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1. Pu l sed  h igh-cur ren t  d i scha rges  in the range of re la t ive ly  low p r e s s u r e s  w e r e  invest igated mos t ly  in 
connection with the p r o b l e m  of control led t h e r m o n u c l e a r  fusion. The need f o r  invest igat ing such d i scharges  
at e levated  p r e s s u r e s  was dictated to a cons iderable  extent by the r equ i rement  for  h igh-power  light: sources .  
Significant advances in invest igat ing the s t ruc tu re  and dynamics  of the development  of h igh -cu r ren t  d i scharges  
have now been achieved.  [1]. However ,  there  also r ema in  unsolved p r o b l e m s .  In pa r t i cu l a r ,  with r ega rd  to 
pulsed induction d i scharges ,  comple te  understanding of the mechan i sm of development  of such d i scharges  is 
st i l l  lacking.  Our purpose  is to inves t iga te  h igh -cu r ren t  induction d i scharges  in argon under  gas p r e s s u r e s  in 
the range f r o m  5 to 50 m m  Hg. A phys ica l  in te rpre ta t ion  of individual s tages  in  the development  of h i g h - c u r -  
rent  d i scharges  is given on the bas i s  of an analys is  of the exper imen ta l  resu l t s ,  and the s tages of d i scharge  
development ,  the m e c h a n i s m  of which is not yet fully understood,  a re  d i scussed .  The d ischarge  is invest igated 
for  re la t ive ly  low ene rgy  inputs,  when it is poss ib le  to sepa ra t e  in t ime  the var ious  s tages  of d i scharge  de-  
velopment ,  which occu r  v i r tua l ly  s imul taneous ly  at high energy  inputs.  

2. The schemat ic  d i ag ram of the exper imenta l  device is shown in Fig.  1, where  DT is a quar tz  tube with 
an inside d i a m e t e r  of ~5 cm,  where  the d i scharge  is produced,  L is an inductor consis t ing of five turns ,  whose 
inductance is  equal to ~5 pH, C is a capac i to r  bank, which can be charged  to 25 kV, SG is the spa rk  gap, PS is 
the pulse  source  (EV-45), SPR is a supe rh igh - speed  pho to r eco rde r  (SFR-2M), and CU is the control  unit. 

According to m e a s u r e m e n t s  p e r f o r m e d  by means  of a Rogowski loop, the initial  cu r ren t  ampli tude in the 
inductor  r eaches  80 kA, while the f requency of cur ren t  osci l la t ions is equal to ~20 kHz. The initial  ampli tude 
of the d i scha rge -main ta in ing  rota t ional  e l ec t r i c  field nea r  the walls  of the d i scharge  tube is equal to ~70 V / c m  
(only the az imuthal  component  of the rotat ional  e l ec t r i c  field, which is the mos t  impor tan t  one for  maintaining 
the d i scharge  in question,  is contempla ted  throughout this  a r t ic le ) .  The osc i l l og rams  of the s t rength  E of the 
rotat ional  e l ec t r i c  f ield within the inductor  in the zone adjacent  to the d ischarge  tube walls  and of the e lec t r ic  
cur ren t  i through the inductor  a r e  shown on a re la t ive  sca le  in Fig. 2 f rom the t ime  of breakdown initiation in 
the gas .  The damping of the e l ec t r i c  field and the cur ren t  is connected with the e lec t romagne t ic  en:ergy loss  in 
the fo rm of Joule heat .  Since, under  our  expe r imen ta l  conditions, the d ischarge  cur ren t  is cons iderably  s m a l l e r  
(by one o r d e r  of magnitude) than the cu r ren t  intensi ty in the inductor,  the s t rength  of the rotat ional  e l ec t r i c  
field inside the inductor in d ischarge  exci tat ion has  a phase  shift  of ~90 ~ with r e spec t  to the cu r r en t  i, as is 
the case  in the absence of a d i scha rge .  The d ischarge  is init iated by means  of a grounded meta l  r e d ,  which is 
in t roduced in the d i scharge  tube. The d ischarge  development  is photographed at a ra te  of 2,500,000 f r a m e s / s e c .  

