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It is known f r o m  expe r imen t s  [1-3] that  the veloci ty  of s t r e a m e r s ,  induced in the center  of the 
in te re lec t rode  gap and propagat ing  to the e l ec t rodes  under  conditions when the s t r e a m e r  
length is comparab le  with the dis tance between the e l ec t rodes ,  i n c r e a s e s  l inear ly  as the s t r e a m e r  
length i n c r e a s e s .  This  re la t ionship  is in quali tat ive ag reement  with theory  [4]. Never the les s ,  
the veloci ty  of  s t r e a m e r s  s t a r t ing  f r o m  the e l ec t rodes  and propagat ing  in a lorig in te re lec t rode  
gap r e m a i n s  p rac t i ca l ly  constant  during the whole propagat ion p r o c e s s  [5, 6]. In the case  of 
shor t  gaps (2-5 cm),  constancy of the ve loc i ty  is o b s e r v e d  during the stage of the p roce s s  when 
the length of the s t r e a m e r  is much less  (---20%)than the length of the gap [7]. Since the e l e c -  
t r i c  field at its end controls  the s t r e a m e r  propagat ion,  the constancy of the s t r e a m e r  veloci ty  
indicates  that the control l ing field is constant  under  these  conditions.  A number  of theore t i ca l  
models  were  p roposed  in [8-13] which desc r ibe  un i formly  moving anode-  and ca thode-d i rec ted  
s t r e a m e r s  (henceforth cal led anode and cathode s t r e a m e r s ) .  Compar i son  of expe r imen ta l  data 
with the cor responding  theo re t i ca l  model  enables  one to de te rmine  the s t r e a m e r  p a r a m e t e r s :  
the e l ec t r i c  field, the c h a r g e d - p a r t i c l e  density,  the cur ren t  density,  the channel radius ,  e tc .  In 
the case  of an anode s t r e a m e r  in Xe an a t tempt  at such a compar i son  was made,  in pa r t i cu la r ,  
in [6]. However,  the lack of re l iab le  data onthe value of the drift  veloci ty  and the diffusion co-  
eff icient  of  e l ec t rons  in Xe for  E / p  -~ (102-103) V / c m .  m m  tIg allowed only rough e s t ima te s  to be 
made.  In this  p a p e r  a n u m e r i c a l  calculat ion is made of the drifL veloci ty ,  the diffusion coef f ic -  
ient of e l ec t rons  in Xe, and the ra te  of  exci ta t ion of Xe a toms i n the  resonance  level  in the range 
of va lues  of E / p -  (101-103) V cm . r am Hg, and 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  of the breakdown 
is m e a s u r e d  under  conditions desc r ibed  in [6] (p0=300 m m  Hg and E-~ 104-105 V/era) .  Using these  
r e su l t s ,  the f o rm u l a s  f o r t h e  veloci ty  of anode [12] and cathode [13] s t r e a m e r s ,  and expe r imen ta l  
data  [6], the p a r a m e t e r s  of  the s t r e a m e r s  studied in [6] a re  de te rmined .  

w 1. The m a c r o s c o p i c  c h a r a c t e r i s t i c s  a n d t r a n s p o r t  coeff icients  of the e lec t ron  components  of a p l a sma  
requ i red  to de te rmine  the p a r a m e t e r s  of a s t r e a m e r  can be ca lcula ted  knowing the e lec t ron  distr ibution func- 
t ion. An e s t ima te  shows that  under  expe r imen ta l  conditions [6] the re la t ion  Qeene << (2m/M)Qean a is s a t i s -  
fied, co r respond ing  to a degree  of ionization of the p l a s m a  ---ne/n a << (2m/M) "Qe a Qee ~10-5.(ne, na ,  and m, 
M are  the densi ty and m a s s  of the e l ec t rons  and a toms ,  r e spec t ive ly ;  Qee and Qea are the c ro s s  sec t ions  of 
e l e c t r o n - e l e c t r o n  and e l e c t r o n - a t o m  col l i s ions ,  r espec t ive ly ) .  This  means  that when calculat ing the d i s t r ibu-  
t ion function e l e c t r o n - e l e c t r o n  col l is ions can be neglected.  Under these  conditions the t ime taken for  the d i s -  
t r ibut ion  function to become es tab l i shed  ~-' ~ (2m/M)QeanaV e ~10 - r  sec (v e is the t h e r m a l  veloci ty  of  the e l ec -  
t rons)  is l e ss  than the c h a r a c t e r i s t i c  durat ion of the p r o c e s s  [6] which is ~10 -6 sec .  

