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The critical parameters at which an isomagnetic compression shock occurs are determined 
using a regular method based on an analysis of the type of singular points of the equations 
for the structure of standing shock waves propagating at an arbitrary angle to the undisturbed 
magnetic field in a plasma with finite conductivity and thermal conductivity. 

The question of the existence and structure of shock waves in a plasma containing a magnetic field has 
been studied intensively by many authors [i-i0]. In [i] the Hugoniot equations are generalized to the case of 
magmetogasdynamics and in [2-7] a study is made of these equations, as a result of which shock waves are 
divided into slow (M s < M < i), intermediate (i s M s Mf), and fast (M > Mf), where M is the velocity of the 
shock wave with respect to the Alfven velocity, i.e., the Alfven-Mach number; hl s is the slow magnetosonic 
velocity; Mf is the fast magnetosonic velocity. The theory of shock waves in a rarefied plasma was founded 
by Sagdeev [8] ; he demonstrated the possibility of the existence of such waves and stressed the important role 
of dispersion effects, which lead to the formation of shock waves having an oscillatory structure. A detailed 
study of steady and nonsteady compression waves in a t~.o-fluid plasma with allowance for dispersion effects 
is given in [9], but energy dissipation and thermal conduction are absent there and it is assumed that T = 2. 

The nature of the singular points of the equations describing the structure of a shock wave propagating across 
a magmetic field is studied in [I0] and the critical parameters at which a transition occurs from continuous 
solutions with respect to all the functions to discontinuous solutions with respect to the gasdynamic ftmctions 
are established from this analysis. In [ii] the different structures of shock waves transverse to the magnetic 
field are analyzed with allowance for the finite conductivity, dispersion, and electron theITnal conductivity, 
numerical solutions are obtained for the nonlinear equations of the structure in the region of parameters 
when the flow is continuous, and the critical parameters at which the solution changes from an osciIjatory to 
a monotonic or discontinuous solution are found. A rather detailed study of the isomagnetic compression 
shock is made in [12] using the numerical solution of the nonsteady problem of the propagation of shock waves 
in a plasma across a magnetic field (the program for the numerical solution was developed and tested on a 
large number of such nonsteady problems by Berezin$ see [13], for example). Within the framework of this 
program an attempt was made in [14] to determine the critical parameters of shock waves propagating at an 
arbitrary angle to the undisturbed magnetic field in the absence of thermal conduction. However, because of 
the complex nature of the dependence of the width of the shock wave on the Much number, which will be de- 
scribed in detail below, the critical Much numbers obtained in [14] must be considered as very approximate. 
A table  of va lues  of the c r i t i ca l  Much number s  for  a number  of angles is given in [15] without an indication of 
the method  of solution. 

I. Initial Equations 

The system of equations describing the one-dimensional motion of a two-fluid quasineutral plasma at an 
arbitrary angle to an undisturbed magnetic field with allowance for dispersion, finite conductivity, and elec- 
tron thermal conductivity, has the following form in dimensionless variables: 

On 0 a~ ~ -aY (nu) ---- O; ( i . I )  

a (nu)  _ a ( H , + B 2 ~ p ) _ . O ;  
a--i- , "aT nu"- + 2(t-7 
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p = nT e, ~ =  (mi~ i + me~e)/(mi + m e) = {u, v, w}, H = {s in  0, H, B}. The di rec t ion of wave propagat ion coin-  
cides with the x axis and the undis turbed magnet ic  f ield l i es  in the plane x, z. We take the quantit ies 

c V ~  V A =  H~ . z/~ 
no, 8 = Vr~.oe ' V ~ '  "=~ ~ "  

as the sca les  of density,  length, velocity,  magnet ic  field, and p r e s s u r e .  In addition, we introduce the following 
notation: u = mecv/eH0 is  the d imensionless  effect ive col l is ion frequency;  fl = m e / m i ;  0 is the angle between 
the plane of the wave f ront  and the propagat ion direct ion;  • = [p/(I-I 2 + B 2 + sin~0)]. [((sinZS. Xn)/n)+ (((It ~- + B 2) 
~tXz)/(H 2 + B~+ sin 20))] H ~ + B ~ + sin20) is  the d imensionless  coeff ic ient  of t he rma l  conductivity (the coefficients  
along and a c r o s s  the magnetic f ield are  designated by the subscr ip ts  II and • The conductivity of the p lasma 
in d imensionless  var iab le  was int roduced through the equation ~ = ne2/me v. 