An analys is  of the photographs  obtained shows that,  during the f i r s t  q u a r t e r - p e r i o d  of cur ren t  o sc i l l a -  
t ions in the inductor (the t ime  in te rva l  f r o m  0 to T/4 in Fig.  2}, the re  is weak r ing-shaped  gas luminescence  
(the photograph of this d i scharge  stage is not shown). However ,  immedia te ly  following the breakdown, the d is -  
charge  is not yet  fully developed by the t i m e  the s t rength of the rotat ional  f ield has diminished apprec iably .  
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Fig. 3 

During the next half-period (the time interval from ~'/4 to 3~/4 in Fig. 2), there occurs a new, stronger 
breakdown (the time interval between the frames is equal to 1.5 �9 i0 -~ sec in Fig. 3), which has been facilitated 
by the preceding discharge. During the first few microseconds following the second breakdown, we observe 
a "swelling" of the discharge, which has the shape of a luminous ring. The "swelling" occurs at a rate of ~I 
kin/see due to the movement of the inner discharge front in the direction of the tube axis (Fig. 3a). This is 
followed by sharp separation of the discharge from the tube wails. After a few microseconds, a bright plasmoid 
is formed inside the discharge ring at the tube axis (Fig. 3b). The plasmoid now gradually expands and starts 
to decay. As the strength of the rotational electric field diminishes, the plasma decays also in the discharge 
ring (Fig.  3c), which is accompanied  by a b lu r r ing  of the inner  and outer  d i scharge  f ronts .  During the next 
ha l f -pe r iod  of cu r r en t  osc i l la t ions  (the t ime  in te rva l  f rom (3/4D" to (5/4)T in Fig.  2), the p r o c e s s  is repeated;  
this o c c u r s  s e v e r a !  t i m e s  until the inductor  cu r ren t  is g rea t ly  reduced.  

The t e m p e r a t u r e  is  m e a s u r e d  in the same  way as in [2], us ing  the method w h e r e  probing  radiat ion f r o m  
an ]~V-45 pulse source  at the 5 5 0 0 - i  wavelength is absorbed  in the p l a s m a .  Measu remen t s  have shown that 
the p l a s m a  t e m p e r a t u r e  in the d i s cha rge  r ing is equal to ~10,000~ 

The following phys ica l  in te rp re ta t ion  of the  resu l t s  can be given. The re la t ive ly  tow t e m p e r a t u r e s  at the 
level  of the specif ic  power  supplied to the d i scharge  a E 2 ~ 200 k W / c m  3 (a is the conductivity) a r e  explained 
by the fact that  the p l a s m a  cannot be heated to higher  t e m p e r a t u r e s  during the development  d i scharge .  The 
above in te rpre ta t ion  is suppor ted  by e s t i m a t e s .  T h e r e f o r e ,  in o r d e r  to r a i s e  the d ischarge  t e m p e r a t u r e ,  it is 
n e c e s s a r y  to i n c r e a s e  the gas heat ing ra te ,  i .e. ,  the s t rength  of the  e lec t r i c  f ield that  mainta ins  the d i scharge .  

As is  known, the abrupt  separa t ion  of the  d ischarge  f r o m  the tube wails  occurs  under  the act ion of e l ec -  
t rodynamic  fo rces  (0 p i n c h  effect) .  At the init ial  s tage,  immedia t e ly  a f t e r  the second gas breakdown, the pinch 
effect  does not mani fes t  i t se l f  because  of the sma l l  value of the e lec t rodynamic  fo rce .  

The format ion  of the p l a smoid  at the cen te r  of the tube is caused  by the action of a cyl indr ical  shock 
wave,  which, a f t e r  cumulat ion at the axis ,  begins to p ropaga te  in the opposite di rect ion.  The ex i s t ence  of the 
shock wave was conf i rmed  by an exper imen t  p e r f o r m e d  with a hollow b r a s s  rod. The rod, fas tened at the tube 
axis,  was  c rumpled  a f t e r  e v e r y  d i scharge .  

In connection with the fo rmat ion  of a shock wave under  the above conditions, the question a r i s e s  con-  
cerning the m e c h a n i s m  of its development .  We  can indicate two p r o c e s s e s  leading to the development  of a 
shock wave,  which a r e  s epa ra t ed  f r o m  each o the r  in space  as wel l  as in t ime .  The f i r s t o f  them is connected 
with the v igorous  ene rgy  r e l e a s e  at the breakdown stage of d i scharge  development  and the subsequent  supe r -  
sonic expansion of heated gas,  while the o ther  is connected with the sharp  action of e l ec t rodynamtc  fo rces  on 
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Fig.  4 

the d i scharge  as it s e p a r a t e s  f r o m  the tube wal l s .  A detai led study o f  the development  m e c h a n i s m  and the 
s t ruc tu re  of the shock waves  a r i s ing  at va r ious  s tages  of the p r o c e s s  would be of undoubted in t e re s t .  How- 
ever ,  this  would requ i re  a theore t i ca l  cons idera t ion  of this  phenomenon and the resu l t s  of  spec ia l  expe r i -  
men t s ,  all  of which a r e  lacking at p r e s e n t .  

