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Experiments  are descr ibed on the coll is ionless propagation of heat in a p lasma along the 
magnetic field. Thermal  waves can be propagated in a medium whose thermal  conductiv-  
ity is a power function of the tempera ture .  In a coll is ionless plasma,  where the mean 
free path of par t ic les  is much g rea t e r  than all typical lengths, in par t icular  the. length of 
the equipment, the heat must  be propagated by a different method. Experiments  to study 
this phenomenon showed that heat is propagated along the magnetic field with velocity ex-  
ceeding that of ion-acoust ic  velocity (I. A. velocity),  and ~hat the spatial width of the thermal  
disturbance is much less than the mean free path. Heat is propagated because hot e lect rons  
are  replaced by cold [1]. Noise was observed experimental ly in the vicinity of the ion p lasma 
frequency and an est imate  of its intensity was obtained. Theoret ical  discussion showed that 
the L A. velocity instability which develops at the wave front leads to collective fr ict ion of 
the cold electrons with the ions and makes it possible to find the effective collision frequency.  
It was also shown theoret ical ly  that, in accordance with experiment,  noise is localized near 
Wpi, and the level agrees  with that obtained experimentally.  The phenomenon can be pictured 
as follows: hot e lect rons  expanding into the region occupied by cold electrons and ions crea te  
an e lectr ic  field. Cold e lect rons ,  accelera t ing in this field, oscil late the I. A. velocity.  This 
instability leads to heating of the e lect rons  and the appearance of collective fr ict ion which 
forms the heat front.  

1. To explain the mechanism of the propagation of heat along the magnetic field, we f i rs t  consider  
the following formulat ion of the problem. 

Suppose that at t ime t = 0 the left half-space x < 0 is occupied by a "hot" p lasma in which the t r a n s -  
verse  T• and longitudinal Tjl = T tempera tures  are of the same order ,  while the hal f -space  x > 0 is occu-  
pied by a "cold" p lasma with tempera ture  T x << T. The tempera ture  of the ions is assumed to be zero,  
and the magnetic field is d i rected along the x axis. At la ter  moments  of t ime the hot par t ic les  enter  the 
hal f -space  x > 0 because of the p re s su re  gradient .  If there were neutral  par t ic les ,  collisions would cause 
free dispers ion.  In the case under considerat ion there is no free dispersion.  As soon as the hot par t ic les  
move to the right, an e lec t r ic  field is crea ted  which must  slow down the hot e lec t rons .  If the cold electrons 
could, for some reason,  remain  motionless (for example, if there were a large frict ion force for  cold e lec-  
t rons due to Coulomb collisions with the ions), there  would be formed an e lectr ic  field which would balance 
the p ressu re  gradient,and the hot e lectrons would stop moving. 

Since the cold electrons can move, they will accelera te  in the e lectr ic  field which is formed,  and move 
to the left.  After  the cold electrons have moved to the left, the hot e lectrons can move far ther ,  since the 
e lec t r ic  field becomes smal le r .  

Thus, a peculiar  wave of displacements ,  or  a coll is ionless thermal  wave, is formed.  The velocity of 
such a wave is defined by the flow rate  of the cold e lec t rons .  We must  make the following observat ion here :  
the velocity of the cold electrons is by no means VTx ~ ( ~ - m .  It is considerably g rea te r  and is de te r -  
mined by the potential difference which the cold electron passes  through. If the potential difference is of 
the order  Te 1, the wave velocity must  be of the order  ~r-~/m >> C S. 
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We s e e k  a wave  wi th  a t y p i c a l  s c a l e  l eng th  m u c h  g r e a t e r  t han  t h e  Debye  r a d i u s  and we c o n s i d e r  i t s  
evo lu t ion  wi th  t i m e  m u c h  g r e a t e r  than  cope. To d e s c r i b e  the  s t e a d y - s t a t e  p r o c e s s  we can  u s e  the  k i ne t i c  
equa t ion  wi thout  the  c o l l i s i o n  t e r m  fo r  the  hot  e l e c t r o n s  and the  equa t ions  of h y d r o d y n a m i c s  fo r  the  c o l d  
e l e c t r o n s .  S ince  we a r e  c o n s i d e r i n g  s c a l e s  m u c h  g r e a t e r  than  the D e b y e  r a d i u s ,  i n s t e a d  of  P o i s s o n ' s  e q u a -  
t ion ,  we c a n  use  t he  q u a s i - n e u t r a l i t y  equa t i on .  I f  we t ake  the  fo l lowing  a s  the  i n i t i a l  c o n d i t i o n s :  a t  t i m e  
t = 0 t he  hot  e l e c t r o n s  a r e  in  the  r e g i o n  x < 0 wi th  c o n c e n t r a t i o n  no, wh i l e  in  x > 0 the  c o l d  e l e c t r o n s  have  
the  s a m e  c o n c e n t r a t i o n ,  the  s y s t e m  of e q u a t i o n s ,  a s  in  the  c a s e  of  d i s p e r s i o n  of  the  p l a s m a  in a v a c u u m  [2], 
have  a s e l f - s i m i l a r  s o l u t i o n .  Th i s  i s  b e c a u s e  t he  equa t ions  do not  c on t a in  p a r a m e t e r s  wi th  the  d i m e n s i o n s  
of l eng th  o r  t i m e .  