2 .  E q u a t i o n s  o f  S h o c k - W a v e  S t r u c t u r e  

Let  us change to a coordinate  sys tem moving with the constant veloci ty  M of the shock wave in the 
d i rec t ion  of negative values  of the coordinate  x. Then f rom (1.1) we obtain the following sys tem of s teady-  
s ta te  equations and a lgebra ic  re la t ions  (conservat ion  laws): 

nu = M, 2Mu + p + H2 + B 2=C1,  

My = Hsin 0, Mw = (B -- cos 0)sin0, 

d dH ~M-~ (-~ -D~-x ) = MH --•  ~ -- (dB + nv ) sin O, 

d i dB [ n w d H ' s i n O  dB [~M'~k-x ('-~ ~-)  =IvIB ( -~x] -- • ~ -- Mncos0, 

(2.1) 

where  

p~-2Mu du u ( ~x 
X M dx .~ ((2~. -- • H @ B sin 0) -b 

+ ( ( 2 X - - •  H s i n O ) ~ )  @ + M ( u 2  @v2--t-w~)@u (2(~!s @ 

- l -H2+B' ) - - (vH-4-wB)s inO--~u[H ~---~(' dH~ , B d ( t d , ~ ] _ C ~ ,  
n ~x ] "7 dx \ n dx ] J 

(2.2) 

C1 = 2M 2 -4- P0 + coF'0; C2 = 0~5M(Tpo/(7 -- l) + M s -4- 2 cos20). 

Equations (2.2) fo r  the magnet ic  field components H and B and the longitudinal mac roscop ic  veloci ty  of the 
p l a sma  toge ther  with the conservat ion  laws (2.1) desc r ibe  the s t ruc tu re  of a standing shock wave with allow- 
ance for  the iner t ia  of the e lec t rons  ( t e rms  propor t ional  to fl),  the finite conductivity, the anisotropy of the 
p lasma,  and e lec t ron  the rma l  conductivity. 

3 .  S t e a d y  S t a t e s  

We introduce the subscr ip ts  0 and 1 to m a rk  the functions cor responding  to the steady s ta tes  of the 
p l a sm a  in f ront  of the wave (undis turbed state) and behind the wave (dis turbed state}, and f rom the sys tem 
(2.1), (2.2) we obtain the following re la t ion  between these  functions: 
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nlu 1 = M, Pl + 2 M u l - J r  B 2 = Po + 2MS + cos~'0, 

Mwl  = ( B  1 - -  cos  0) s i n  0, n 1 ( M c o s  0 + w l s in  0) = MBI ,  

( --I~' 2 - -[  'po + c o s ' 0 + - : ~ - - M t  ' , )  M 2 ( ? = l ) n  -t- n-/ 

It is known that the functions behind the shock wave are  s ingle-valued if the density n~ behind the wave is 
t a k e n  a s  t h e  i n d e p e n d e n t  v a r i a b l e .  T h e r e f o r e ,  e x p r e s s i n g  a l l  t h e  f u n c t i o n s  b e h i n d  t h e  w a v e  t h r o u g h  n i a n d  

t h e  M a c h  n u m b e r  M ,  w e  o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n :  

B ,  = ( M ~ - -  sinS 0) cos  0 /  ( - ~  - - s i n ~ 0 ) ,  u , =  Mn-i-', 

t (n~+l )  M 2 - -  2n~ s in  ~ 0 ~ ̂ ] 
P ' =  Po "4- 2M*(n~ - t) ~ "~(M*--"~n*-~ cos  vJ.  