T h e r e  is also a lack of comple te  unders tanding of the m e c h a n i s m  of development  of the ini t ial  s tage of 
breakdown dur ing the f i r s t  qua r t e r  of the osc i l la t ion  pe r iod  of the inductor  cu r ren t  (see Fig .  2), when the d i s -  
cha rge  is ini t iated.  We can only a s s u m e  that an ionizat ion wave is  f o rmed  as a r e su l t  of t he  spa rk  d i scharge  
between the h igh-vol tage  inductor tu rn  and the grounded me ta l  rod in t roduced in the d i scharge  tube.  As a r e -  
sult of the diffusion of r esonance  quanta [3], this  wave  sp reads  mos t ly  o v e r  the region of m a x i m u m  s t rength  
of the rotat ional  e l ec t r i c  field, i .e . ,  along the walls  of the d i scharge  tube, which, in the final ana lys i s ,  br ings  
about the weak luminescence  obs e rved  at this  s tage .  

3. It would be of g rea t  in te res t  to p rov ide  an explanation of the p ropaga t ion  m e c h a n i s m  for  the inner  
d i scharge  f ront  at the initial  s tage (af ter  the second breakdown} and before  the development  of the pinch effect .  
The motion of the d i scharge  at  this  s tage is de te rmined  by heat  conductivi ty.  I t  occurs  in a manne r  s i m i l a r  to 
the slow spread ing  of a l a s e r  spa rk  [4, 5] o r  an h g d i s c h a r g e  [6]: As a resul t  of heat  conductivity,  the energy  
f r o m  the developed breakdown region is t r a n s f e r r e d  to the gas  l aye r s  located before  the d i scharge  front,  
whereby  they a re  heated until the re  develops  cons iderab le  ionization, sufficient  for  in tensive r e l e a s e  of Joule 
heat .  

We shall  conf i rm the val idi ty of this m e c h a n i s m  by calculat ion.  

The phenomenon in question mus t  be desc r ibed  in t e r m s  of a nons ta t ionary  model .  This  is mos t ly  due 
to the fact that Joule heat  is continuously r e l e a sed  behind the d i scharge  front,  so that,  genera l ly  speaking, a 
s t e a d y - s t a t e  t e m p e r a t u r e  cannot be es tab l i shed  i tse l f .  

The si tuat ion is,  however ,  cons iderab ly  s impl i f i ed 'by  the fact  that,  under  our  conditions, the t ime  during 
which the d i scharge  moves  through a dis tance on the  o r d e r  of the d ischarge  front width is shor t  in compar i son  
with the c h a r a c t e r i s t i c  t ime  of gas t e m p e r a t u r e  va r ia t ion  behind the d i scharge  f ront .  The re fo re ,  the p ro b l em 
of d i scharge  propaga t ion  can be solved in a quas i s t a t iona ry  approximat ion,  where  the temperature;  behind the 
d i scharge  front  is  a s s u m e d  to be " f rozen ."  

Under  our  expe r imen ta l  conditions, the width of the d i scharge  front  is much s m a l l e r  than the front cu rv a -  
tu re  radius ,  which is c lose  to the radius  of the tube where  the d i scharge  is p roduced  (the di f ference amounts to 
m o r e  than one o r d e r  of magnitude}. This  makes  it poss ib le  to de sc r ibe  the p r o c e s s  within the f r a m e w o r k  of a 
two-d imens iona l  model .  

F u r t h e r m o r e ,  s ince,  under  these  exper imen ta l  condit ions,  the width of the d i scharge  r ing at: the swelling 
s tage,  and even m o r e  so, the width of the d ischarge  front ,  is much s m a l l e r  than the c h a r a c t e r i s t i c  distance 
ove r  which the rota t ional  e l ec t r i c  field that  mainta ins  the d i scharge  v a r i e s ,  we shall  subsequently cons ider  
that  the s t rength  of the e l ec t r i c  field is uni form.  

