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Resul ts  a re  p resen ted  of a study of the s t ruc tu re  of shock waves propagating at an angle 7r/2 - 0 (0 ~ 0) to a 
magnet ic  field as a function of their  veloci ty  (Mach number  M). These  questions for t r a n s v e r s e  waves have been 
studied in s eve ra l  works [1-3],  in which it was shown that with inc rease  of the Mach number  the density and 
longitudinal veloci ty  prof i les  in the t r a n s v e r s e  wave approach the discontinuous form (there is a tendency toward 
breaking,  which is r ecorded  exper imenta l ly  [4]). The poss ibi l i ty  of oblique wave breaking in a cold r a re f i ed  p l a sma  
has remained  obscure  since analysis  of the cor responding  s t eady-s t a t e  equations, in cont ras t  with the case of 
t r a n s v e r s e  waves [3], does not yield a qual i ta t ively different  s t ruc tu re  with inc rease  of the Maeh number  (for the 
cor responding  analysis  see  below). To c la r i fy  this p roblem computer  calculat ions were  made of unsteady plane waves 
propagat ing at an angle to an undisturbed magnet ic  field and the r e su l t s  were  compared with exper iment .  It was found 
that with inc rease  of the wave amplitude the osc i l l a to ry  p r e c u r s o r  typical of the quas i - s t a t ionary  wave d isappears .  For  

values  M.  ~ 5 - 6  the magnet ic  field prof i le  takes on an aperiodic nature,  and the pa r t i c l e  veloci ty  p rof i l e  approaches 
the discontinuous profi le .  We obse rve  exper imenta l ly  the format ion  of a trough in the front and its broadening,  s i m i l a r  
to the way this takes p lace  in the normal  wave. 

The most  genera l  approach to r a re f i ed  p l a sma  dynamics p rob lems  l ies in use of the kinetic equations for the 
e lec t rons  and ions with se l f - cons i s t en t  e lec t romagne t ic  fields.  However,  this technique is ve ry  complicated and in 
many cases  is not necessa ry .  The hydrodynamic approximation is often quite adequate for many problems ,  i . e . ,  the 
solution of the moment  equations (macroscopic  equations of motion of the e lec t rons  and ions) and the ~axwe l l  
equations with se l f - cons i s t en t  e lec t romagnet ic  fields. Many quest ions associa ted with the propagation of waves of 
f ini te  amplitude and shock waves in a r a re f i ed  p l a sma  have been studied within the f ramework  of this approximat ion 
[3,5]. 

1. Mathemat ical  for lnulat ion of the problem.  Consider  the following problem.  At the initial t ime in the uniform 
magnet ic  field H 0 there  is a quas i -neu t ra l  cold p l a sma  (i. e . ,  the initial p r e s s u r e  P0 << H02/87r) with density N O and 
t r a n s v e r s e  dimension R. Then a magnet ic  field d i rec ted  at the angle 0 to the field H 0 begins to grow sinusoidal ly at 
the p l a sma-vacuum boundary. The p l a sma  volume is compres sed ,  and plane dis turbances  propagate  ahead of the 
pis ton at the angle v /2  - 0 to the field H 0. 

The sys tem of equations cor responding  to the problem of the propagat ion of these dis turbances  has the form 
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Here  (r is the ef fec t ive  conductivity,  v is the effect ive  col l i s ion  frequency,  u is the shock wave veloci ty ,  m e is 
the e lec t ron  mass ,  m i is the ion mass ,  c is the speed of light, and e is the e lec t ron  charge.  

The boundary conditions a re  
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Hz (O, t) = I t  o (cos O + A sin o)t), H u (O, O = O, A = H~~ (1.2) 

H e r e / / ~ ~  is the amplitude of the ex te rna l  field, w is the external  field var ia t ion  frequency,  and O is the angle 
between the plane of the front  and the di rect ion of the unperturbed magnetic field. A s i m i l a r  sys tem of equations 
without diss ipat ion and for compara t ive ly  low Mach numbers  was studied in [5, 6], where an osc i l l a to ry  s t ruc tu re  of 
the oblique waves was obtained and the question of the ref lec t ion  of such waves from the axis of the sys tem was 
studied. In the p re sen t  study problem (1.1), (1.2) was solved numer ica l ly  for conditions quite c lose to those of the 
exper iments  of [7]. 