T h e  M a c h  n u m b e r  o f  t h e  s h o o k  w a v e  i s  c o n n e c t e d  w i t h  t h e  p l a s m a  d e n s i t y  n~ b e h i n d  t h e  w a v e  b y  t h e  e q u a t i o n  

(M s - -  n~ s i n  s 0) ~ (M ~ - -  ,-4- t ~--- '~-- t)  nl  ) - -  [ ' F P ~  y+l(2 - -  V) n '  '-b " - -  ( ? - -  1) n~ M Z - -  n~s inS  0 ] n '  MZ c~ 0 = 0" ( 3 . 1 )  

If the new functions 
y = M~/sin~-0, z = y/n~ 

a r e  i n t r o d u c e d ,  t h e n  f r o m  ( 3 . 1 )  w e  o b t a i n  

y ~ [(1' -}- t)  (z - -  t) 2 sin 2 O - -  (?z - -  y - -  1) cos ~ 0] z - -  I' (z - -  t)~ Po ( 3 . 2 )  
(',: - -  t) (z - -  1) 2 s in 2 0 -[- [(2 - -  ~') z -t- ? -- 1] cos ~ 0 

B y  a s s i g n i n g  d i f f e r e n t  v a l u e s  o f  z o n e  c a n  f i n d  t h e  v a l u e s  o f  y a n d  t h e n  a l l  t h e  u n k n o w n  f u n c t i o n s  

M ~- = ysin~ n 1 = y/z, 

B 1 = [(y - -  l ) / ( z  - -  t)1 cos 0, 

P~ = Po + 2(y - -  z ){ l  - - [ ( y  + z - -  2) /2(z  - -  1) 2] ctg"-0} sin*'0. 

F o r  t h e  c a s e  o f  T = 5 / 3  w e  h a v e  f r o m  ( 3 . 2 )  

[8 (z - -  1) 2 sin 2 0 - -  (hz - -  8) cos 2 0] z - 5 (z - 1) 2 'po 
Y = " 2 (z - -  i )  2 sin 2 0 + (z + 2) cos ~ 0 

E v e r y w h e r e  b e l o w  w e  w i l l  c o n s i d e r  s t a t e s  o f  t h e  p l a s m a  i n  f r o n t  o f  t h e  w a v e  w i t h  P0 << 1 ,  a n d  t h e r e f o r e  

t h e  s u b j e c t  w i l l  o n l y  b e  f a s t  s h o c k  w a v e s  w i t h  M > 1.  

4. Study o f  S i n g u l a r  P o i n t s  

The steady states 0 and 1 considered above correspond to singular points of the system (2.2), and the 
nature of the solution of the sh0ck-wave problem depends on the type of these singular points. Taking u = 
u0, i + u ' ,B  =B0, I + B', and H= H',where u 0 =M, B 0=cos0 ,  u' << u0,1, and B' <<B0,1, weperform alinear- 
izationofthe system (2.2) near the singular points 0 and 1. The allowance for dispersion does not affect the 
values of the critical parameters and therefore we will take fi = 0; thus, we obtain from (2.2) the following 
linear system of equations (the primes are omitted) : 

cdH/dx = • - -  a l , 0 s i n 0 . B  - -  bl.0 s i n  0 . u ,  (4 .1 )  

cdB/dx = al,0 s i n  O.H ~ ~r ai,oB ~, • 

]i,odu/dx = gl,oH ~ r~,oB ~ ql,ou, 

w h e r e  

al,o = : ) I ( i  - -  hi,0 sin~0/M2); c = • ~_ sinO,0; 

bl.o = n2 o (cos  O _t_ Bl,~ - c~ 0 ) �9 M' s i n  ~ 0 ; 

I1,o = [(Pt,o ~ 2Mui,o)/M]xl,o; gl,o = (2ul,oBl,oal,o s in  O)/Mc)xI,o; 

[ a " ~ 1 7 6  • • - -  sin*0].  r~,o = B i , o  [ ~'-~i7--c t ~1,o - -  - s i n  z 0 ) - -  2 - -  t' u , .0  M J '  

[ B i , o b i  o ~ , , .  . M 1 "~Pi,o 2 ql, O = Ul,o [ ~  ~aKt,an -- X s --sin2 0) - - ?_  Ij "~- 2 (~ ~-- i) -~ B~,0; 

Pi ,e  s i n  ~ 0 ~  2 ' . , Z •  �9 
XI,O ~ B12,9 -~- s in'  0 BI,  0 -[- s m  0 J 