Finally,  in view of the fact  that the c h a r a c t e r i s t i c  t ime  during which the d ischarge  moves  through a dis-  
tance  roughly equal to i ts  f ront  width is much s h o r t e r  than the c h a r a c t e r i s t i c  t ime  de te rmin ing  the var ia t ion  
of the e l ec t r i c  field, we shall  cons ide r  that  the e lec t r i c  field is constant  in t ime .  

The val idi ty  of  all these  a s sumpt ions  can be checked by using the exp res s ions  given at the end of the 
a r t i c l e .  

In desc r ib ing  the d i scharge  s tage under  cons idera t ion ,  we neglect  the effect  which the magnet ic  field ex-  
e r t s  on the d i scharge .  This  is  admiss ib le  for  the following r e a s o n s .  As is shown by an ana lys i s  of the photo-  
graphs  obtained by means  of the SPR, the d i scharge  "swell ing" occurs  within a t ime  in te rva l  during which the 
s t rength  of the rota t ional  e l ec t r i c  field v a r i e s  n e a r  i ts  m a x i m u m  value,  which co r r e sponds  to the t i m e  ~r/2 in 
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Fig.  2, when intensive r e l e a s e  of  Joule heat  s t a r t s  in the d i scharge .  During t h i s t i m e  interval ,  the s t rength of 
the magne t ic  field,  which is p ropor t iona l  to the cu r r en t  in tensi ty  �9 i in t h e  inductor :and v a r i e s  in phase  with the 
l a t t e r ,  e i t h e r  is  suff ic ient ly  sma l l  o r  van ishes  a l toge ther .  

We p l ace  t he  coord ina te  or ig in  at  the wall  of the d i scharge  v e s s e l  with the  x axis  pointing in the d i r e c -  
t ion of d i scha rge  p ropaga t ion ,  pe rpend icu l a r  t o t h i s  wal l  (Fig.  4), where  1 is the t e m p e r a t u r e  p ro f i l e  and 2 is 
the wal l  of the d i scharge  v e s s e l .  We use the following s y s t e m  of equations f o r  descr ib ing  the:propagat ion 
p r o c e s s :  

@/ot + @utax = o; .(3.t) 

p(Ou/Ot .-~ uSu/#x) + #p/hx = 0;  (3,2) 

p = pkT /M,  e = caT, 

where  p is the gas  density;  u, g a s  veloci ty;  p, p r e s s u r e ;  c, in ternal  energy  p e r  unit m a s s ;  X,: thermal  conduc- 
t iv i ty  coefficient;  T ,  t e m p e r a t u r e ;  u, conductivity; E, s t reng th  of the e lec t r i c  field,�9 which is a s sumed  to b e  
un i form in space  and constant  in t ime;  c v, speci f ic  heat  at cons t an t  volume; k, Bol tzmann constant;  and M, 
a tomic  m a s s  of  the gas .  T e m p e r a t u r e s  < 10,000~ a r e  c o n s i d e r e d t n  the exp res s ions  for  p and c. 

Let  us s t a t e  the boundary  condit ions.  Ahead of the d i scharge  f ron t  (x =oo),:the,gas t e m p e r a t u r e  and den-  
s i ty  a r e  ass igned:  T(oo) =T,0, p(~o) =P'0. F o r  x = 0 ,  i .e . ,  at  the wal l  of  the d i scha rge :ves se l ,  the gas veloci ty  van-  
i shes  (u(0) =0), and d i scharge  p ropaga t ion  occu r s  in the:following manner :  As it expands,  the heated gas  se ts  
in mot ion the co ld  gas l a y e r s ,  so  that ,  as  a resu l t  of t h e r m a l  conductivity,  t h e  d i scha rge  n o w p r o p a g a t e s  
through moving  gas .  We s t a t e  the l as t  boundary  condition for  the t e m p e r a t u r e  on the  bas i s  of the assumpt ion  
that  the gas i s  ad iabat ica l ly  insula ted on the side of  the d i scharge  tube due to the s h o r t  durat ion o f  t he  p r o c e s s ;  
i ; e . ,  we a s s u m e  that  -XST(0)/8 x = 0. In o r d e r  to comple te  t h e  s ta tement  of the p r o b l e m ,  it .would be n e c e s s a r y  

�9 to indica te  the initial  d is t r ibut ions  of the p a r a m e t e r s  to be  de te rmined .  Howeve r ,  in the  quas i s t a t iona ry  ap -  
p rox ima t ion  used f o r  so lv ing this p rob l em ,  i t  is not n e c e s s a r y  to know the init ial  dis t r ibut ions,  and we shall  
not dwell o n t h i s  quest ion.  

