p a r a m e t e r  j* is  shown as 
a function of Tw and r  d i f ferent  m a t e r i a l s .  Empi r i ca l  f o r m u -  
las  r e p r e s e n t i n g  this  r e la t ionsh ip  have the fo rm:  
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We g ive  ~he v a l u e s  of  t he  c o n s t a n t s  a ( a / c m  ~) and  b (deg -1) f o r  s o m e  m a t e r i a l s .  

b r a c k e t s  g ive  t he  a m o u n t  of p o t a s s i u m  (in %) a d d e d  to  t h e  a i r  f low:  

The  f i g u r e s  in  t he  

(0.4 k) a ~ 2 . 2 . i 0  -5 b~5.06.10-8 
N bC -{-Co (1.2 k) a~- i.6.10 m b-~4.25.i0 -'a 

(0.4 k) a ~ l . 5 . i O  -~ b~-6.14.10 ~ 
ZrB~ (~.2 k) a~6 .6 . t 0 -~  b ~ 7 . 0 6 . t 0  -8 

(0.4 k) a ~ 2 . 8 . 1 0  -s b~4.26.10 -a 
ZrB2 ~LaB6 (t.2 k) a ~ l . 1 . t O  -a b~3.84.10 -3 

W { (t.2 k) a_.~_~7.4.10 -5 b~4.06.10-3 
W ~  LaB6 (t.2 k) a ~ t.6.10 -5 b =  5.57.i0 -s 

A s  d i s t i n c t  f r o m  t h e s e  m a t e r i a l s  t h e  f o r m u l a  f o r  l a n t h a n u m  h e x a b o r i d e  h a s  t h e  f o r m  

/* ~ 0.0t4 ~ l .t2. t0 -44 T~ 3'96 a / c,u~ 
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