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The motion of magnetohydrodynamic (MHD) ionizing shock waves in a nonuniform medium is of interest  
in connection with their  possible uses ,  for example,  in experiments  on shock.accelera t ion in a gas with de-  
c reas ing  density (gradient accelerat ion) or in a p lasma with a nonuniform magnetic field, and also in connection 
with as t rophysica l  applications to problems on the dynamics of a cosmic  plasma.  

The law governing the increase  in the veloci ty of a shock front ,  as derived f r o m  the se l f -model ing solu-  
tion for a gas with decreas  ing density in the absence of a magnetic field, can be wri t ten in the f o r m  u =p-~', 
where h = 0.2 [1]. In the presence  of a magnetic field the accelera t ion of the shock front in an ideal p lasma is 
considerably more  effective within the f ramework  of the se l f -model ing solution and the index is higher (~ = 0.5 
in [2], where the whole medium is considered to be infinitely conducting). It is of interest  to consider  the case  
when the gas is ionized by the shock wave itself. 

A numer ica l  solution has been obtained to the equations which descr ibe  the one-dimensional  flow of a 
f inite-conductivity p lasma behind the front of an MttD ionizing shock wave in the single-fluid magnetohydro-  
dynamic approximation [3]: 

up~at + a(pv)/Ox = O; 

aH/Ot + O(Hv)/Ox : vO2HlOx2; (1) 
Ov/Ot + vOv/Ox § (l/p)[@lOx + (ll8~)OH~/Ox] = 0; 

a(p~)lOt ~- pav/ax + o(,o~v)lax s {vl4~i(OHlaz)2, - 

where  p and e are  the density and specific internal ~nergy of the plasma;  p is the gas-kinet ic  p res su re ;  v is 
the mass  velocity; H is the z component of the magnetic field (Hx=Hy=0);  v is the magnetic v iscosi ty ,  ~ = 
c2/47ro-; o" is the p lasma conductivity; and c is the veloci ty of light. The relat ions on the shock front have the 
usual hydrodynamic f o r m  [1, 3] 

piu = 92(u--v~); 
Pl + P: u2 = P~ + P2(U--v2)~; (2) 

0) 1 + ( i / ~ ) / ~  2 : 0) 2 ~ -  ( i / 2 ) ( U  - -  I)2) 2, 

and these must  be supplemented by the condition for the continuity of the magnetic field H 1 =H 2. The subscr ipt  
1 here  r e fe r s  to quantities d i rec t ly  ahead of the shock and the index 2, to quantities behind the front;  w = s + 
p / p  ; u is the vek)city of the shock; and w is the specific enthalpy. 

The shock wave was crea ted  by an ideally conducting piston moving at a definite velocity through a gas at 
r es t .  

We now est imate  the charac te r i s t i c  lengths for ionization l i and for attenuation of the magnetic field l m. 
For  an ionization re laxat ion t ime behind the front of ~ ~ 10 -s sec [1] (the density N ~ 1019-1020 em -a) and a r e l -  
ative plasma veloci ty of v ~ 10 ~ e r a / s e e ,  we have l i ~ ~v _< 1 era. For  a magnetic v iscosi ty  ~ ,~ 107 c m / s e e  and 
the same charac te r i s t i c  velocity,  the attenuation length for  the magnetic field is of the order  of lm ~ v /v  _>10 
cm. Thus, 

l~ << l~. (3) 
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We will  a s s u m e  in what follows that  (3) is Sat isf ied.  We need not t h e r e f o r e  cons ider  the full kinetic equa-  
t ion for  the ionization, but we can a s s u m e  that  the degree  of ionization immedia te ly  takes  up its equi l ib r ium 
value.  

The equation of s ta te  of the p l a s m a  is 

p = ( t +  =)pRI' 

and the internal  ene rgy  is 

s = [RT/(? -- 1)](t +~)  § ~IR/k, 

where  ~ is the degree  of ionization; T is the p l a s m a  t e m p e r a t u r e ;  I is the ionization potential;  k is Boltzmann,s  
constant;  and R is the un iversa l  gas constant .  The equi l ibr ium Saha equation [3] was used to ca lcu la te  ~.  The 
ve loc i ty  of the gas in f ront  of the shock and the degree  of ionization w e r e  taken  to be ze ro ;  i .e . ,  it was  a s su med  
that  vl<<u and Ozl<<rv 2. 

