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Results are presented of an experimental  investigation of shock waves in an argon discharge plasma.  

It is shown that the shock wave width is appreciably grea ter  than the par t ic le  mean free path in the 
plasma.  The shock width is close to the value given by theory,  accounting for e lectronic  thermal  conduc-  
tion. 

At the shock front a potential jump was recorded  whose value is given by ambipolar  diffusion of 
charged par t ic les  in the front. 

At the shock front there is a considerable  change in the concentration of charged par t ic les ,  for a 
prac t ica l ly  constant electron tempera ture .  For  strong shock this change is apparently due to thermal  
ionization at the front. For weak shock waves an appreciable part  is played by supplementary ionization at 
the shock front, ar is ing f rom energy liberated when the discharge current  passes  through the potential 
jump at the shock wave front. 

The proper t i es  of shock waves in a par t ia l ly  ionized p lasma  differ appreciably f rom those of shock 
waves in a neutral  gas. This difference is due to the t remendous difference between the mass  of the e lec -  
t ron and of heavy par t ic les  composing the p lasma,  and also by the existence of s t rong electr ical  forces  
ar is ing in the p lasma  f rom a very  small  degree of charge separation. These special features of the p lasma  
lead, for example, to the shock wave width in a part ial  ionized p lasma  (in contras t  with that in a neutral  
gas) considerably in excess of the par t ic le  mean free path in the p lasma  in a number of cases  [1]. 

tn many cases  a par t ia l ly  ionized p lasma  is not in thermodynamic  equilibrium. It is well known [2] 
that in a thermodynamical ly  nonequilibrium p lasma there is difficulty in calculating, not only the shock 
wave s t ructure ,  but also the p lasma  p a r a m e t e r s  behind the shock front. 

A descript ion is given below of an attempt to investigate shock waves experimental ly  in a par t ia l ly  
ionized gaseous discharge plasma.  The shock waves were generated using interaction between an impul-  
sively moving p lasma and an independently c rea ted  fixed discharge  p lasma [3], in a s imi lar  way to that in 
e lect r ical  shock tubes, which use interaction between this type of p lasma  and a neutral  gas [4, 5]. No r e -  
por ts  of experiments  of this kind have been published. Investigations of strong shocks at whose fronts ioni- 
zation of an initially neutral  gas occurs  [6], c lear ly  differ f rom the case considered of propagation of shock 

waves in a previous ly  created plasma.  

The following measurement  units are assumed here: p r e s su re  p in mm Hg, tempera ture  T in deg K, 
power p in W,  cm ~ current  s trength i in A, charged par t ic le  concentrat ion n in cm -~, and speed in cm. 

see-l .  

1. Technique and Experimental  Results.  The experiments  were car r ied  out in a cylindrical  glass 
tube with an internal d iameter  of 16 mm (Fig. la),  filled with argon at a p r e s su re  of 0.5 mm Hg. Located 
in the tube were two plane c i r cu la r  molybdenum elect rodes  A i and A 2 of d iameter  14 ram, an annular nickel 
e lec t rode K of width 1 cm and d iamete r  14ram,  and also four pai rs  of cyl indrical  tungsten probes  Z1-Z4 of 
d iameter  0.1 mm and length 3 ram. The probes  were located symmet r ica l ly  with respect  to the tube axis, 
so that the distance between them was 10 mm. In some experiments  probes  of the same dimensions were 
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used,  at a d i s tance  x = 10 cm f rom the annulus K to the tube, as was done in [7], and capable  of being 
moved along the tube rad ius .  

A p l a s m a  pu l se  moving in the volume KA 2 was c r e a t e d  by rapid  d i scha rge  (durat ion 5-25 psec)  of a 
condensor  C l of capac i ty  24 or  14 # F (V 1 = 3 kV) at e l e c t r o d e s  K and A 1. The fixed g a s - d i s c h a r g e  p l a s m a  
was c r e a t e d  in volume KA2 by a slow exponent ia l  d i scha rge  of a capac i to r  bank C 2 of capac i ty  100 e r  200 
p F  (V~ = 3 kV) through the ohmic r e s i s t o r  R of value 53 or  8 ~,  r e spec t ive ly .  The min imum value of the 
quantity RC2 is 1600 ~ s e c ,  i .e . ,  app rec i ab ly  g r e a t e r  than the t ime in which the t e m p e r a t u r e  of the neut ra l  
gas r e a c h e s  equ i l i b r ium due to heat conduction (the max imum c h a r a c t e r i s t i c  t ime  of the slow d ischarge)  
"r T ~ r2/5.8 a, which is equal,  in these  expe r imen ta l  condi t ions ,  to 370 p s e c  (a is the t h e r m a l  diffusivi ty,  
and r is the tube radius) ,  i .e . ,  the slow d i s cha rge  is q u a s i - s t a t i o n a r y .  