We i n t r o d u c e  the  v a r i a b l e s  

~ =  ~r ' n = ~ ,  / = - ~ - 0  ~0 

If  we e l i m i n a t e  the  v a r i a b l e s  ~0, Vx, and n by  us ing  the 
the  equa t ion  

-c 

0~. n 0~ k n  ~ / 0v----0 

l ~ / d ,  

cond i t i on  ~o = 0, Vx = 0 at  T = -r we ob ta in  

(1.1) 

Deno t ing  the  c o e f f i c i e n t  of Of/~v in  (1.1) b y  F (~'), we ob t a in  the  e q u a t i o n  f o r  the  c h a r a c t e r i s t i c s  

dv F (~) 
-~" = v - -x  (1.2) 

A l o n g  the  l i n e s  v0-) ,  d e f i ned  by  (1.2), f ha s  a c o n s t a n t  v a l u e .  The func t ion  F(~) i s  nonne ga t i ve ,  
0 1 n n / a ~ -  _> 0, wh ich  i s  c o n f i r m e d  by  n u m e r i c a l  c o m p u t a t i o n .  Hence  i t  f o l l ows  f r o m  (1.2) tha t  when  v > % 
the  d e r i v a t i v e  d v / d ~ -  < 0, wh i l e  when v < % we have  dv /d~-  > 0. 

We can  s a y  tha t  when  v > T the hot  p a r t i c l e s  s low down, p r o v i d i n g  t h e i r  l ong i t ud ina l  e n e r g y  to c r e a t e  
the  p o t e n t i a l .  The hot  p a r t i c l e s ,  r e f l e c t e d  f r o m  the wave  f ron t  when v = T a c c e l e r a t e  in  the  m a t c h e d  f i e l d .  
A l r e a d y  th i s  i n d i c a t e s  tha t  the  p a t t e r n  of  the  phe nome non  i s  m o r e  c o m p l i c a t e d  than  tha t  wh ich  was  f i r s t  d e -  
s c r i b e d .  In  p a r t i c u l a r ,  the  hot  p a r t i c l e s  m a y  be  r e f l e c t e d  by  the  p o t e n t i a l  c r e a t e d  by  the  s a m e  p a r t i c l e s ,  a s  
h a p p e n s ,  f o r  e x a m p l e ,  when the  e l e c t r o n s  in the  f i e ld  of  a h e a v y  ion  a r e  in  ia B o l t z m a n u  d i s t r i b u t i o n .  Hence ,  
we canno t  s a y  tha t  the  v e l o c i t y  of m o t i o n  of  the  f ron t  i s  of  the  o r d e r  ( T / m ) ~ ,  s i n c e  not  on ly  d i s p l a c e m e n t  of  
the  co ld  e l e c t r o n s  by hot  o n e s ,  but  a l so  the  r e f l e c t i o n  of hot  e l e c t r o n s  in the  m a t c h e d  f i e l d  t a k e s  p l a c e .  The  
l ine  v = r in the vT p l a n e  i s  p e c u l i a r .  We s h a l l  i n v e s t i g a t e  th i s  i m p o r t a n t  m o m e n t  in  m o r e  d e t a i l .  We b e g i n  
wi th  the  c a s e  when F ('r) = 0, w h i c h  c o r r e s p o n d s  to  f r e e  d i s p e r s i o n .  Then  the  equa t ion  fo r  the  c h a r a c t e r -  
i s t i c s  (1.2) t a k e s  the  f o r m  

d~ (v - -  V) = 0 (1.3) 
d~ 

The  s o l u t i o n  of (1.3) i s  t r i v i a l ;  e i t h e r  v = T, o r  v = c o n s t  when  v ~ % If  f = f M  when ~- = -co, 

/(v,T)=/~(v)O(v'~), 0 ( v - ~ ) = ~  ~f~ ~ > ~  0for v < ~ (1.4) 

s i n c e  when  ~- = -o% fNi(v)  l i e s  above  the  l i ne  v = T ( there  a r e  no p a r t i c l e s  wi th  v e l o c i t y  v = • oo). Thus ,  the  
c h a r a c t e r i s t i c s  do not  a p p r o a c h  the  r e g i o n  v < T. Now we c o n s i d e r  the  b e h a v i o r  of the c h a r a c t e r i s t i c s  when 
F(~-) ~ 0 in  the  n e i g h b o r h o o d  of  the  po in t  v = r .  L e t  s o m e  c h a r a c t e r i s t i c  i n t e r s e c t  the  l i ne  v = T in t he  
n e i g h b o r h o o d  of  the  po in t  ~- = T 0. We r e p l a c e  F(~) by  F(T0) a p p r o x i m a t e l y .  Then  the  equa t ion  f o r  the  c h a r -  
a c t e r i s t i c s  t a k e s  the  f o r m  

dv F (~o) or d (v -- ~) - -  i F (~o) 
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F o r  the  i n i t i a l  cond i t ion  v = T 0 when ~- = T0, the  so lu t i on  i s  a s  fo l l ows :  

i . e . ,  

"c = v --b F (%) {t - -  exp [(v --"%) / F (Vo)]} 

dv F(v0) t 
d~ v - - ~  t "exp[(v--To)/F(To)] 

(1.5) 

I t  fo l lows  f r o m  th i s  equa t ion  tha t  when F 0"0) --+ 0, we have  

dv [ d'r --+ i for v ~ %, dv / d'~ .--+- O for V ~ "1:o. 