We subdivide the region e n c o m p a s s e d  b y t h e  discharge�9  th ree  zones .  In�9 f i r s t  zone, which is lo- 
ca ted  to the left of the AA' plane (see Fig.  4), we neglect  the r o l e  of Joule heat,  a s suming  that  the gas is heated 
h e r e  only th rough  t h e r m a l  conductivi ty and that  intensive r e l e a s e  of Joule heat  occurs  in the region to the r ight  
of  the AA' p l a n e .  I f  we a s s um e  that  the conductivi ty u is  a r a t h e r  c r i t i ca l  function Of the t e m p e r a t u r e  (which 
obtains if the t e m p e r a t u r e s  a re  not too high), i .e . ,  that  a slight drop in T b r i n g s  abouLa cons ide rab le  reduction 
i n  u, the t e m p e r a t u r e  T 1 at the locat ion  co r re spond ing  to the AA' plane will be obv ious ly  not much different 
f r o m  the: final t e m p e r a t u r e  Tf  f o r  x = 0, and we can a s s u m e  that (Tf-:T1)/Tf<<l.  T h e n , i n  the region to the right 
of the AA' plane,  we neglect  the gas  mot ion and the p r e s s u r e  var ia t ion ,  a s suming  that u ~- 0 and p ~  const .  Such 
an approx imat ion ,  while g r e a t l y  s impl i fy ing  calculat ions,  does not d is tor t  subs tan t ia l ly  the f i n a l r e s u l t s .  We 
p lace  the BB' plane in such a way that  the change in t e m p e r a t u r e  f r o m  Ti t o t h e  f ina l  value T f  o c c u r s : p r a c -  
t i ca l ly  in the s e c o n d  zone, wh ich  is l oca ted  between AA' and BB' .  T h e n ,  i n  the t h i r d z o n e ,  between BB'  and the 
wal l  of the d i scha rge  v e s s e l ,  the t e m p e r a t u r e  gradient  i s :~T /Sx  -~ 0 in co r respondence  with the boundary con-  
dition at x = 0 ,  so that  the heat r e l e a s e d  in this zone is used up a lmos t  en t i r e ly  on  g a s  heating.  

As the d i scha rge  p ropaga te s ,  the AA' p lane  moves  in the gas.  We a s s u m e t h a t  the d i sp lacemen t  ra te  of 
this  p lane  is equal to the d i scha rge  veloci ty .  In our  expe r imen t s ,  the d i scharge  propagat ion  veloci ty  was d e t e r -  
m i n e d  with r e s p e c t  to the r a t e  �9 of  expans ion  of the region of  intensive gas  luminescence ,  which is  shown in 
high c o n t r a s t  in the photographs  (see  Fig. 3). Since the radiat ion intensi ty  a t  t e m p e r a t u r e s  T lower: than T 1 
(T l ~ 8000~ drops  e x t r e m e l y  sharp ly  with a reduct ion in T,  the t e m p e r a t u r e  per ta in ing  t.o the inner  f ron t  of 
the d i scha rge  in Fig .  3a  can be only sl ightly lower  than T i. This  indicates  the val idi ty  of the above def ini t ion 
of the d i scha rge  p ropaga t ion  r a t e  as the  expansion ra te  of  the region where  intensive r e l e a s e  of Joule heat  takes  
p lace .  Let  us p a s s  to a coordinate  s y s t e m  with r e spec t  to which the AA' plane i s a t  r e s t .  Since we neglect  the 
gas  mot ion in the zone to the r ight  of the AA' plane in the l a b o r a t o r y  coordinate  sys t em,  then, in a coordinate  
s y s t e m  where  AA' is  fixed, the  gas ve loc i ty  D in the region of this  p lane is equal to the veloci ty  of the AA' 
plane re la t ive  to the wall  of the d i scha rge  ves se l ;  i .e. ,  i t  coincides with the d ischarge  propagat ion  ra te  to be 
de te rmined .  Consider ing  that the t e m p e r a t u r e  T f  at the location co r respond ing  to the BB' plane is ass igned ,  
neglect ing i ts  va r ia t ion  on the ba s i s  of  our  approximat ion ,  and a s suming  that  t h e t h e r m a l  flux vanishes  at the 
BB' p lane  in co r r e spondence  with the above,  we can  inves t igate  in the chosen coordinate  s y s t e m  the d ischarge  
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s t ruc tu re  in the region to the left of BB' in a s t a t iona ry  approximat ionl  i .e . ,  we can neglect  the deriLvatives with 
r e spec t  to t ime  in Eqs .  (3.1)-(3.3). 