2. Nature  of the s ta t ionary solutions. To c lar i fy  the question of the nature  of the s tat ionary solutions of (1.1) we 
examine the type of s ingular  points cor responding  to the disturbed (behind the wave) and undisturbed (ahead of the 
wave) p la sma  s ta tes ,  s i m i l a r  to the way this was done in [3] for  the case  of t r a n s v e r s e  shock waves.  Linear iz ing  
the sys tem of s ta t ionary equations obtained f rom (1.1), we find the cha rac t e r i s t i c  equation 

where  

O X ~ - - ~ K - - B = O  (2.1) 
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The roots of the cha rac t e r i s t i c  equation have the form 

K . . . .  //~ ~ i  ) z ~  (2.2) ~ -  c 

s ince  the shock wave is supersonic  r e l a t ive  to the undisturbed state. According to [8] a s ingular  point with roots  of 
the (2.2) type is aXocus. It follows f rom (2.2) that its nature is independent of the wave amplitude. 

L inear iza t ion  of the s ta t ionary equations near  the dis turbed state leads to a c h a r a c t e r i s t i c  equation whose roots  
a re  real  and have different  signs (in view of the fact that the shock wave is subsonic re la t ive  to the dis turbed state) 
r e ga rd l e s s  of the wave amplitude. According to [8] such a s ingular  point is a saddle. 

Thus, analysis of the s ta t ionary s ta tes  shows that r ega rd l e s s  of the oblique shock wave amplitude the t ransi t ion 
belongs to the saddle-focus  type, i . e . ,  it is continuous. We r eca l l  that in the t r a n s v e r s e  wave case  the t ransi t ion 
for  compara t ive ly  smal l  ampli tudes will  be continuous (of the saddle-focus  type) while for l a rge  ampli tudes  it wil l  
be discontinuous (of the saddle-saddle  type) [3]. 

However ,  the p r e l im ina ry  exper iments  showed that for  l a rge  Mach numbers  the s t ruc tu re  of the oblique shock 
waves exper iences  changes which can be in te rpre ted  as breaking.  In this connection the solution of the unsteady 
problem of s t rong oblique wave propagation becomes  par t i cu la r ly  important.  

3. Numer ica l  solution r e su l t s .  Let  us examine the resu l t s  of the numer ica l  solution of (1.1), (1.2). In the smal l  
diss ipat ion case  

for low Mach numbers 

eHo 
v ~ (10 -2 -- ~0 -1) (OHe , O)He ~ mec 

U �9 Ho 

(where V A is the Alfven veloci ty) ,  a quas i - s teady  shock wave is formed with an osc i l la tory  p r e c u r s o r  (Fig. 1). The 
c h a r a c t e r i s t i c  sca les  of the osci l la t ion 6 and osc i l la tory  t ra i l  p r e c u r s o r  length 

c c 
8~(0.5 :- t ) - -  A ~ (2- 2.5)-~ 

(%1 ' 
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Fig. 1. P ro f i l e  of "oblique" shock wave 
for M < M,  at succes s ive  instants;  

v Hoo0 

T ~ V A t~0i x ~ r~ 

are ,  r e spec t ive ly ,  the col l is ion 
frequency,  maximum piston amplitude, 
t ime,  and dis tance in re la t ive  units; 
0 -- 30~ the dashed curve  is the p l a s m a  
density,  the solid cu rve  is the magnet ic  
field. 
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agree  well with the theore t ica l  values [9] 

c u m~ [ 

Here  w0i is the ion Langmuir  frequency.  

The magnet ic  field p rof i l e  leads the pa r t i c l e  density p rof i l e  (Fig. 1) by the dis tance 

l ~ 0.2 ~ c2 c 
o~oi  ~ 4 ~  V A ( M  - -  l )  < ~ ~ 

which is consis tent  with the r e s i s t i v e  dissipat ion mechanism in the front. With i nc r ea se  of the diss ipat ion there  is a 
continuous change of the shock wave prof i le  f rom osc i l l a to ry  to monotonic with the osci l la t ions  disappear ing when 

o)oi c 

i nc rease  of the magnetic field amplitude leads to marked unsteadiness  of the p roces s  and a significant  change of 
the shock wave s t ruc ture .  These  changes show up in the following: 

1) in the course  of t ime  the prev ious ly  fo rmed  magnetic field osc i l la t ions  disappear  (the front  s t ruc tu re  
becomes  aperiodic);  in this p roce s s  some broadening of the main magnet ic  field shock is observed (Fig. 2); 