The parameters of the fixed discharge plasma, as measured using probes ZI-Z4, are shown in Fig. 
2 as a function of discharge current i. Curves 1 to 3 in Fig~ 2 show, respectively, the variation in charged 
particle concentration n o cm -3, the electron temperature Te0 deg K and the electric field strength E V/em 
in the fixed plasma. The measurements of radial distributions of these parameters, made by means of the 
moving probes, show that in the conditions of this experiment there is a central region of almost constant 
parameters, of diameter about 1 cm. 

Type TGI-400/16 hydrogen thyratrons were used as the switching elements in the discharge cir- 
cuits. A special circuit (Fig. I a) fired thyratrons T I (fast discharge) a controlled time after firing of thy- 
ratrons T 2 (onset of the slow discharge), so that the short-duration plasma moved in the motionless dis- 
charge plasma and interacted with it. Since the fixed plasma was created by an exponential discharge, 
change of the delay time -r altered the parameters of the fixed plasma, with which the impulsive moving 
plasma interacted. 
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A double probe method, with the usual p rocess ing  of probe c h a r a c t e r -  
ist ics,  was used to measure  the p lasma pa rame te r s  in this work. The circuit  
used for switching the probes Z in o rder  to obtain the probe charac te r i s t i cs  
is shown in Fig. lb. A voltage source in the probe circuit  was a condensor 
C* of capacitance 1300 tt F, charged to the neces sa ry  voltage, while the probe 
current  was determined by the voltage drop in the r e s i s to r  R*, recorded on a 
type S[-29 s torage oscil lograph. The probe circuit  potential was floating. 

The use of probes to measure  pa r ame te r s  of the moving plasma,  in ad-  
dition to the usual requirement  that the rat io of the e lec t ron mean free path 
le to probe diameter  (l e ~ 5 .10  -2 cm [5] in the c a s e  examined for argon at 
P0 ~ 0.5 mm Hg and T e ~ 2.104 ~ and d = 10 -2 cm) also presupposes  no 
boundary layer  on the probes.  This postulate holds in the case considered,  

i.e., p l asma  flow behind the shock front. In fact, the maximum p r e s s u r e  Pmax induced on a flat plate with 
a sharp edge, located paral le l  to the flow [8], does not exceed p M2R-~/2, where M, p, R are,  respect ively,  
the Mach number,  the p r e s s u r e ,  and the Reynold 's  number in the unperturbed s t ream.  A s imi lar  relat ion 
will also hold on a probe located paral le l  to the flow. Since M < 1 for the p lasma  flow behind the shock 
wave, then Pmax/P < R-I/2 �9 The Reynolds number behind the shock is given by the relation 

B = pl u iL  po ~oL (13o-- i )  Po col  (~o - -  ~) 

']~ ~ ']o ] / ' ~  - -  'lo V 2 ~  113o ('r + i )  ' 

Here p, ~7, c are the density, viscosi ty ,  and sound speed, and the subscr ipts  1 and 0 refer ,  r e s p e c -  
tively, to the state behind and ahead of the shock; fi0 is the degree of compress ion  of the p lasma in the 
shock wave; u 0 is the shock wave speed; u 1 is the p lasma speed behind the shock; and T is the adiabatic ex-  
ponent. For argon at initial p r e s s u r e  0.5 mm Hg and L N 0.3 em, fl0 ~ 2, we have R ,.- 100. This means that 
the p r e s s u r e  induced in the probes  can be neglected in the case considered,  i.e., the boundary layer at the 
probe does not play an appreciable part .  

The experimental  resul ts  descr ibed below were obtained in the condition when the shock wave front 
was detached f rom the impulsive moving plasma,  which acted as a hydrodynamic "piston." This separat ion 
is c lear ly  seen in Fig. 3, which shows, by way of example, the variat ion with t ime of charged par t ic le  con-  
centrat ion n and electron tempera ture  Te, as measured by the double probe at x = 10 cm. The variation 
with time of n and Te in the shor t -dura t ion  moving p lasma were discussed in [3]. 