(4 .2 )  
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As usual,  we will seek a solution of (4.1) inthe fo rm of functions propor t ional  to exp (kx), as a resul t  of which 
we obtain the cha rac te r i s t i c  equation 

c~jl .ok s - -  c (2ai.0/l,0• + cqi.o) k 2 + [• (xal2.0/l,0 + 2al.0 cqx,o - -  

- -  bj ,ocrt.o) + (bl ,ocgt .o + 2 a~,o]t,o sin 0) s i n  0] k - -  at ,oc (at,oqt,o --  bt.or~,o) = 0. (4.3) 

Let us cons ider  the case  of T = 5/3 and a s sume  that the t he rma l  conduction can be neglected (• : 0). Then 
Eq. (4.8) becomes  a quadrat ic  equation: 

cq~.ok ~ - -  • --  bt,ort.o)k + al,o(al,oql,o - -  bLort,o) = 0 (4.4) 

with the coefficients 

rl,o = - -  B~.o[(3/2  - -  ni .o s ini0/M2)ut,o + s in~0/M].  

5 2 [ 3 Bt.obt.o~ 
qi,o = "X- Pl ,o + BI,o - -  Mul,o t,-~" -[- M" / '  

where  at, 0, bt, 0, and c a re  the same as in (4.2). 

In the undisturbed state 
ao----M(l--sin~0/M 2 ) > 0 ,  b o =  c o s 0 > 0 ,  

r o = --(3/2)M cos 0 < 0, q0 = --  (3/2) M2 < 0. 

Therefore ,  the Routh sequence (see  [16], for  example) 

{Cqo,-- z(2aoqo --  boro), ao(aoqo - -  boro) } 

for  Eq. (4.4) at the undisturbed point 0 has the signs { - ,  +, - }  for  any pa rame te r s .  According to the Routh 
c r i te r ion ,  these  two sign changes co r re spond  to two roots  having a posi t ive rea l  par t ,  and the integral  curve  
of the sys tem (2.2) can always go to the point 0 ( r e m e m b e r  that the undisturbed state of the p lasma  is taken 

at x < 0 ) .  

In the undisturbed state 
al = M(t --  n 1 sin~0/M ") :> 0, 

bl = n 2 {cos 0 + [(B1-- cos 0)/M21 sin: 0} > 0, 

r 1 = - -  ( 3 / 2 ) B l u  1 < O, 

qx = (5/4)Pl + B~ -- Mul (3/2 + B I b J M  ~ 

and the number  of sign changes in the Routh sequence depends on the sign of the quantity ql. If qt > 0, then 
we have { +, - ,  + }, which cor responds  to two roots  having a posi t ive real  pa r t  at the singular point 1, and the 
integral  curve  cannot emerge  f rom the point 1 ( r e m e m b e r  that the dis turbed state of the p l a sma  is taken at 
x > 0 ). If ql < 0, then we have { - ,  - ,  + }, which cor responds  to the p re sence  of one negative root, and the in- 
tegra l  curve  can emerge  f rom the point 1. Thus, the t ransi t ion f rom continuous solutions to discontinuous 
solutions is accompl ished  with p a r a m e t e r s  such that ql = 0. These cr i t ica l  p a r a m e t e r s  a re  p resen ted  in 

Table 1. 

When the rmal  conduction is taken into account it is  neces sa ry  to study the number  of sign changes in the 