Under  these  conditions we can use the s t eady - s t a t e  equation for  the e lec t ron  distr ibution function f(u) in 
a weakly ionized p l a s m a  [14]: 

2m d 
E~3 dud "naQmU (u) dudf']J "7-' 2m_~ ~d [u2n,~Q,n(u) f (u) ] + -T[ Ta d"ff-u >~ 

• + no + + = o,  

where u=mv~e/2e  is the e lec t ron  energy ,  eV; E is the e l ec t r i c  field s t rength,  V / c m ;  Q m  is the t r a n s p o r t  c r o s s  
section;  T a  is the t e m p e r a t u r e  of the a toms ,  eV; and Qi are  the c r o s s  sec t ions  of the inelast ic  p r o c e s s e s ;  Q m  
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Equation (1,1) can be reduced to the fo rm [15] 

[i �9 d . '  
f ( u ) = A e x p  -- cP(u').t(u') ,~ 

i 

.I" %(u")!(u") du"], 
(1.2) 

where 

I ir~Q~O~) ,; % 0 0  = z~O~(u). CI) (u) = u 3Qrn (u-'----~ ~ ~- U' ~ J 

Equation (1.2) was sol~ed by an i terational  method using the scheme 

f,~(u) = A exp {--B[.f~-l(u"),'/,~-I (u')]}. 
where the kernel  

�9 �9 d," ~ ( % (.") ! , , - i  Ot") du" ; B = t (u,)/,~_l(u,) 
0 u '  

we took as the zeroth  approximation the function f0(u) =1 for all values of u. 

In the calculations we took into account 10 channels of inelastic interactions:  excitation f rom the ground 
state 5p ~ into the 6s, 7s, 8s, 6p, 7p, 8p, 5d, 6d, and 7d levels,  and ionization f rom the ground state.  The cross  
sections of e las t ic  sca t ter ing [16] and ionization [17] are known f rom experiments ,  while the excitation c ross  
section was calculated in the Born approximation using the method descr ibed in [18]. The normal iz ing factor  
A in Eq. (1.2) was found f rom the condition 

i V ~ l ( " )  d,, = ~. b 

From the known distribution function we found the electron drift velocity 

the diffusion coefficient 

l i  : ~  e l "~<' ~ r <~ ] ] 
:, 3 } L"-i:u Q, I,,I <,<,, 

I / Z  ~ i ~ D = , ,,, 3,,~ [u/(u) iQm(u)ldu, 

and the rate of excitation by e lectron collision of the i- th level 

_~_ = 1 f =~-e g <o~,,~> _ ~ i  ,,l(,OQ~(,)~u. 
zt 

All the calculations were made on the BI~SM-6 computer  assuming Ta=O. Figure 1 shows the drift velocity 
(curve 1 represen ts  our  calculations and curve 2 represen ts  experiment  [19]), the e lectron diffusion coeffi-  
cient inXe, andthe rate of excitation of Xe atoms in the resonance level as a function of E/p.  

w 2. We wi l l compa re theva lue  of the calculated drifL velocity (Fig. 1) with the velocity of propagation of 
an anode s t r e a m e r  measured  in [6]; it is shown in [12] that the velocity of an anode s t r e a m e r  can be found from 
the relation 

u, = u E @ 2 I  DattE, (2.1) 

where # and D are the mobility and diffusion coefficient of the e lec t rons ,  and o~ is the f irst  Townsend coef- 
ficient. The second t e r m  in Eq. (2.1) is the rate of diffusion of e lec t rons ,  which cannot exceed the drift ve-  
loc i tyv  =p E [12]. Hence, the measured  values of Ua cannot differ f rom the calculated values by a factor  of 
more  than two. The e lec t r ic  field s t rength far  f rom the e lect rodes  of the discharge tube under the conditions 
descr ibed in [6] can be est imated f rom the relation 