In the f i r s t  zone, which is loca ted  to the left of the AA' plane,  a s suming  that  a ~ 0, we obtain a f te r  in te-  
gra t ing  the or ig ina l  s y s t e m  of d i f ferent ia l  equations the following s y s t e m  of a lgebra ic  equations for  d e t e r m i n -  
ing the absolute  value of D: 

p0u0 := pfD, plikT'o �9 9 pfkTf 

where  Of is the gas densi ty  at the t e m p e r a t u r e  '1" 1 (cor responding  to the region where  the AA' plane is located),  
which is app rox ima te ly  equal  to Tf  accord ing  to the re la t ionship  ( T f - T 1 ) / T f < < I ,  u 0 is the gas  ve loc i ty  ahead of " 
the d i scharge ,  ep is the speci f ic  heat  at constant  p r e s s u r e ,  and ql is the t h e r m a l  flux which c a r r i e s  away en-  
e r g y  f r o m  the second zone (between AA' and BB') .  

Consider ing  the re la t ionsh ips  (T~0/T1)<<I, (uo /D)=(p f /po)<<l ,  and introducing the notat ion p~0=pT0kT~0/M~ 
we obtain the following equation for  de te rmin ing  D: 

" D "~ - -  2 (qi/P'o) 0 2 -7- 2cpTf O - -  2 (qi/P'o) ( k T f / i )  = 0. (3.4) 

In o r d e r  to calcula te  ql, we cons ide r  the second zone (between AA' and BB') .  As was  mentioned above, 
in view of the c r i t i ca l  dependence of a on T, the gas is heated sl ightly in this zone: ( T f - T 0 / T f < < I .  This  r e -  
sults  in the fact  that v i r tua l ly  all  of the l ibe ra ted  heat  is t r a n s f e r r e d  to the cold gas l a y e r s  by t h e r m a l  con- 
ductivity,  while the role  of convection is secondary .  Actually,  the ra t io  of the t e r m s  desc r ib ing  the conductive 
and the convect ive  heat  r em ova l  f r o m  the second zone is evidently equal to X/pucpAx (~x is the width of the 
second zone, which is re la ted  to the t e m p e r a t u r e  gradient  in the region of the AA' p lane  by the express ion  
( T f - T 0 / [  d T / d x  [). The value of X / p U C p  is approx ima te ly  equal to the c h a r a c t e r i s t i c  d is tance to which the gas 
is heated in the region ahead of the AA' p lane t  i .e. ,  it is equal to the width of the f i r s t  zone, which is re la ted  
to the t e m p e r a t u r e  gradient  in the region of the AA' plane by the expres s ion  (T l - T ' 0 ) / [  dT /dx  ]. The re fo re ,  
the above e x p r e s s i o n  for  a compara t i ve  e s t i m a t e  of the ro les  of t h e r m a l  conductivity and convect ion is equiva-  
l e n t t o t h e  re la t ionship  ( T 1 - T ' 0 ) / ( T f - T  1) ~ T f / ( T f - T  1) >>11 i .e . ,  the s ta tement  concerning the insignificant effect  
of convect ion on the t h e r m a l  balance  in the second zone has  been proved  c o r r e c t .  Then we wr i te  fo r  the s e c -  
ond zone 

d dT 
d'-7 ~' ~ 4-. ~E" = O. 

F r o m  this ,  we find the expres s ion  for  the t h e r m a l  flux ql by cons ider ing  the fact  that the t h e r m a l  flux vanishes  
in the region of the BB' plane,  where  T =Tf: 

. . /  :"! / "f  

= l" 2 j _- V 2.t" 
Tt 0 

in wr i t ing  the l a t t e r  (approximate)  express ion ,  we have taken into account the fact that the t h e r m a l  flux is v i r -  
tua l ly  unaffected by the value of the lower  in tegra t ion l imit  in view of the c r i t i ca l  t e m p e r a t u r e  dependence of a.  