Routh sequence 

{d, B ,  C -  A D / B ,  D}  

for  Eq. (4.3), where  A, B, C, and D are  the coefficients of Eq. (4.3) in the o rde r  of dec rease  in the power  of 
k. At the s ingular  point 0 we have { - ,  +, - ,  ~ }, these three  sign changes cor respond  to three  roots  having a 
posi t ive rea l  par t ,  and the integral  curve can always go to the point 0. At the singular point 1, as  the analysis  
shows, the Routh sequence has the signs { - ,  - ,  +, - }  for  Mach numbers  less  than some value M.(0) and 
{ +, - ,  +, - }  for  M > M,(0) ,  i .e. ,  in the f i rs t  case  the integral  curve can emerge  f rom the point 1, since there  
is one negative root  of the cha rac te r i s t i c  equation (4.3), while in the second case  it Cannot, since Eq. (4.3) 
does not have a single root  with a negative real  part .  This t ransi t ion can occur  when the coefficient  fl is  r e -  
duced to zero.  The cr i t ica l  p a r a m e t e r s  obtained in this way in the p resence  of thermal  conduction a re  p r e -  
sented in Table 2. The allowance for  the rma l  conduction leads to an inc rease  in the c r i t ica l  Mach number  for 
all angles 0, with this difference decreas ing  with an inc rease  in the angle 0. It is in terest ing to note that, as 
in the case  of shock waves propagat ing a c r o s s  a magnet ic  field and analyzed in [10-12], for  oblique waves 
with the cr i t ica l  p a r a m e t e r s  we have Pl = 2Mul o r  (in dimensional variables)  u 1 = (T1/mi)  l/z, i.e., the longi- 
tudinal veloci ty  of the p l a sma  behind the wave (in the coordinate sys tem connected with the wave) equals the 

ionic sound velocity behind the wave. 
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TABLE 1 

I 
0 ~ 0 10 20 ] 30 40 50 60 70 80 

I 

M 2,76 2,741 2,677 2,575. 2,439 2,277 2,097 t,907 1,7i6 

n: 2 , 6 6  2,66t 2,654 2,641 2,623 2,596 2,558 2 ,506  2,435 

B i 2 ,66  2,638 2,564 2,445 2,286 2,096 1,882 t,657 t,432' 

Pi 3 ,42  3,388 3,24t 3,011 2,722 2,397 2,060 t,740 t,451 

T i 1 ,28  1,273 t,221 1,140 t,038 0,923 0,806 0 ,696  0,596 

90 

t ,530 

2,342 

t ,217 

1,20 

0,512 

T A B L E  2 

e ~ 0 10 [ 20 ] 30 ~$ 50 60 70 81 90 

I 

I I 

M 3,464 3,431 3,334 3,177 2,970 2,724 2,454 2,175 1,904 1,652 

n i 3,00 2,999 2,994 2,986 2,974 2,954 2,926 2,884 2,821 2,732 

B i 3,00 2,968 2,875 2,723 2,523 2,282 2,0t5 t,737 t,463 1,209 

p~ 8,00 7,852 7,423 6,759 5,933 5,024 4,116 3,282 2,570 2,00 

T: 2,667 2,618 2,479 2,2~3 1,995 1,700 1,407 i,138 O,91i 0,732 

5 .  E n g a g e d  S h o c k  W a v e s  

Shock waves  which  p r o p a g a t e  a long the u n d i s t u r b e d  m a g n e t i c  f ie ld  (0 = 90~ which  a r e  ca l l ed  engaged  

shock w a v e s ,  wi l l  be  c o n s i d e r e d  s epa ra t e ly .  In th i s  c a s e  f r o m  the s y s t e m  (3.1) we have 

nl = M 2, u i = M - L  ~ (5.1) 

Pi = P0 + 2 (M 2 --  1) - -  B~, 

[vpo/(7 - -  ~) + M~I M~ = 7P : / (7  - -  1) + i + B~. 

A s s u m i n g  a s  b e f o r e  that  P0 << 1 and 7 = 5 /3 ,  we ob ta in  a s i m p l e  r e l a t i o n  be t w e e n  the m a g n e t i c  f ie ld  beh ind  
the  wave  and  the Mach n u m b e r  (or  the densi ty)  : 

B~ = (2/3)(5M 2 --M 4 -- 4) = (2/3) (5n~ -- n 2 -- 4). (5.2) 

In the absence  of t h e r m a l  conduction, as for the oblique waves,  the t r a n s i t i o n  from continuous to d is -  

continuous solut ions occurs  at  c r i t i ca l  p a r a m e t e r s  which a r e  de te rmined  from the equation 

q, = (5/4)p~ -- (3/2) = 0, 

f r o m  which,  u s ing  (5.1) and (5.2),  we ob ta in  the equat ion  for  the  c r i t i c a l  Mach  n u m b e r  M ,  : 

5M}-- IOM}--4 = O. 