E ~ eU'2 In A r o, (2.2) 

where U is the voltage ac ross  the tube, A =2 mm is the thickness  of the quartz walls of the tube, r0=0.4 mm 
is the radius of the auxiliary electrode (a fine wire), and e=3.75 is the dielectr ic  constant of quartz .  For  U= 
10 kV, E -~ 100 kV/cm and the drift velocity at a p ressu re  of the xenon of 300 mm Hg is approximately 5 - 107 
c m / s e c  (see Fig. 1), which agrees  with the value Ua=4" 10 v c m / s e c  measured  in [6]. 
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TABLE 1 

u, kV E,kV/cm]"a't~ [ ""'t~ L Ca, 
~cm/sec cm'* o. ~ cm.S A/cm ~ J. a cm 

t0 53 4 1270 t6 ,6  t.06 38 84 0.84 

15 107 8 2800 22.2 5.8 420 133 0,32: 

20 190 14 4500 20,2 16,6 2070 t86 0.t7 

Uc �9 I0-'~,] }c, 
cm/sec 1 cm 

4,6 0,07 

1t,4 0,t2 

17 0,t5 

~O 8 

~,crr~e~ , I I /,X~ i 
~',o 2, cm/see ' ---2 

~07 
/ J 

,o, 
I 0  -1 tO o 10 r ; 0  2 103 

E/#, V/cm.mm Hg 

300 Z / 
/ 

200 

I00 , ~ " Y  

o Io 20 5o U, kV 

Fig. 1 Fig. 2 

Equation (2.2) only gives a rough es t imate  of the field E. In reali ty,  the field at the end of the s t r eamer ,  
which depends not only on the applied voltage U but also on the radius of curvature  of the end of the s t r eamer ,  
determined by the part icle  and rad ia t ion- t rans fe r  p roces ses ,  which depends onthe e lec t r ic  field, controls  the 
propagation of the breakdown. Hence, there  are ser ious  difficulties involved in determining the controlling 
field direct ly.  Never theless ,  by using the resul ts  of the above calculation (see Fig. 1) and experimental  data 
on the s t r e a m e r  veloci ty [6], we can find E f rom Eq. (2.1). The resul ts  of such a calculation are presented 
in Table 1 for  severa l  values of the voltage under the conditions descr ibed in [6]. in the calculation we used 
the experimental  values of c~ (E) for Xe given in [20]. 

Note that when E var ied  f rom 20 to 350 k V / c m  the value of 2"/'&-D/# E lay within the limits - 0.6-0.8, while 
the thickness of the leading edge ofthe s t r e a m e r  6 ~v~-/-~ #E ~ 1.5 �9 10-3-6 �9 10 -5 cm. The last value is in good 
agreement  with the es t imate  of 5 obtained in [9] f rom exper imenta l  data [5] in which breakdown in a tmospher ic  
air  with E --- 400 kV cm was studied. 

Knowing E we can find the e lectron density n e and the cur rent  density j =ene v in the s t r e a m e r .  The 
value of n e was found f rom the relat ion [4] 

n,, = OE"-,'8aI, 
whe re 

~c 

o -- ~ a ( E )  F ( E )  E d E  (2.3) 

is the fraction of the energy  of the e lec t r ic  field expended in ionizing the gas per  unit volume, and I is the ion- 
ization potential of the gas.  The quantities 0 for the values of E given in the table were found by numer ica l  
integration of  Eq. (2.3). The approximate formula  for 0 obtained in [4] assuming ~(E) = A ' e - B ' / E ( A  ' and B ~ 
are constants) gives values of 0 under these conditions which are close to the resul ts  of the numerica l  inte- 
grat ion.  