The double probe was used to measured  charged par t ic le  concentrat ion n I and electron tempera ture  
Tel behind the shock for various values of the discharge current  i. The resul ts  of these measurements  are 
shown in Fig. 4, curves  2-0, for x = 15 cm. The pa rame te r  for these curves  is the energy of condenser  C~, 
respect ive ly  4, 9, 18, 24, and 63J. Curve 1 of Fig. 4a shows the variat ion of charged par t ic le  concentrat ion 
in the fixed discharge p l a sma ,  and Curve 1 of Fig. 4b shows the variat ion of electron tempera ture  there 
(i.e., the p lasma  pa rame te r s  in front of the shock). It can be seen f rom Fig. 4 that a considerable increase 
in charged par t ic le  concentration is observed in the p lasma  at the shock front, occur r ing  during p r ac t i c a l -  
ly constant e lect ron tempera ture  over the whole range of measurements .  

Probes  were also used to measure  the potential jump occur r ing  at the shock front due to charge sep-  
arat ion [9]. The circuit  for switching the probe in order  to record  the variation of its potential with time 
is shown in Fig. le.  The condenser  C*, of capaci ty 1300 # F, charged to the required potmt ia l ,  served here 
to compensate the potential differences a r i s ing  in the fixed p lasma  between probe Z and annulus K, due to 
flow of discharge current .  The variat ion of probe potential with t ime was recorded  by a type SI-29 osc i l lo -  
graph, f rom the voltage drop in a fa i r ly  large r e s i s to r  R*, usually 10 k~. The polar i ty  of the potential 
jump at the shock wave front was such that the direction of the e lectr ic  field ar is ing at the front f rom this 
potential jump coincided with that of the shock wave motion. For the observed polar i ty  of discharge c u r -  
rent (Fig.  la) the direct ion of the e lec t r ic  field at the shock front coincides also with that of the e lectr ic  
field in the fixed plasma.  

The resul ts  of measurements  of the potential jump AV at the shock front, for various values of i (x = 
15 em) are shown in Fig. 5a. Curves 1-4 were obtained with C 1 = 1, 2, 4, and 14 # F (V 1 = 3 kV). Figure 5b 
shows the shock wave propagation speed u0, for the same conditions, as a function of the current  i, ob-  
tained f rom measurement  of the displacement  of the beginning of the luminous section over a lengthof2 cm. 
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The  shock  wave  f ron t  width  Ax was  a l so  i n v e s t i g a t e d .  It was  d e t e r m i n e d  
f r o m  the  m e a s u r e d  r i s e  t i m e  of the  p r o b e  p o t e n t i a l  o r  of the  p r o b e  s a t u r a t i o n  
c u r r e n t  at  the  f ron t ,  At (F ig .  6) and f r o m  the shock  wave  s p e e d  u0, us ing  the 
r e l a t i o n  Ax = u0At. The  m e a s u r e d  v a l u e s  of At a r e  shown in Fig .  6a ,  w h e r e  
C u r v e s  1, 2, and 3 w e r e  ob t a ined  for  Cl = 2, 4, and 14 #F (x = 15 cm) .  The c a l -  
cu l a t ed  v a l u e s  of Ax a r e  shown (as p o i n t s ,  c r o s s e s ,  and c i r c l e s ,  r e s p e c t i v e l y )  
in Fig .  6b. It c an  be  s e e n  that  Ax is 2 -8  p s e c ,  and v a r i e d  b y  r o u g h l y  a f a c t o r  
of fou r  wi th  the change  of  C1, whi le  Ax r e m a i n e d  at the  l eve l  of 1 c m ,  wi th  a 
s c a t t e r  of 20%. It should  be noted tha t  the  m e a s u r e d  t i m e s  At a r e  c o n s i d e r a b -  
ly  g r e a t e r  than  the  quan t i ty  1/Wpi , equa l  to 5 . 1 0  -1~ s e e  for  a r g o n  wi th  n ~ 10 ~4 
c m  -3 (Wpi is  the  ion p l a s m a  f r equency ) .  Th i s  cond i t ion  is r e q u i r e d  fo r  n o n -  
s t a t i o n a r y  p r o b e  m e a s u r e m e n t s  [10]. 