Thus, for engaged shock waves with X = 0 the critical parameters are 

M. = (i -}- 3/]/-~)t/2 ~ t.53, n l .  = t + 3/l,'~ ~ 2.3f4, BI* = [t.2(1,z5 - - i ) l I l  2 ~ 1.22, Pl .  = 1.2. 

If t h e r m a l  conduc t ion  is  t aken  into accoun t  (• ~ 0), then  the n u m b e r  of s ign  changes  in  the Routh  sequence  de-  
pends  on the s ign  of the coef f ic ien t  fl = • - 2Mul )/M in  the c h a r a c t e r i s t i c  equat ion.  The  c r i t i c a l  Mach 
n u m b e r  i s  d e t e r m i n e d  f r o m  the equa t ion  M4. - 2MZ. - 2 = 0, and  the c r i t i c a l  p a r a m e t e r s  for  engaged  shock 
w a v e s  wi th  a l lowance  for  t h e r m a l  conduc t ion  a r e  

M, = (1 +V-3)1/z ~ t.65. n l ,  = l +]fl3~.~2,73, B: ,  = [ 2 ( 1 / 3 - - t ) ] 1 / 2 ~  t.21, Pl ,  = 2. 

6. Numerical Solution of the Structure Equations 

The main purpose of the calculations is to obtain the structure of the shock waves with parameters 

close to the critical parameters. As the critical parameters are approached the profiles of the magnetic 
field and the temperature have a rather large width, which is determined by the values of >r and X, while the 

width of the profiles of density and longitudinal velocity is sharply decreased. This circumstance leads to 
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T h e r e f o r e ,  a m e t h o d  i s  p r o p o s e d  f c r  t he  n u m e r i c a l  s o l u t i q n  of  the  s t r u c t u r e  equa t ions  
w h i c h  can  b e  u s e d  in  t h e  e n t i r e  r e g i o n  of  v a r i a t i o n  of  t he  p a r a m e t e r s  up to  the  c r i t i c a l  v a l u e s .  

T a k i n g / 3  = 0 in  Eqs .  (2 .2) ,  w e  o b t a i n  the  fo l lowing  s y s t e m  of  e q u a t i o n s ,  w h i c h  i s  t hen  s o l v e d  n u m e r i c a l l y :  

dH/dx = E(H,  B,  u), dB/dx = F(H,  B,  u), du/dx = G(H, B,  u), (6.1) 

w h e r e  
E = (t /c)[•  - -  nv sin 0) - -  (MB - -  nw sin 0 - -  Mn cos0) sin 0]; 

F = ( t /c )[ (MH - -  nv sin 0) sin 0 + • - -  nw sin 0 - -  Mn cos 0)]; 

G = [M/x(p - -  2Mu)]{ (uE/ i ) i (2X • + B sin 0] + (uF/M)[(2)r - -  

- - x ) B - - H s i n 0 ] + ( l / 2 ) M ( u  2 + v  ~ + w  2 ) + u [ ( 5 / 4 ) p + H  ~ + B  ~-] - - ( v I I + w B )  s i n O - -  C~}. 

T h e  n e g l e c t  of  t he  d i s p e r s i o n  t e r m s ,  w h i c h  a r e  c o n n e c t e d  wi th  the  i n e r t i a  of  the  e l e c t r o n s  and a r e  p r o p o r t i o n a l  
to /3, i s  p o s s i b l e  in  t he  c a s e  of  0 _< 0 < ~ on ly  w i t h  l a r g e  enough v a l u e s  of  x (h igh  d i s s i p a t i o n ) ,  w h i l e  in the  

c a s e  of  0 > ~ i t  i s  a l w a y s  p o s s i b l e .  

In Eqs .  (6.1) l e t  us  change  f r o m  the  s p a t i a l  a r g u m e n t  x to t he  a r c  l eng th  s of  t he  func t ion  u(x)  in a c -  
c o r d a n c e  wi th  t h e  f o r m u l a  d s = 41 + (du/dx)  2 dx. Then  in p l a c e  of  the  sy  s t e m  (6.1) w e  ob t a in  the  fo l lowing  s y s t e m :  

dH/ds = E(I  + G2) -1/2, dB/ds = F( t  + G2) - i /2 ,  du/ds =G(I  + G2) - L 2 ,  

dx/ds = (1 + G2) -1/2. 