By invest igat ing graphica l ly  Eq. (3.47, we can sa t i s fy  ou r se lves  that D ~  1 2 ),csE2dT '0; i .e. ,  the d i s -  
0 

charge  propaga t ion  ra te  for  the ass igned  p r e s s u r e  P'0 before  the d ischarge  front is descr ibed  by an express ion  
s i m i l a r  to the Zel '  d o v i c h - F r a n k - K a m e n e t s k i i  equation [7] for  the r a t e  of f lame propagat ion f r o m  the c losed-  
off end of a tube.  

In o r d e r  to comple te  the solution of this p rob lem,  it is n e c e s s a r y  to de te rmine  the gas p r e s s u r e  P'O b e -  
fo re  the d ischarge  f ront .  In the case  of subsonic  d i scharge  propagat ion ,  which has been inves t iga ted  in [4-6], 
the value of P'0 is equal to the undis turbed gas p r e s s u r e .  In our  case ,  the d i scharge  veloci ty ,  while remain ing  
lower than the ve loc i ty  of sound in the heated gas,  is at the same  t ime  higher  than the ve loc i ty  of ,round in the 
cold gas.  The expansion of heated  gas  occu r s  at a ve loc i ty  which is supersonic  in re la t ion  to the  cold gas,  and 
this r e su l t s  in the fo rmat ion  of a shock wave,  which p ropaga tes  ahead of the d i scharge  front  as it c o m p r e s s e s ,  
hea ts ,  and se ts  in motion the gas  located before  the front .  
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In ou r  approach to the solution of the p r o b l e m  of d i scharge  propagat ion,  it is a s sumed  that the shock 
front  is located at infinity, i .e . ,  that i ts  dis tance f r o m  the d i scharge  region is much l a r g e r  than the width of 
the d i scha rge  f ront .  In view of this ,  the t e m p e r a t u r e  jump,  which de t e rmines  the posi t ion of the shock front,  
is not m a r k e d  in Fig.  4; instead,  the prof i le  of Fig.  4 desc r ibes  the t e m p e r a t u r e  dis t r ibut ion in the region be-  
hind the shock front .  F o r  the same  reason ,  in s ta t ing the p rob l em,  T' 0 and P'i at x =oo a re  understood as  the 
gas  t e m p e r a t u r e  and dens i ty  that  a r e  es tab l i shed  immedia t e ly  behind the shock front,  and not the t e m p e r a t u r e  
T O and the densi ty  P0 of the unper turbed  gas  located be fo re  this f ront .  The r e m o t e n e s s  of the shock front  in the 
above calculat ions was used  in in tegra t ing  the e ne rgy  ba lance  equation, where  it was  a s sumed  that the the rma l  
flux vanishes  ahead of the d i scharge  f ront  (but behind the shock front} at x=oo ( ~ T / ~ = 0 ) .  The fact that, under 
the conditions under  considera t ion,  the shock front  actual ly  moves  to a cons iderab le  dis tance (in the above 
sense) f r o m  the d i scharge  front  dur ing the t ime  c h a r a c t e r i s t i c  for  the d i scharge  development  stage under  in-  
ves t iga t ion  (which amounts  roughly to a q u a r t e r  of the osci l la t ion per iod  of the inductor current)  can be v e r i -  
fied by using the exp res s ions  f o r  the shock wave ve loc i ty  and the d i scharge  front  width given below. 

In view of the condition (u~D) << 1, the ve loc i ty  of  the gas in motion by the shock wave is approx imate ly  
equal to the d i scharge  propagat ion  ve loc i ty  D (in the l abo ra to ry  coordinate  sys t em) .  

By taking into account this fact ,  ass igning the values  of P0 and T O (or P0 =pokTo/M) for  the undis turbed 
gas  before  the shock front ,  and cons ider ing  the laws of conserva t ion  of m a s s ,  momentum,  and energy,  which 
hold at the front  of  the shock wave,  we can, a f t e r  obtaining the solution, define P'0 as a function of P0, P0, and D. 
By subst i tut ing the thus found value of P'0 in (3.4), we find the ve loc i ty  D. 