The v a l u e s  of Ax ob t a ined  a r e  s e v e r a l  t i m e s  l a r g e r  than  the length  of the  
m e a s u r i n g  p r o b e s ,  which  was  0.3 c m  in t h e s e  e x p e r i m e n t s .  The  s p a t i a l  s e p a r a t i o n  of t h e s e  p r o b e s  was  
c h e c k e d  in a s p e c i a l  way.  F o r  th i s  p u r p o s e  the  p r o b e s  w e r e  o r i e n t e d ,  not a long the  a x i s ,  a s  in Fig .  l a ,  
but  a long  a r a d i u s ,  so that  the  t o t a l  ex ten t  of the  p r o b e  in the  d i r e c t i o n  of mo t ion  of  the  s h o c k  wave  was  
10 -2 cm.  No d i f f e r e n c e  in the  m e a s u r e d  v a l u e s  of Ax was  o b s e r v e d  fo r  the  two p r o b e  o r i e n t a t i o n s .  

2. D i s c u s s i o n  of E x p e r i m e n t a l  R e s u l t s .  F i r s t l y ,  we note  tha t  beh ind  the s h o c k  wave  t h e r e  is no s t a -  
t i o n a r y  s t a t e ,  as  is t y p i c a l  fo r  an idea l  s h o c k  tube  (Fig .  3). Th is  is  b e c a u s e  the  p l a s m a  behind  the  shock  
f ront  is d e c o m p o s e d  by  a m b i p o l a r  d i f fu s ion  of c h a r g e d  p a r t i c l e s  to the  tube  wal l  in a s i m i l a r  way  to what  
o c c u r s  wi th  a p u l s e d  m o v i n g  p l a s m a  [3, 11]. H o w e v e r ,  s i n c e  the  d e c a y  t i m e  ( s e v e r a l  t en s  of m i c r o s e c o n d s )  
is s u b s t a n t i a l l y  g r e a t e r  than  the g r o w t h  t i m e  of the  p l a s m a  p a r a m e t e r s  in the  s h o c k  f ron t ,  At (F ig .  6), we 
can  a s s u m e  tha t  a q u a s i - s t a t i o n a r y  s t a t e  is  r e a c h e d  beh ind  the  shock  f ron t .  

To c a l c u l a t e  the  p l a s m a  p a r a m e t e r s  beh ind  the shock  we m u s t  lmown the  sound s p e e d  ahead  of the  
shock .  In t h e s e  e x p e r i m e n t a l  cond i t i ons  the  sound s p e e d  in the  f ixed  d i s c h a r g e  p l a s m a  is g iven ,  to a f i r s t  
a p p r o x i m a t i o n  [12], by  the  r e l a t i o n  c o = {TkTao/ma, s i n c e  the  p r e s s u r e  of  the  c h a r g e d  componen t  can  be  
n e g l e c t e d .  In f ac t ,  the  m a x i m u m  c o n c e n t r a t i o n  of c h a r g e d  p a r t i c l e s  in the  f ixed  p l a s m a  at Te0 ~ 2 �9 10 t ~ 
does  not e x c e e d  3.5.1014 (F ig .  4) i . e . ,  the  r a t i o  of  the  i n i t i a l  p r e s s u r e  of n e u t r a l  a rgon ,  P0, to the  m a x i m u m  
e l e c t r o n  p r e s s u r e  Pe0 = n0kTe0, is  r o u g h l y  1. But hea t ing  of the  n e u t r a l  ga s ,  which undoub ted ly  o c c u r s  wi th  
d i s c h a r g e  c u r r e n t s  of the  o r d e r  of 100 A, can  be  n e g l e c t e d  as  c o n t r i b u t i n g  to the  p r e s s u r e  of  the  c h a r g e d  
c o m p o n e n t  in the  t o t a l  p r e s s u r e  of the  f ixed  p l a s m a .  

The  t e m p e r a t u r e  of n e u t r a l  a r g o n  in the  f ixed  p l a s m a  Ta0 was  not m e a s u r e d  in t h e s e  e x p e r i m e n t s .  
H o w e v e r ,  t a k i n g  into account  the  a b o v e - m e n t i o n e d  m e a s u r e m e n t s  of r a d i a l  d i s t r i b u t i o n  of p a r a m e t e r s  of  
the  f ixed  p l a s m a ,  it is  n a t u r a l  to p o s t u l a t e  that  the  quant i ty  Ta0 v a r i e s  v e r y  l i t t l e  in the  c e n t r a l  r e g i o n  of 
a l m o s t  c o n s t a n t  p a r a m e t e r s .  The r e l a t i v e  v a r i a t i o n  of  Ta0 wi th  change  of d i s c h a r g e  c u r r e n t  can  be  e s t i m -  
a t ed  f r o m  the  p o w e r  b a l a n c e  in the  d i s c h a r g e .  A s s u m i n g  tha t  the  e n e r g y  ob ta ined  by  the n e u t r a l  gas  is  d e -  
t e r m i n e d  by  e l a s t i c  c o l l i s i o n s  wi th  e l e c t r o n s ,  and tha t  the  e n e r g y  ios t  by  it is  d e t e r m i n e d  by  the  t h e r m a l  
conduc t ion  of the  g a s ,  t h i s  b a l a n c e  can  be  w r i t t e n  in the  f o r m  