The numer i ca l  solution of (1} was based  on a s e c o n d - o r d e r  s cheme  with explicit  t r e a t m e n t  of the shock 
wave;  the calcula t ions  w e r e  c a r r i e d  oat in Euler ian  coordina tes .  Equation (2) on the f ront  of the ionizing MHD 
shock was solved by i terat ion.  In o rde r  to check the n u m e r i c a l  s cheme  and the a c c u r a c y  of the method,  we 
compared  the r e s u l t s  of a calcula t ion for  ze ro  magnet ic  f ield (H = 0} and ze ro  ionization (a = 0) with the we l l -  
known hydrodynamic  solution [4]. 

F igure  1 shows prof i les  of the magnet ic  f ield behind the shock f ront  at var ious  t i m e s  for  the case  where  
the MHD shock propaga tes  through a un i fo rm-dens i ty  gas in a t r a n s v e r s e  magnet ic  f ield with a gradient  (the 
dashed l ines indicate the or ig ina l  magnet ic  f ie ld ahead of the shock). The  p a r a m e t e r  values  w e r e  taken f r o m  the 
exper iment  which is desc r ibed  below. The r e l a t ive  change in the f ront  ve loci ty  was ~ 10%. 

As our second example  we studied the propagat ion  of an ionizing MHD shock  in a med ium with dec rea s ing  
densi ty  in the p r e s ence  of a constant  magnet ic  field.  The initial densi ty  is 

: / p o "  for x ~ O ,  
P Ipo( t - - z /xo)  5 for O < x < x o ,  

which c o r r e s p o n d s  to the f r e e  flow of a dia tomic neut ra l  gas of densi ty  P0 into a vacuum [51. This  a r r a n g e m e n t  
was chosen because  it can  be r ea l i zed  exper imenta l ly .  F igure  2 shows  the magnet ic  f ield and t e m p e r a t u r e  p r o -  
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files behind the shock front  at var ious t imes  for a gas with an ionization potential of about 13 eV and an initial 
p r e s s u r e  of P0 = 50 m m H g  (hydrogen, for example). The molecular  dissociat ion energy was not taken into ac -  
count. 

The experimental  a r rangement  is shown in Fig. 3a, where  dl and d 2 are  inductive magnetic field detectors ;  
I1,2, 3 a re  the direct ions of the cur ren t s  for var ious configurations of the busbars .  An explosive p lasma com-  
p r e s s o r  [6, 7] was used to c rea te  an ionizing shock wave in the gas filling the tube 5. In the initial state the 
tube contains air  under normal  conditions. The magnetic field is c rea ted  by a Current flowing in the copper 
busbars  6 placed along the tube. The direct ion of the field is perpendicular  to the propagation of the shock 
front and the maximum field s t rength is 250 kG. The gradient of the field can be var ied by using different bus-  
bar configurations.  

The e lec t r ica l  detonator 1 which initiates the discharge of the explosive 2 with the plane front  of the det-  
onation wave is actuated in synchron i sm with the discharge of a capaci tor  bmuk which produces the magnetic 
field (C =1.8-  10 -3 F, U=5 kV). The explosion products sweep along the metall ic plate 3 which compres se s  
and heats the working gas in the hemispher ica l  compress ion  chamber  4. The resul tant  p lasma enters  a tube 
with an 8-ram internal d iameter  and crea tes  an ionizing shock wave with a veloci ty of 20 k m / s e c  in the air .  
The initial speed of the shock wave can be var ied  by changing the pa ramete r s  of the compres so r .  

The thickness of the metall ic walls of the compress ion  chamber  is such that the magnetic field is p re -  
vented by the skin-effect  f r o m  penetrat ing inside the chamber ,  and the outflowing plasma is the re fore  not mag-  
netized. The veloci ty of the luminous shock front  is measured  by means of a h igh-speed SFR-2M photorecorder  
with its slit  d i rected along the axis of the tube. The vary ing  magnetic fields along the tube a re  r eco rded  by 
means of the inductive heads d 1 and d 2. The cur ren t  in the busbar c i rcui t  is measured  by means of a Rogovskii 
band and is displayed on an osci l loscope after  integration. 