The value of the radius of curvature  of the end of the s t r e a m e r  is of considerable interest  in the physics 
of s t r e a m e r  breakdown. If we know the to ta l  cur rent  in the s t r e a m e r  the average value of the radius of curva-  
ture  of the end of the anode s t r e a m e r  ~a can be found using the value of j given in the table.  For  this we m e a -  
sured the  v o l t - a m p e r e  cha rac te r i s t i c  of the breakdown under conditions corresponding to those described in 
[6]. The current  J was measured  using a low-inductive res i s tance  of 1.8 ~, connected in ser ies  with the dis-  
charge tube and the voltage U in the interelectrode space was measured  using a divider consist ing of r e s i s -  
tances of 390 and 1.8 s  The v o l t - a m p e r e  cha rac te r i s t i c  of the breakdown in shown in Fig. 2. Within the 
limits of exper imental  e r r o r  (an e r r o r  not g r ea t e r  than 10%) the v o l t - a m p e r e  e h a r a ~ e r i s t i e s  agreed for  dif- 
ferent ly di rected s t r e a m e r s .  The current  and voltage pulses under the conditions descr ibed in [6] had a r e c -  
tangular form.  The values of J in Fig. 2 and in Table 1 cor respond  tothe fiat top of the voltage pulse; as-  
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suming that  the s t r e a m e r  is a channel of radius  r a with a uni formly  dis t r ibuted cur ren t  density j, we can find 
the radius  of the channel r a = ~ T ~ .  

In the ease  of a cathode s t r e a m e r  the average  radius  of curva tu re  was found f rom the express ion  for the 
s t r e a m e r  veloci ty  [13] 

/ -  - ,  
Uc= ] K n ,  r c / 8at, (2.4) 

where  K=<  OiVe > is the ra te  of  exci ta t ion of the a toms in the resonance  level ,  and ~" is the l i fet ime of an atom 
with r e spec t  to spontaneous radiat ion.  Under the conditions cons idered  na=l .06-1019  cm -'~ and n-=3.74-10 -9 
sec  fo r  the 5p~-6s  t r ans i t ion ,  the K(E) curve  is shown in Fig. 1. The values  of r c obtained f rom Eq. (2.4) are 
shown in Table  1, where  it is seen that  under  the conditions cons idered  the re la t ion  i'a->u c is sa t i s f ied .  If the 
s i tuat ion a f te r  the format ion  of the s t r e a m e r  is r ega rded  as breakdown between a point and an e lec t rode  [7] 
(the s t r e a m e r  connected to one of the e l ec t rodes  and t rave l ing  toward  the opposite e lec t rode  plays the pa r t  
of the point), by means  of the re la t ion  i'a->~c we can explain the higher  veloci ty  of propagat ion of a cathode 
s t r e a m e r  and also its abili ty to pass  through a region of highly at tenuated externa l  f ie ldwhich the anode s t r e a m e r  
cannot c r o s s  [6]. In this  case  the end of the cathode s t r e a m e r  co r re sponds  to a posi t ively charged  point, while 
the end of the anode s t r e a m e r  co r r e sponds  to a negat ively charged  point. In support  of this idea we have the 
well-known e x p e r i m e n t a l  fact that under  s i m i l a r  conditions the breakdown voltage of the gap between a point 
and a plane is much lower  in the case  of a posi t ively  charged  point [21]. 

The values  of  the radi i  of curva tu re  of  the ends of the s t r e a m e r s  obtained in this investigation agree  in 
o r d e r  of magnitude with the expe r imen ta l  r e su l t s  obtained in [2], a s tudy of s t r e a m e r  breakdown in neon. 
The r e su l t s  obtained in [2] also qual i ta t ively  conf i rm the conclusion regard ing  the difference in the radi i  of  
curva ture  of the ends of opposi te ly  d i rec ted  s t r e a m e r s .  An additional conf i rmat ion of this difference is the 
obse rved  dif ference in the veloci t ies  of the anode and cathode s t r e a m e r s  [1, 2, 6], since the veloci ty  of the 
s t r e a m e r  is de te rmined  by the e lec t r i c  field at its end, the value of which, o ther  conditions being equal,  in- 
c r e a s e s  as the radius  is reduced.  