The  change  to t he  a r g u m e n t  s a l l o w s  us  to u s e  any  of  t h e  m e t h o d s  of  s o l v i n g  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  

w i t h  a c o n s t a n t  i n t e g r a t i o n  s tep .  

A s  fo l lows  f r o m  the  a n a l y s i s  of  s i n g u l a r  p o i n t s  (Sec.  4),  the  n u m e r i c a l  so lu t i on  of  t he  s t r u c t u r e  e q u a -  
t i o n s  m u s t  s t a r t  f r o m  the  v i c i n i t y  of  the  s i n g u l a r  p o i n t  1, t a k i n g  a s  the  i n i t i a l  c ond i t i ons  the  so lu t i on  of  the  
l i n e a r  s y s t e m  (4.1) c o r r e s p o n d i n g  to t h e  s i ng l e  n e g a t i v e  r o o t  of  t he  c h a r a c t e r i s t i c  equa t ion  (4.3) a t  t he  p o i n t  1. 

The  r e s u l t s  o f  t he  s o l u t i o n  of  the  s y s t e m  of e q u a t i o n s  (6.2) a r e  p r e s e n t e d  in  F igs .  1 -5 .  The  d e p e n d e n c e  
of  the  w i d t h  o f  the  d e n s i t y  p r o f i l e  A n  = (n l  - 1 )/1 d n / d x  Imax  and  of the  m a g n e t i c  f i e l d  p r o f i l e  A B = (B 1 - 
c o s 0 ) / I d B / d x  ]max  on the  Mach  n u m b e r  fo r  d i f f e r e n t  a n g l e s  0 i s  g iven  in F i g s .  1 and 2. The  n a t u r e  of  t he  
v a r i a t i o n  in t he  w i d t h  of  t he  d e n s i t y  p r o f i l e  i s  q u a l i t a t i v e l y  the  s a m e  - i t s  s h a r p  d e c r e a s e  o c c u r s  on ly  in t he  
vicini ty-  of the  c r i t i c a l  M a c h  n u m b e r  M . ( 0 ) .  T h e w i d t h  AB of  the  m a g n e t i c  f i e l d  p r o f i l e  a p p r o a c h e s  a c e r t a i n  
l i m i t  z ~ ,  w h i c h  i n c r e a s e s  w i th  an  i n c r e a s e  in  x and  0,  a s  M ~ M . ( 0 ) .  The  d e p e n d e n c e  A~(0)  f o r  a f i xed  
v a l u e  of  x i s  p r e s e n t e d  in Fig .  3. P r o f i l e s  o f  the  d e n s i t y ,  m a g n e t i c  f ie ld ,  and  t e m p e r a t u r e  in  a shock  w a v e  
p r o p a g a t i n g  a t  an  ang le  0 = 45 ~ f o r  d i f f e r e n t  s t a t e s  of  t he  p l a s m a  b e h i n d  the  w a v e  a r e  p r e s e n t e d  in F i g s .  4 
and  5. I t  i s  s e e n  f r o m  t h e s e  g r a p h s  t ha t  the  s t e e p n e s s  of  t he  d e n s i t y  p r o f i l e  i n c r e a s e s  a s  M --* M . .  

As  shown b y  an  a n a l y s i s  of  t h e  s t r u c t u r e  e q u a t i o n s  w i th  M < M . ,  depend ing  on the  c o l l i s i o n  f r e q u e n c y  
the  shock  w a v e  can  have  a m o n o t o n i c  s t r u c t u r e  (wi th  x _ x .  ) o r  an  o s c i l l a t o r y  s t r u c t u r e  (wi th  y~ < ~ ,  ),  w h e r e  

170 



0 2 4 6 ~ fO z2 

Fig. 5 

I 4 (M 2 - -  | )  (M 2 ~ s i n  2 ~}) sin 20 ].1/2 
z ,  = (2:~I ~ - T ~ ' ~ - - 4  (M ~ - 1 )  (M z -  sin20) "] �9 

The nature of the singular point 0 changes when the discriminant of Eq. (4.4) changes sign; the formula for 
>% is obtained from this condition. Hence, it follows that the collision frequency,, increases with an in- 

crease in the Mach number M and in the angle 0. 
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