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The cur ren t -vo l tage  cha rac t e r i s t i c s  of a pulsed discharge in a hollow cyl indr ica l  channel formed by 
d ie lec t r ic  walls are investigated.  The eros ion  of the channel walls is measured ,  together with the mean  
velocity of the p lasma flowing into a vacuum through an opening in one of the e lect rodes ,  and re la ted to the 
channel geometry.  Conclusions a re  drawn regard ing  the t empera tu re  of the p lasma in the channel and the 
mechan i sm of heat t r ans fe r  to the walls. 

N O T A T I O N  

d--channel  d iamete r  
/ - -channel  length 
C--capaci tance  of capaci tor  bank 
U--capaci tor  voltage; 
M--consumpt ion  of d ie lec t r ic  per  d ischarge  
m--spec i f ic  consumption 
W--discharge energy 
R0-- res i s tance  of d ischarge  gap at ins tant  of maximum c u r r e n t  
R- -va r i ab le  r e s i s t ance  of d ischarge  channel  
Im- -max imum discharge  cu r r en t  
Wi--chemical  bond rupture  energy of d ie lec t r ic  of mass  M 
W2--ionization energy of d ie lec t r ic  of mass  M 
W3--kinetic energy of d ie lec t r ic  of mass  M 
W4--electrode heating energy per d ischarge  
W~--thermal energy of d ie lect r ic  of mass  M 
(T>--mean t empera tu re  of channel  p lasma 

S- -energy  of light flux on d ie lec t r ic  layer  
h--depth of d ie lec t r ic  layer  heated to t empera tu re  T 
y--density of dielectric 
e--specific heat of dielectric 
m0--mass of dielectric layer heated to temperature T 
T--temperature of heated layer 
kl, k2--constants 
u--residual stress. 

Research on discharges in channels bounded by dielectric walls is being conducted in two directions: the 
creation of stable sources of light and plasma at relatively high temperatures to 2- 10 5 ~ [i], and the formation of 
high-velocity jets of dielectric decomposition products [2]. 

In these studies the channel shape depends on the nature of the problem. In [i] the channels were short (length 
l = i-i0 ram) and narrow (diameter d = 1-2 ram); in [2] both dimensions were an order greater. 

Moreover ,  the s tudy  of the in terac t ion  of p lasma with d ie lec t r i c s  is of independent in te res t  and impor tant  in 
re la t ion  to the design of h e a t - r e s i s t a n t  coatings [3]. 

Accordingly,  we decided to invest igate the var ia t ion  of the p lasma p a r a m e t e r s  in a d ie lec t r ic  channel  as the 
durat ion and ampli tude of the d ischarge  cu r ren t  increase .  

The d i scha rge r s  (Fig. 1) had teflon channels  with d imens ions  d = 9 mm, l = 200 mm and d = 16 mm,  I = 30-165 
mm. The discharge  was s t ruck between electrodes  1 and 2 in the hollow cyl indr ica l  channel  formed by the d ie lec t r ic  
walls  3. The p lasma jet  flowed out through the open end of the channel into a vacuum. The d ischarge  was init iated by 
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means  of an auxi l ia ry  spark c rea ted  by igni ter  4. The exper iments  in the channel with d = 9 mm were  conducted at C = 
= 150-2400 gF,  vol tages  U up to 5 kV (IM-5-150 capaci tors)  and a p r e s s u r e  in the vacuum chamber  of 10 -j  mm Hg. At 
a lower p r e s s u r e  the energy of the auxi l ia ry  spark (3 J) was insufficient  for r e l i ab le  init iat ion of a d ischarge .  I n t h e  
expe r imen t s  with a channel d i ame te r  d = 16 mm the p r e s s u r e  in the chamber  was 10 -5 mm Hg. In this case  we used a 
bank of MGBV capac i to r s  with C = 100-7200 #F at U = 1 kV. The d i scharge  cu r ren t s  and the voltage a c r o s s  the 
d i scharge  gap were  r eco rded  with an osc i l lograph,  and the e ros ion  of the channel wal ls  was invest igated.  The mean 
ve loc i ty  of the p la sma  je t  flowing into the vacuum was calculated f rom the measu red  momentum of the je t  and the 
consumption of d i e l ec t r i c  pe r  d ischarge .  The prof i le  of the je t  r e g i s t e r e d  by a high-speed pho to recorde r  is shown in 
Fig.  2. 