T a o  - -  T *  
P = % r* S* 

p e r  uni t  l eng th  of  co lumn ,  w h e r e  T* = 300 ~ K is the  tube  wal l  t e m p e r a t u r e ,  • is  the  t h e r m a l  c o n d u c t i v i t y ,  
and r *  and S* a r e  the  e f f ec t i ve  g e o m e t r i c  d i m e n s i o n s ,  which  do not depend  on the  va lue  of  i,  s i n c e  the  r e -  
a t ive  r a d i a l  d i s t r i b u t i o n  of the  p a r a m e t e r s  of  the  f ixed  p l a s m a  is  c o n s e r v e d  with  change  of i,  as  was  shown 
by  e x p e r i m e n t .  The  va lue  of the  p o w e r  P ob t a ined  by  the n e u t r a l  ga s ,  c a l c u l a t e d  f r o m  the  known n o and Te 
(F ig .  2), a r e  shown as  C u r v e  4 of F ig .  7. In the  c a l c u l a t i o n s  m e a n  f r e e  pa th  v a l u e s  a v e r a g e d  for  a M a x w e l -  
l i an  d i s t r i b u t i o n  [5] w e r e  used .  It can  be  s een  f r o m  Fig .  7 tha t  the  p o w e r  P is much  l e s s  than  the t o t a l  
p o w e r  P* ,  expended  in the  d i s c h a r g e ,  which  is  shown as  Curve  1 in Fig .  7. Th i s  m e a n s  that  p r a c t i c a l l y  a l l  
the  p o w e r  is  e x p e n d e d  in i n e l a s t i c  c o l l i s i o n s .  

T a k i n g  into account  that  • ~ Ta02/3 [13], and a s s u m i n g  Ta0 >> T*, we ob t a in  Ta0 ~ p0.S and e 0 ~ 0.~ 
C u r v e s  2 and 3 of  F ig .  7 show the r e l a t i v e  v a r i a t i o n  in the  qua n t i t i e s  p0.~ and p0.3,  r e s p e c t i v e l y ,  r e s u l t i n g  
f r o m  th i s  c a l c u l a t i o n .  With the  a s s u m p t i o n s  m a d e ,  t h e s e  c u r v e s  d e s c r i b e ,  r e s p e c t i v e l y ,  the  r e l a t i v e  v a r i -  
a t ion  of Ta0 and c o in the  f ixed  d i s c h a r g e  p l a s m a .  
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The r e s u l t s  o f  m e a s u r e d  c o n c e n t r a t i o n s  of c h a r g e d  p a r t i c l e s  behind  the  shock  f ront  (F ig .  4) c a n  be  
e x a m i n e d  in d e t a i l  if t hey  a r e  r e d u c e d  to the f o r m  of the  r a t i o  /3 of c h a r g e d  p a r t i c l e  c o n c e n t r a t i o n  beh ind  
the f ron t ,  n l ,  to the  c h a r g e d  p a r t i c l e  c o n c e n t r a t i o n  ahead  of the  f ron t ,  n 0. F i g u r e  8, C u r v e  1 shows the 
v a r i a t i o n  of /3  = n t / n  0 for  two s u b s t a n t i a l l y  d i f f e r e n t  c a s e s :  a) C 1 = 14 # F  (Curve  6 of  Fig .  4), and b) C 1 = 
4 # F  (Curve  3 of Fig.  4). F i g u r e  8a shows  tha t  the  c o n c e n t r a t i o n  of  c h a r g e d  p a r t i c l e s  with C I = 14 # F  
v a r i e s  by  r o u g h l y  a f a c t o r  of 50, whi l e  the  v a r i a t i o n  of the  a r g o n  d e n s i t y  in the  s h o c k  wave  cannot  exceed  
4. {The idea l  gas  a p p r o x i m a t i o n  i s  used  s i n c e  the  d e g r e e  of i on i z a t i on  of the  p l a s m a  i s  i n s i g n i f i c a n t  [2~). 
Th i s  m e a n s  tha t  t h e r e  is  add i t i ona l  i o n i z a t i o n  of a r g o n  in the  shock  f ront .  E v i d e n t l y ,  in th i s  c a s e  t h e r e  is  
t h e r m a l  i on i za t i on  of  a r g o n  due to i n c r e a s e  of  t e m p e r a t u r e  of the n e u t r a l  gas  [6]. In f ac t ,  the  c h a r g e d  p a r -  
t i c l e  c o n c e n t r a t i o n ,  r e a c h i n g  a v a l u e  h e r e  of  2 �9 l0  ts c m  -3 (F ig .  4, Curve  6) c o r r e s p o n d s  to  an e q u i l i b r i u m  
t e m p e r a t u r e  of  T a ~ 9400 ~ K. E s t i m a t e s  f r o m  idea l  gas  f o r m u l a s  ind ica t e  that  t h i s  t e m p e r a t u r e  is r e a c h e d  
by  the s h o c k  p r o p a g a t i n g  in a r g o n  wi th  s p e e d  (3-3.5)  �9 105 c m / s e c  (Fig .  5, C u r v e  4), if  the  gas  ahead  of the  
shock  is  h e a t e d  to  a t e m p e r a t u r e  of  Ta0 ~ 1000 ~ K. The  e s t i m a t e s  c a r r i e d  out wi th  the  above  p o w e r  b a l -  
ance  in the  g a s e o u s  d i s c h a r g e  show tha t  t h i s  n e u t r a l  gas  t e m p e r a t u r e  in the  f ixed d i s c h a r g e  p l a s m a  is  e n -  
t i r e l y  p o s s i b l e .  