The pa rame te r s  of the gas behind the f ront  were  determined f r o m  the front velocity by means of the 
tables in [8] and in the operat ing range u=10-20  k m / s e c  were  found to be as follows: T = (1.5-4.2) �9 104~ p=  
(1.3-4.3) �9 103 atm,  p = (1.5-1.3) �9 10 -2 g / c m  3, and a --- (1-60) �9 10 -2. The conductivity behind the front  was ca l -  
culated according to [9] to be ~--(3-9)" 1023 sec -1. 

The charac te r i s t i c  s ize of the compress ion  region behind the shock front in these experiments  was l ~ 1 
cm. Thus the magnetic Reynolds number can be es t imated as Re m ~-ul/v= 0.4-2.5. 

A change in the magnetic field of up to 50 kG was crea ted  over a distance of ~ 4 cm in the working gap. 

It was shown photochronographical ly  that when the ionizing shock passed through regions with a magentic 
field gradient the velocity of the front  var ied ve ry  little with the sign or magnitude of the gradient. 

Figure  4 gives typical  osc i l lograms  taken f r o m  the field detector d 1 and the Rogovskii band which mea-  
sured the cur ren t  in the busbars  and which was placed outside the explosive region.  At the instant shown by 
the ar row,  the magnetic field behind the shock front  begins to decrease ;  this is due to the expulsion of the field 
by the front of the ionizing shock. 

Expulsion of the magnetic field was also observed  in experiments where the c i rcui t  was closed by an 
ionizing shock wave t ravel ing along the channel (see Fig. 3b, where 1 is an insulating washer ;  2 is a channel 
with a square  c ros s  section; 3 are  the busbars ,  with their  c i rcui t  c losed by means of the plasma;  and d is an 
induction detector).  An increase  in the magnetic field ahead of the front  was r eco rded  by d at the instant when 
the plasma entered the channel. The signal f rom the detector  is shown in Fig. 4c. 

The experiments  which we ca r r i ed  out on the propagation of an MHD ionizing shock wave in a uniform gas 
with p =const  and in the presence  of a magnetic field gradient show agreement  with the calculations made for 
this case  to within the limits of experimental  e r r o r .  This is t rue for both the change in the velocity of the 
shock front and for  the nature of the variat ion of the magnetic field strength.  The change in the shock velocity 
caused by the magnetic field gradient is negligible. 

The magnetic field is expelled f r o m  the region ahead of the MHD shock. The expulsion and dissipation of 
the field behind the front  lead to the appearance of s t rong gradients in this region.  The field expulsion was also 
noted in [10] for  the case  of a uniform gas and a constant field strength.  

In the other  situation we considered,  where  the density decreases  in the direct ion of shock propagation and 
the magnetic field is constant ahead of the shock, the increase  in the velocity of the front was considerably  
higher. The magnetic field was expelled f r o m  the region ahead of the front.  
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Since the magnetic field is almost totally expelled by an ionizing shock both in the uniform case [10] and 
when there are  gradients in the density and the field, we have reason to suppose that this property of flux ex- 
pulsion is character is t ic  of all ionizing shocks under any conditions. \ 

We now compare the propagation of an ionizing MHD shock in a medium with decreasing density and H= 
const with the cases of an ideal plasma (a =~) and of a nonconducting gas (~ =0). The temperature,  density, 
and plasma velocity are lower behind the front of an ionizing shock wave than for an ideal plasma. The accel-  
eration of the front is therefore  less under comparable experimental conditions. Thus, for example, when 
the density decreases by a factor of 100 and H=200 kG, the velocity increases by 8.7 times for an ideal plasma 
[11] and 5.3 times for an ionizing shock (this paper). For a nonconducting gas the increase is only 1.9 times 
[4]. 

It might be noted that the mass velocity of the gas behind the front of an ionizing MHD shock is no larger 
than that for a nonconducting gas [12, 13]. From these resul ts  we can conclude that there is little point in 
using an ionizing MHD shock to obtain high temperatures  and mass velocities under laboratory conditions. 
However, the observed expulsion of the magnetic field f rom the region ahead of the shock front could be used to 
obtain pulses of a rapidly increasing magnetic field. In our experiments,  for example, we obtained an increase 
of 2.5 in the field over a t ime of 10 #sec.  

The authors are grateful to A. A. Deribas, A. E. Voitenko, and A. A. Rumyantsev for theLr interest in 
this work and for useful discussions. 
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