The authors thank A. T .  Rakhimov and A. N. Starost in  for  useful  d iscuss ions ,  and A. V. Markov fo r  help 
with the e x p e r i m e n t s .  
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METHOD OF CONTROLLING THE GROWTH AND 

FORMATION OF A SYSTEM OF PARALLEL SLIDING 

SPARK CHANNELS IN AIH AT ATMOSPHERIC PRESSURE 

S. I. Andreev, E. A. Zobov, 

and A. N. Sidorov 

UDC 533.09 

A method of control l ing the growth p r o c e s s  of a sl iding spa rk  along the sur face  of a f i lm die lec-  
t r i c  by introducing emis s ion  cen te r s  f r o m  chemica l  compounds with a low e lec t ron  work function 
into the sur face  is p resen ted .  It is shown that it is poss ible ,  by using this  method, to produce a 
s p a r k  channel with sharp  c o r n e r s ,  such as a Z - shaped  channel,  and an o r d e r e d  s y s t e m  of pa ra l l e l  
channels ,  as well  as a s t r i c t ly  r e c t i l i n e a r  channel up to 2 m long. It is es tab l i shed  that  the ra te  
of growth of the sliding s p a r k  is nonuniform. The mean ra te  is heavily dependent on the ove rvo l t -  
age, which is  r e l a t e d  to a reduct ion in the pauses  in its growth.  

A sliding s p a r k  is genera ted  on the sur face  of a d ie lec t r ic  when a pulsed or  h igh-f requency voltage is 
applied to e l ec t rodes  located on the su r face  if t he re  is a conductor  under  the d ie lec t r ic  l ayer .  These  spa rks  
are genera ted  in high-vol tage techniques  and are  undesi rable  f rom the point of view of e l ec t r i ca l  insulation 
[1-3]. It is,  however ,  e x t r e m e l y  in teres t ing  to use the sliding s p a r k  as a means  of initiating frequently r e -  
peated  d i scharges  ove r  long d ischarge  lengths and as l inear or  spec ia l ly  shaped high- luminosi ty  emiss ion  
sou rces .  In addition, p l a s m a  su r faces  can be fo rmed  by using the capaci ty  to produce a pa ra l l e l  s y s t e m  of 
spa rk  channels ,  which is important  in, for  example ,  the study of the in teract ion between a p l a sma  and a di-  
e l ec t r i c  su r face  in contact  with it. In th is  case ,  in pa r t i cu la r ,  the action of the p l a s m a  on the s t ruc tu ra l  m e m -  
be r s  of the piece of appara tus  which en te r  the a tmosphere  can be s imula ted  [4]. The a im of this paper  is to 
devise a p rocedure  for  control l ing the growth of sliding spa rk s  and to f o r m  a s y s t e m  of pa ra l l e l  channels in 

the comple te  (high-current)  d ischarge  phase .  

Sliding d i scharges  are  fo rmed  on the plane su r face  of a f i lm die lec t r ic  cover ing a meta l l ic  sheet (the 
ini t iator) .  Two l inear  e l ec t rodes  32 cm long are  placed para l l e l  on the sur face  of the d ie lec t r ic  with the d i s -  
tance between them being va r i ab le  f r o m  12 to 100 cm.  One of the e l ec t rodes  is connected to the ini t iator .  In 
s epa ra t e  expe r imen t s  the dis tance between the e l ec t rodes  r eaches  800 cm.  In these  expe r imen t s  the ini t ia tor  
is a meta l  cyl inder  enveloped in a d ie lec t r ic  f i lm and the e lec t rodes  are annular  in shape.  

Leningrad.  T r a n s l a t e d  f r o m  Zhurnal  Pr ikladnoi  Mekhanika i Tekhnicheskoi  Fiziki ,  No. 3, pp. 12-17, 

May-June,  1976. Original  ar t ic le  submi t ted  May 5, 1975, 

! 

This material is protected by copyright registered in tile name o f  Plenum Publishing Corporation, 227 West 1 7th Street, New  York, N. ~: 10011. No  part [ 
]of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means, electronic, mechanical, photocopying, L I microfilming, recording or otherwise, wi thout  written permission o f  the publisher A copy o f  this article is available f rom the publisher for  $ ZSO. 

308 