Such calcula t ions  a r e  genera l ly  r a t h e r  c u m b e r s o m e .  However ,  they can be s impl i f ied  by consider ing the 
re la t ionship  (p'0/p0} >>1. The following equal i ty  then holds [8]: 

where  Y is the adiabat ic  exponent,  c0 = d~ - -p~0  is the ve loc i ty  of sound in indis turbed gas,  and V is the shock 
wave veloci ty,  which i s  r e l a t ed  to the ve loc i ty  of the gas  set  in motion by the shock wave D by the express ion  

V = 7 2.___..~i D. (3.6) 

By subst i tu t ing (3.5} and (3.6) in (3.4), we obtain fo r  the d i scharge  propaga t ion  ra t e  a f i f th-power  equation 
with r e s p e c t  to D, which cannot be solved analyt ica l ly  in the genera l  case .  

I t  is convenient  to inves t iga te  this  equation graphica l ly .  Analysis  shows that it has for  D a unique, rea l ,  
pos i t ive  solution, whose va lues  a re  e n c o m p a s s e d  within a r a t h e r  na r row interval :  

3 /-4 / /2cpM~ V ql/~---~)(~+ 1) 00 < n < ~ ' / ~ q l / ( ' ~ +  t)~V0 ~{r/[~/F2cpM'~i'7) " 

With r e g a r d  to our  conditions (p0 ~ 30 m m  Hg; E N 70 V /cm,  and Tf  ~ 10,000~ calcula t ions  show that  the 
ve loc i ty  D is onthe  o r d e r  of 1 k m / s e c ,  which is in good ag reemen t  with the expe r imen ta l  r e su l t s .  

We shall  now v e r i f y  the above-ment ioned  fact that  the gas t e m p e r a t u r e  v a r i e s  slowly behind the d ischarge  
f ront .  The width of the d i scharge  f ront  is  defined by  two regions:  the zone of intensive Joule heat  r e l e a se  (the 
region between AA' and BB' in Fig.  4) and the zone whe re  the gas  is heated by the t h e r m a l  flux, which is lo-  
cated to the left of  the AA' plane.  As was  shown above, the c h a r a c t e r i s t i c  d imension of the la t te r  zone is much 
l a r g e r  than the width of the region located between AA' and BB' .  Consequently, the width of the d ischarge  
front  is v i r tua l ly  equal to the width of the hea t ing  zone located to the left of AA' and is,  t he re fo re ,  on the o r d e r  
of  l =k/pfDcp. Subsequently,  it should be borne  in mind that  the quanti ty Cp in the express ion  for  l const i tu tes  
the spec i f ic  heat  of  cold gas  ( located be fo re  the discharge},  while X c o r r e s p o n d s  to the t e m p e r a t u r e  value in 
the reg ion  of the AA' p lane .  This  fact  is important ,  s ince,  beginning with t e m p e r a t u r e s  of ~8000~ the values  
of Cp and X i n c r e a s e  r a t h e r  sha rp ly  due to the inc reas ing  contr ibut ion of ionization and e lec t ron  t h e r m a l  con-  
ductivity, r e spec t ive ly ,  while the " l imi t ing"  t e m p e r a t u r e  Ti under  our  conditions (Tf ~ 10,000~ is actual ly  
c lose  to 8000~ which can read i ly  be  checked by using the co r respond ing  data for  the conductivity a .  It should 
be noted that  the t h e r m a l  diffusivi ty Pt/pcp v a r i e s  r e l a t ive ly  slowly.  

The c h a r a c t e r i s t i c  t ime  Tfr  during which the d i scharge  moves  ove r  a d is tance  roughly equal to the width 
of i t s  f ront  is equal to l/D. The gas  t e m p e r a t u r e  va r ia t ion  behind the f ront  (i .e. ,  in the region to the right of  

�9 BB' plane),  where  p~- const  and OT/0x~  0, is  desc r ibed  by the equation 
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pcpOT/Ot = aE ~ (3.7) 

(here p, Cp, and a correspond to temperatures close to Tf). 

It is evident from (3.7) that, during the short time interval ~'fr, the gas temperature behind the discharge 
front varies by an amount approximately equal to 

AT ~ xf, aE~/p%. (3.8) 

By substituting in (3.8) the above expression for "rfr and the numerical values of all the quantities char- 
acterizing the discharge, we satisfy ourselves that the value of AT is small  in comparison with Tf under these 
conditions~ i.e., the process of discharge propagation can in fact be investigated in a quasistationary approxi- 
mation. 

The authors are grateful to Yu. P.  Raizer for a detailed discussion of this paper. 
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