I H~ ~ v:Z6 

8 ~ e  

(? 2 ' a G' , Xlo 

Fig. 2. Trans fo rmat ion  of oblique shock 
wave magnet ic  prof i le  near  the c r i t i ca l  
Mach number  iV[ (A = 10 ,~  = 0.2, 0 = 30~ 

2) the s teepness  of the pa r t i c l e  density and longitudinal veloci ty  prof i les  inc reases  sharply,  i . e . ,  AN, AUx - -  0 
(Fig. 3), while the width A H of the magnet ic  field prof i le  remains  p rac t i ca l ly  constant ( isomagnetie shock). 
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Fig. 3. Mach number  dependence of the 
width Aux of the u x veloci ty  prof i le  and 
the density jump AN in the oblique shock 
wave front with approach to 
M. ~ 5 - 6  (A = 10, >r = 0.2). 

These r e su l t s  indicate approach of the oblique shock wave at la rge  amplitudes to the "breaking" phase. For  
the case  @ ~ 30 ~ the value of the Mach number  for which the breaking tendency is observed is M.  ~ 5 -6  and the value 
of the r e l a t ive  wave amplitude is h .  = H/H 0 ~ 7-8.  

4. Exper imenta l  resu l t s .  The exper iments  were  conducted on a UN-4 setup [2, 7]. The shock waves were  
genera ted  in a cyl indr ica l  p l a sma  volume (diameter  d = 16 cm, length l = 100 era) with the aid of a "magnet ic  piston" 
excited by a shock coil.  The va r i ab le  field of the coil (H~ ~ 2kOe) is  nonuniform along its edge; there fore ,  the piston 
p r e s s u r e  drops off rapidly with increas ing  dis tance  f rom the edge of the coil. As a resu l t  the d i rec t ion  of piston 
motion re l a t ive  to the system axis fo rms  an angle ~/2 - 0. In the p r e sence  of an initial magnet ic  field H 0 (H0~ 100 
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- 1 0 0 0  kOe p a r a l l e l  to the axis ,  this l eads  to the  exc i t a t i on  of an "ob l ique"  wave ,  a typ ica l  p r o f i l e  of which is shown in 
Fig .  4. 

Fig. 4. Typical oblique shock wave 
profi le  in hydrogen N o ~ 5.1023 cm -3, 

0 ~ 15 ~ 

T h e  m e a s u r e m e n t s  w e r e  m a d e  us ing  m a g n e t i c  p r o b e s  loca ted  in the  r ,  z p lane ,  which  m a d e  it p o s s i b l e  in each 
e x p e r i m e n t  to r e c o r d  d i r e c t l y  the m a g n e t i c  f ie ld  H(r ,  z, t), the  wave  v e l o c i t y  componen t s  Ur, Uz, and the f ront  s lope  
0 r e l a t i v e  to the d i r e c t i o n  of the  in i t i a l  m a g n e t i c  f ie ld  H 0. Spec i f i ca l ly ,  the m a g n e t i c  d i s t u r b a n c e s  ins ide  and ou t s ide  
the coi l  w e r e  r e c o r d e d  s i m u l t a n e o u s l y  fo r  c o m p a r i s o n  of the  t r a n s i e n t  p r o c e s s e s  in the n o r m a l  and ob l ique  waves .  
The  inne r  p r o b e  I was loca ted  at the d i s t a n c e  r t  = 2 cm f r o m  the s y s t e m  ax i s  n e a r  the edge of the co i l ,  w h e r e  the  
p i s ton  t r a v e l s  a c r o s s  the  f ie ld  (0 ~ 0~ The o u t e r  p r o b e  2 was  loca ted  at the s a m e  r ad ius  (r z = 2 cm) and a t  the 
d i s t a n c e  AZ = 5 em f r o m  the f i r s t  p robe .  In this  r e g i o n  the  p i s ton  mot ion  t akes  p l a c e  at an ang le  7r/2 - | to the f ie ld  
H~, w h e r e  | >> 4 - ~ .  