c 

" ~ N N N ~  

Fig. I 

As the d i scharge  energy  W i n c r e a s e s ,  so does M, the consumption of teflon. In Fig.  3 m = M/W has been 
plotted as a function of W; curve  1 is for d =  9 mm and l =  200 mm,  cu rves  2, 3, a n d 4  for d =  1 6 m m a n d l = 6 0 ,  115, 
and 165 mm,  respec t ive ly .  At W _> 500-1000 J the e ros ion  of the walls  is chiefly de te rmined  by the channel geometry :  
the d imens ions  d and l. At W < 500 J ,  m also depends on W. The anomalous inc rease  in m at W = 4.2 kJ is caused by 
incomplete  decomposi t ion  of the d i e l ec t r i c  due to the rmal  overloading of the channel and the face of the e lec t rode  
leading to melt ing.  The table gives  values of the res idua l  voltage u, kV, the max imum d ischarge  cu r ren t  I m, kA, and 
w = W J W .  100% for a d i e l ec t r i c  of mass  M at C = 150, 600, 1200, and 2400 #F for a s e r i e s  of values  of the voltage U, 

kV. 

Fig. 2 

In all  the expe r imen t s  the capac i to r  bank was incomplete ly  d ischarged  and the res idua l  voltage u increased  both 
with inc rease  in capaci tance  and with inc rease  in the ini t ial  voltage (table). In Fig. 4 the r e s i s t a n c e  of the d i scharge  
channel R 0 at the instant  of the cu r r en t  max imum I m is shown as a function of W. Curve  1 was cons t ruc ted  for C = 
= 150pF ,  U =  5kV,  d = 9  mm,  a n d l = 2 0 0 m m ;  curves  2, 3, and 4 were  cons t ruc ted  for C = 1 0 0 - 7 2 0 0 # F ,  U =  l k V ,  
d = 16 ram, and l = 165, 115, and 65 mm,  respec t ive ly .  An inc rease  in capaci tor  voltage at fixed C leads to a l inear  
fall  of R0; an inc rease  in C at fixed voltage leads to a r i s e  in R 0. This  dependence of R 0 on C and U can be explained as 
follows. At smal l  C = 150-600 #F the d i scharge  is short  (~60 psee) and depends only weakly on U. As U inc rease s ,  
the t e m p e r a t u r e  and degree  of ionizat ion of the channel p lasma increase ;  consequently,  the r e s i s t ance  of the d i scharge  
gap fal ls .  An inc r ea se  in C f rom 100 to 7200 #F (U = const) causes  a substantial  i nc rease  in the durat ion of the 
d i scharge  with a ve ry  flat d i scharge  cu r ren t  front. In this quas i - s t a t iona ry  r e g i m e  the d i scharge  channel is intensely 
cooled by the gas f rom the ablating wail,  the t empera tu re  and conductivity of the p lasma fall ,  and hence the d i scharge  
cu r r en t  d e c r e a s e s  as C inc reases .  Moreove r ,  in this r eg ime  the r em ova l  of heat  is intensif ied as a r e su l t  of the 
en t ra inment  of energy  by the escaping je t  throughout the d ischarge .  At smal l  C the expansion p roces s  may be 
r ega rded  as taking place af ter  the ma jo r i ty  of the energy has been r e l e a s e d  in the d i scharge  channel. The t ime 
dependence of the channel r e s i s t a n c e  (curves  1, 2), calculated f rom the maximum cu r ren t  ampli tude up to I = 0.1Ira, 
and the cu r r en t  I (curves  1', 2') is shown in Fig. 5 for C = 150 pF. Curves  1 and 1' cor respond  to U = 4 kV, and cu rves  

2 and 2' to U = 1 kV; R has a min imum at I = (0.3-0.4)Im. 
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The  m e a n  t e m p e r a t u r e  of the channe l  p l a s m a  was e s t i m a t e d  for  d i s c h a r g e s  in which the comple t e  d e c o m p o s i t i o n  
of the vapo r i zed  d i e l e c t r i c  was  m o s t  p robab le ,  i. e . ,  in c a s e s  in which the e n e r g y  expended on b r e a k i n g  the m o l e c u l a r  
bonds  of the m a t e r i a l  e roded  d u r i n g  a s ing le  d i s c h a r g e  was not  m o r e  0.5 W. The  fol lowing a s s u m p t i o n s  w e r e  made :  1) 
the p l a s m a  is  in  t h e r m o d y n a m i c  e q u i l i b r i u m ;  2) the exc i t a t ion  e n e r g y  of the a toms  and ions l eav ing  the channe l  is  
neg l ig ib ly  sma l l .  
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Fig. 3 

The energy supplied to the discharge channel is distributed among the ionization energy W 2, the molecular bond 
rupture energy WI, the kinetic energy of the jet W 3, the electrode heating energy W a, and the thermal energy W 5 in 
accordance with the equation: 

co 

I UIdt  = + ~]- -~ Wa -[- W~ . W1 w z  W3 (1) 
0 

F o r  an a p p r o x i m a t e  so lu t ion  of this  equa t ion  we used the Saha fo rmu la .  The  m a s s  of vapo r i zed  d i e l e c t r i c ,  the 
m e a n  ve loc i ty  of the j e t  and t h e  e l e c t r o d e  e n e r g y  l o s s e s  were  d e t e r m i n e d  e x p e r i m e n t a l l y .  Th i s  method  of e s t i m a t i n g  
the t e m p e r a t u r e  gave the fol lowing r e s u l t s :  