F o r  Ct = 4 #F  (Fig .  8b) t h e r m a l  i o n i z a t i o n  at  the  f ron t  is  i m p o s s i b l e ,  s i n c e  the  s h o c k  speed  is then  
r e d u c e d  by  a f a c t o r  of two r e l a t i v e  to the  p r e v i o u s  va lue  (Fig .  5, C u r v e  3), wh ich  l e a d s  to a r e d u c t i o n  of 
T a l  of  r o u g h l y  a f a c t o r  of fou r ,  wh i l e  the  c h a r g e d  p a r t i c l e  u o n c e n t r a t i o n  b e h i n d  the  f ron t  c o r r e s p o n d s  then  
to Ta  ~ 8000 ~ K. H o w e v e r ,  s i n c e  /3 ~ 5, it is r e a s o n a b l e  to c o m p a r e  the  quan t i t y /3  wi th  the c o m p r e s s i o n  
fi0 of n e u t r a l  a r g o n  in the  shock  wave .  The a b s o l u t e  v a l u e s  of  Mach n u m b e r  M r e q u i r e d  to c a l c u l a t e  /3o a r e  
unknown, but  the  r e l a t i v e  change  of  M can  be  ob ta ined  us ing  m e a s u r e d  v a l u e s  of the  s h o c k  speed  (F ig .  5b), 
and the  c a l c u l a t e d  r e l a t i v e  change  of sound s p e e d ,  c o (Fig .  7, C u r v e  3). By n o r m a l i z i n g  the c o m p r e s s i o n  
fi0 to the e x p e r i m e n t a l l y  m e a s u r e d  va lue  of /3  for  a c e r t a i n  va lue  of L, we can  c o m p a r e  the r e l a t i v e  change  
in /3 and fl0. The  do t ted  c u r v e  2 in F ig .  8b shows  the c a l c u l a t e d  va lue  of/30 when n o r m a l i z e d  to the  va lue  of 
/3, with i = 155 A. The  f i gu re  shows  tha t  t h e r e  is  an a p p r e c i a b l e  d i s c r e p a n c y  b e t w e e n  fl and /3o which  is  
c o n s e r v e d  fo r  any c h o i c e  of the  n o r m a l i z a t i o n  poin t .  Thus ,  p l a s m a  c o m p r e s s i o n  cannot  p r o d u c e  the e x p e r i -  
m e n t a l l y  ob t a ined  v a r i a t i o n  in c h a r g e d  p a r t i c l e  d e n s i t y  in the  shock  f ron t .  