F i g u r e  5 shows a s e q u e n c e  of  o s c i l l o g r a m s  taken  f r o m  t h e s e  p r o b e s  with r e d u c t i o n  of the  in i t ia l  f ie ld  H 0 f r o m  
450 to 100 Oe in hydrogen  p l a s m a  with dens i ty  N O ~ 5- 1013 cm -3. F o r  a cons tan t  amp l i t ude  of  the " m a g n e t i c  p i s ton"  
this  l eads  to i n c r e a s e  of the  r e l a t i v e  wave  ampl i t ude  and Mach n u m b e r  M. The a v e r a g e  f ron t  s lope  O in the  r e g i o n  
n e a r  p r o b e  2 was  d e t e r m i n e d  f r o m  the t i m e  sh i f t  At  be tween  the magne t i c  s igna l s  of the f i r s t  and second  p r o b e s  (Fig.  5, 
b - c ,  d -e ,  f -g ,  h-i)  u s ing  the r e l a t i o n  | ~ a r c  s in  ( U A t / A Z ) ,  w h e r e  u is  the  v e l o c i t y  of the ob l ique  shock wave  and 
AZ = 5 cm is  the d i s t a n c e  b e t w e e n  the  f i r s t  and second  p r o b e s .  

Fig .  5. Modi f ica t ion  of m a g n e t i c  f ron t  
s t r u c t u r e  with change  of the  r e l a t i v e  
ampl i t ude  of the n o r m a l  0% d, f, h, 0 ~ 0 ~ 
and ob l ique  (c, e, g, i, 0 ~ 15 -30  ~ shock  
waves ;  hydrogen;  N O ~ 5- 1013 em-3;  a) 
v a r i a t i o n  of  e x t e r n a l  f ie ld  H~ (t). The 
m a g n e t i c  f ie ld  s c a l e s  on o s c i ! l o g r a m s  
d, f, h and e, g, i a r e ,  r e s p e c t i v e l y ,  
equa l  to the  s c a l e s  shown fo r  the s igna l s  
b and c. The in i t ia l  m_ag~aetie f i e ld  
H 0 ~ 4 5 0 O e  (b ,c) ,  200 Oe (d, e), 150Oe  
(f, g), i00 Oe (h, i). 

We see from Fig. 5b, d, e, h that with increase of the relative amplitude h there is a restructuring of the front 
of the normal wave as described in [4], the formation and growth of the trough, and broadening of the front to the 
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value A ~ c/woi. 

The oblique wave magnet ic  field prof i le  also exper iences  res t ruc tur ing ,  which takes place with some lag r e l a t ive  
to the t rans ien t  p r o c e s s e s  in the normal  wave, explained in par t  by the s m a l l e r  value of h in the region outside the 
coil  (because of the weakening of H% at the edge of the coil). 

An essent ia l  cha rac t e r i s t i c  of these p r o c e s s e s  in the oblique shock wave front  is the gradual d isappearance  of 
the osci l la t ion preceding  the main shock, as a resu l t  of which the prof i le  takes on an aperiodic nature  (Fig. 5c, e, g). 
Up until this instant the bas ic  fea tures  of the wave s t ruc ture  change are  modeled fa i r ly  well in the computer  exper iment  
resul t s  p resen ted  above (Fig. 2). 

Fur the r  i nc r ea se  of the re la t ive  amplitude h in the oblique wave leads to the formation of a trough and broadening 
of the front (Fig. 5i). 

In this phase  the magnet ic  field prof i les  of the normal  (| ~ 0 ~ and oblique (@ ~- 30 ~ shock waves are  p rac t i ca l ly  
indist inguishable (Fig. 5h, i). 

The descr ibed  phenomenon develops at Mach numbers  M ~ 3 - 5  (later resul t s  of measu remen t s  of the e l ec t r i c  
potential  go have shown that the d is turbance passes  through two cr i t i ca l  states:  format ion of N, go shock with width 
on the o rde r  of the Debye radius  rD (M ~ M.1 ) and "breaking" of this wave (M ~ .2)). 

We note that with reduction of the quas i - s ta t ionary  field H 0 (i. e . ,  with inc rease  of h) the angle O inc reases ,  
approaching for H0/H ~ << 1 theva lue  de termined  by the curvature  of the l ines of fo rce  of the external  field Hc~(t) in 
a vacuum (initial p r e s s u r e  P0 << tI~/Sv). However,  this change of the angle only leads to sat isfact ion of the fundamental 
condition of the p re sen t  experiment:  | >> ~ n ~ e ~  i. Simultaneous measu remen t s  made of the p la sma  density N and 
magnet ic  field H showed the occur rence  of N shocks near  M = M,,  which was also conf i rmed by the resu l t s  of the 
computer  solution. 

Thus the exper imenta l  and numer ica l  r esu l t s  indicate modificat ion of the s t ruc tu re  of the strong oblique shock 
waves which can be  in te rpre ted  as breaking.  

In conclusion the author wishes to thank R. Z. Sagdeev for helpful d iscuss ions  and ass i s t ance  in this study. 
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