( T >  : ( 2 . 3 - - 2 . 5 )  �9 i 0 4 ~  f o r  W = 72 J a n d < T >  ~ ( l . 2 - - i . 3 ) . i 0 4 O K .  
for W :  290 J 

In the initial period of the discharge the temperature may be somewhat higher than (T) owing to the 
nonstationarity of the process. 
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Fig. 4 

Assuming the optical transparency of the discharge channel, we calculated the radiation energy from the 
emission curves of a teflon plasma [4], starting from (T) and the mean particle density. Good agreement was obtained 

between the radiation energy and the energy expended on breaking the chemical bonds W I. Hence in this case the 
emission of the optically transparent plasma plays an important role in the mechanism of energy transfer from the 
discharge channel to the walls. An estimate of the temperature from Spitzer's conductivity formula on the assumption 
of a uniform current distribution over the channel cross section gives (T) = 10 4 ~ for channels with d = 16 mm. For 
narrow channels at small W it leads to exaggerated values: (T) ~ 7- 10 4 ~ It may be assumed that in a narrow 
channel inelastic atom-electron collisions affect the plasma conductivity. 
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Light radia t ion  is absorbed by the long molecu les  of d i e l ec t r i c s  of the teflon type in a sur face  layer  of a cer ta in  
thickness  h. If the d i scha rge  energy  is smal l ,  the t e m p e r a t u r e  of this l ayer  may inc r ea se  by 

s AT_~ 
ghdlT c �9 ( 2 )  

Here  S is the energy  of the light flux, 7 is the densi ty  of the d i e l ec t r i c ,  and c is the specif ic  heat. As the 
t e m p e r a t u r e  r i s e s ,  the m a s s  yield i n c r e a s e s  rapidly in accordance  with the Ar rhen ius  formula  for the evaporat ion of 
d i e l e c t r i c s  [5], 

d___:_mn = rook1 exp (--  ko / T) dt - �9 (3) 

Here ,  T is the t empe ra tu r e  of the layer ,  m 0 is the m a s s  of the heated l ayer ,  and k 1 and k 2 a re  constants.  This  
explains why at sma l l  ene rg i e s  m is anomalousIy smal l .  
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Fig. 5 
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In the exper iments  it was found that the amount of ablating ma te r i a l  does not depend on the init ial  p r e s s u r e  in 
the channel on the p r e s s u r e  range 10-1-10 -5 mm Hg. This  is because at these p r e s s u r e s  the mean f r ee  path is much 
g r e a t e r  than the c h a r a c t e r i s t i c  d imensions  of the channel. 
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Fig. 6 

In Fig.  6 the mean je t  veloci ty  has been plotted as a function of the length of the d i scharge  channel. The veloci ty  
depends only s l ight ly  on the channel length at l - 50 ram, which indicates  the pure ly  gasdynamic nature of the fo rces  
at l a rge  channel lengths and the p re sence  of an e lec t rodynamic  effect  at sma l l  lengths. On the basis  of the equations 
of nonsta t ionary gas flow f rom tubes of constant  c r o s s  sect ion,  it can be shown that the mean values of the veloci ty  
co r r e spond  to the calculated t empe ra tu r e  values [6]. The mean veloci ty  was calculated f rom the formula  

( 9 )  = ~ V ~ / M  �9 (4)  

Here ,  E is the energy  expended on heating the ablation products ,  M is the m a s s  of the evapora ted  m a t e r i a l ,  'and 
is a coeff ic ient  depending on the composi t ion of the gas. The max imum veloci ty of the flow front  was de termined  with 

the h igh-speed pho to reco rde r  and, as a ru le ,  exceeded the mean veloci ty  by a factor  of 4 -5 .  A theore t i ca l  e s t imate ,  

based on the fo rmula  [6] 

2 
v~x = a-- t co (5) 
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(here ,  k is  the r a t i o  of spec i f ic  hea ts ,  and c o is  the speed  of sound in the undis turbed  gas),  gave s a t i s f a c to ry  ag reemen t  
with exper imen t .  

Since the shape of the channel  r e m a i n e d  a lmos t  cy l i nd r i ca l  over  a long per iod ,  i t  may  be a s sumed  that the 
p r e s e n c e  of hydrodynamic  flow along the channel  does  not have a s t rong  influence on the abla t ion p r o c e s s ,  but this  
ques t ion r e q u i r e s  fu r the r  inves t iga t ion ,  
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