One c a u s e  of t h i s  d i s c r e p a n c y  m a y  be  a dd i t i ona l  i on i za t i on  of n e u t r a l  ga s  due to the  e n e r g y  of the  
e l e c t r o n  gas .  Since the  c o m p r e s s i o n  of  e l e c t r o n s  in the  shock  is s l ew  ( s i n c e  the  shock  wave  s p e e d  is much  
l e s s  than  the  r a n d o m  e l e c t r o n  speed ) ,  the  change  t ak ing  p l a c e  in the  p a r a m e t e r s  of the  e l e c t r o n  gas  wi l l  
e v i d e n t l y  fo l low a P o i s s o n  a d i a b a t ,  as  o b s e r v e d  in [14]. With 7 = 5/~, we ob t a in  (n*/n0) ~ = fi0 ~ = T e l * /  
Te0 f r o m  the P o i s s o n  a d i a b a t ,  i . e . ,  a long  wi th  v a r i a t i o n  in e l e c t r o n  c o n c e n t r a t i o n  at the  f ron t  t h e r e  mus t  
a l so  be a v a r i a t i o n  in  e l e c t r o n  t e m p e r a t u r e .  H o w e v e r ,  the  e x p e r i m e n t  shows  (F ig .  8, C u r v e  3) tha t  /3' = 
T e l / T e 0  ~ 1. In the  c a s e  c o n s i d e r e d  th i s  m e a n s  tha t  the  e l e c t r o n s  in s o m e  way  lose  p a r t  of t h e i r  e n e r g y ,  
equal  to  n* (kTe l  - kTe0). A s s u m i n g  tha t  a l l  t h i s  e n e r g y  goes  into add i t i ona l  i o n i z a t i o n  at  the  shock  wave  
f ron t ,  the  r a t i o  of  c h a r g e d  p a r t i c l e  d e n s i t y  on the  two s i d e s  of  the  f ron t  c a n  be  w r i t t e n  in the  f o r m  

]3* = nl* t in* -~- n* (kT,l* - -  kTeo) ] kTe~ 1~ , 
no --  n0 ~ ~ i  J = P ~  LP~ - -  /J 

w h e r e  E i = 15.7 eV is the  a rgon  i on i za t i on  e n e r g y .  The m a x i m u m  va lue  of  fl0 i s  4, and t h e r e f o r e ,  fl * wi l l  
be a l t o g e t h e r  32% g r e a t e r  than  the c o m p r e s s i o n  of n e u t r a l  ga s ,  which  is much  l e s s  than  the o b s e r v e d  d i s -  

c r e p a n c y  in the  e x p e r i m e n t  (F ig .  8b, C u r v e s  2 and 1). 

H o w e v e r ,  fo r  a s h o c k  wave  in a d i s c h a r g e  p l a s m a  a m e c h a n i s m  for  add i t i ona l  i on i z a t i on  at the  f ront  
can  a r i s e  f r o m  J o u l e  e n e r g y  l i b e r a t e d  when the  d i s c h a r g e  c u r r e n t  p a s s e s  t h r o u g h  the p o t e n t i a l  jump AV at 
the  f ron t  (F ig .  5a). A s s u m i n g  that  a l l  t h i s  e n e r g y  goes  to i on i z a t i on  (and such  an a s s u m p t i o n  is r e a s o n a b l e ,  
s i n c e  a l m o s t  a l l  of the p o w e r  expended  in the  d i s c h a r g e  in t h e e x p e r i m e n t ,  as  was  s e e n  above ,  goes  to i n -  
e l a s t i c  l o s s e s ) ,  the  n u m b e r  of  add i t i ona l  i o n i z a t i on  even t s  at the  f ront  can  be w r i t t e n  in the  f o r m  

i ~ v At  i AV 
An -~ S-Az Ei --  S Eiuo 

w h e r e  S is the  s h o c k  wave  a r e a .  Then the c h a r g e d  p a r t i c l e  d e n s i t y  r a t i o  on the two s i d e s  of the  f ron t  can 
be  r e p r e s e n t e d  in the  f o r m  ill* = (An + n0)/n 0. The r e s u l t s  of  c a l cu l a t i ng /31"  for  CI = 4 /~F, shown by  
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crosses in Fig. 8b, are in good agreement with experimental values of ft. It is important here to note that 
the shock wave width Ax (see Fig. 6) is greater than the electron mean free path with respect to ioniza- 
tion, equal to 0.17 cm in argon at a pressure of 0.5 mm Hg, and the ionization crosses section is qi ~ 3 �9 
I0 -~ cm 2 [15]. In addition, the growth thne At for the plasma parameters at the front exceeds the mean 

time between ionizing collisions, equal to 1.7. i0 -~ see for T e ~ 2. I04 ~ 

The appearance of a potential jump at the shock wave front is due to the appreciable ambipolar dif- 
fusion of charged particles here. In fact, the electric field under ambipolar diffusion can be written in the 

form 

I dn D e - - D i  t dn kTe 

Here D e and D i are diffusion coefficients, and ~e, Pi are mobilities for electrons and ions, respec- 
tively. Integration along the front with T e = const yields 

eAV ~ kTe In (nl ] no) ~ kTe In 

As an e x a m p l e ,  the  do t t ed  c u r v e  in Fig .  5 g ives  r e s u l t s  of a c a l c u l a t i o n  of AV for  C~ = 14 ~F  with  
T e ~ 2 �9 104 ~ The va lue  of fl h e r e  was  t a k e n  f r o m  Fig .  8a. It c an  be  s e e n  f r o m  Fig .  5 tha t  the  c a l c u l a t e d  
v a l u e s  a r e  in good a g r e e m e n t  wi th  the  e x p e r i m e n t a l .  

In c o n c l u s i o n  we d i s c u s s  the  s h o c k  wave  f ront  t h i c k n e s s  Ax ~ 1 e m  (F ig .  6b), which  is a p p r e c i a b l y  
g r e a t e r  than  the  width  of  the  v i s c o u s  d e n s i t y  jump  [9], s i n c e  the  a r g o n  a t o m i c  m e a n  f r e e  pa th  at p r e s s u r e  
0.5 m m  Hg is 1 . 5 5 . 1 0  -2 c m  [16]. The l a r g e  shock  f ron t  t h i c k n e s s  in the  c a s e  c o n s i d e r e d  is r e s p o n s i b l e  for  
the  d i f fu s ive  p o t e n t i a l  jump and the add i t i on a l  i on i z a t i on  at  the  s h o c k  wave  f ront .  The  c a u s e  of t h i s  b r o a d -  
en ing  of the  f ron t  a p p e a r s  to be  e l e c t r o n  heat  conduc t ion .  In fac t ,  as  was  shown t h e o r e t i c a l l y  in [1], a l l o w -  
ance  fo r  e l e c t r o n  hea t  conduc t ion  g i v e s  the r e s u l t  tha t  the  width  of the  f ront  of a weak  s h o c k  wave  is of the  
o r d e r  of l e l / ~ ( l e ~ ,  the  e l e c t r o n  m e a n  f r e e  pa th  beh ind  the  f ron t ,  whi le  ~ = ~ .  In the  e a s e  c o n s i d e r e d  
the e l e c t r o n  m e a n  f r e e  pa th  ahead  of the  f ron t  leo is  2 . 4 . 1 0  -2 c m  [5], wh i l e  l e 0 / ~  ~6 .5  cm.  A l lowance  fo r  
c o m p r e s s i o n  of  n e u t r a l  gas  in the  shock ,  which  r e d u c e s  the  e l e c t r o n  mean  pa th  behind  the s h o c k  s e v e r a l  
t i m e s ,  g i v e s  the  r e s u l t  tha t  l e l / ~  is  v e r y  c l o s e  to the e x p e r i m e n t a l l y  d e t e r m i n e d  s h o c k  f ron t  width  Ax 
{Fig.  6b). Th i s  a l so  m e a n s  that  Ax in the c a s e  c o n s i d e r e d  is d e t e r m i n e d  by  e l e c t r o n  hea t  conduc t ion .  

In c o n c l u s i o n  the au tho r  w i s h e s  to thank  N. D. M o r g ~ l i s  for  s u p e r v i s i o n  of the work ,  E. Ya. Kogan 
fo r  u s e f u l  d i s c u s s i o n s ,  L. S. S imonenko  fo r  a s s i s t a n c e  in c o n d u c t i n g  the  e x p e r i m e n t ,  and V. G. Zykov and 
B. P.  I I ' enko  (of the  P h y s i c s  and E n g i n e e r i n g  In s t i t u t e  of  the  A c a d e m y  of S c i e n c e s  of the  U k r a n i a n  SSR) 
for  the  d e l a y  t i m e  c i r c u i t  shown. 
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