Then,  as  m u s t  be  the c a s e ,  as  F0"0) --~ 0, we ob ta in  the  c a s e  of  f r e e  d i s p e r s i o n .  

Now l e t  F0"0) ~ 0, but  F0"0) < ~'0, which  ho lds  at  the l e a d i n g  and t r a i l i n g  p a r t s  of the  wave ,  w h e r e  the  
e l e c t r i c  f i e l d  i s  s m a l l .  If  the  point  T 0 i s  l e f t  in such  a way  tha t  I T - ~'0] > F0"0) {but, of  c o u r s e ,  I~" - T01 < 
I~'01), then  i t  fo l lows  f r o m  (1.5) tha t  

i . e . ,  the  c h a r a c t e r i s t i c  a p p r o a c h e s  a l i ne  p a r a l l e l  to the  s t r a i g h t  l i ne  v = T and p a s s i n g  be low the  l a t t e r  by  
an amoun t  F0"0) (F ig .  1). When r -+ - r  we have  F(T 0) -+  0, and so  the  c h a r a c t e r i s t i c s  a p p r o a c h  the l i ne  
v = T. Thus ,  the  c h a r a c t e r i s t i c s  i n t e r s e c t i n g  the  l ine  v = ~- a t  d i s t i n c t  po in t s  % have  the a s y m p t o t e  v = T. 
The c h a r a c t e r i s t i c s  need  not  i n t e r s e c t  at  any  poin t  s i n c e  d v / d T  i n c r e a s e s  a s  I v - ~'[ i n c r e a s e s .  I t  is  i n t e r -  
e s t i n g  to note  tha t  when ~- = -  oo, a c c e l e r a t e d  p a r t i c l e s ,  mov ing  to  the  le f t ,  m u s t  a p p e a r .  S ince  a l l  the  c h a r -  
a c t e r i s t i c s  a p p r o a c h  the  one l ine  v = T, the  n u m b e r  f f d v  of such  p a r t i c l e s  i s  n e g l i g i b l e .  

N u m e r i c a l  c o m p u t a t i o n  i s  n e c e s s a r y  to  ob ta in  the  e x a c t  s o l u t i o n  of  the  p r o b l e m .  We note  tha t ,  a s  
d i s t i n c t  f r o m  [1], the  c o m p u t a t i o n  i s  m o r e  c o m p l e x ,  s i n c e  fo r  a g iven  va lue  of % v has  two v a l u e s  (F ig .  1), 
due to the  r e f l e c t i o n  of p a r t i c l e s  f r o m  the  f ron t .  When 0- = -  co (it i s  su f f i c i en t  tha t  r = - 2 )  the  d i s t r i b u t i o n s  
of the  p a r t i c l e  v e l o c i t i e s  and the  ang l e s  of the  c h a r a c t e r i s t i c s  to  the  ~- ax i s  a r e  M a x w e l l i a n .  When us ing  
the f ac t  tha t  the  d i s t r i b u t i o n  func t ion  does  not  change  a long  the  c h a r a c t e r i s t i c ,  we c a n  f ind F 0"), and  thus  
d v / d T  at  the  po in t  r = - 2  + h, w h e r e  h i s  the  s t e p  l eng th .  I t  should  be  no ted  tha t  to e a c h  of  the  n c h a r a c t e r -  
i s t i c s  l e a v i n g  the  r e g i o n  v > ~- t h e r e  c o r r e s p o n d s  i t s  con t inua t ion  in  the  r e g i o n  v < % in r e v e r s e  o r d e r  wi th  
r e s p e c t  to the  l ine  v = T (which i s  t h e i r  a s y m p t o t e )  (F ig .  1). The  f o r m  of  the  d i s t r i b u t i o n  func t ion  f o r  the  
hot  e l e c t r o n s  and v a r i o u s  v a l u e s  of T i s  shown in F i g .  2. We s e e  tha t  t h e r e  can  be  f r e e  d i s p e r s i o n  on ly  f o r  
~- ~ 0.5, and tha t  l e s s  than  10 % of  the  p a r t i c l e s  d i s p e r s e  f r e e l y .  The  g r e a t e r  p a r t  of the  hot  e l e c t r o n s  a r e  
t r a p p e d  by  the  m a t c h e d  p o t e n t i a l .  A p p r o x i m a t e l y  ha l f  the  hot  e l e c t r o n s  d i s p e r s e  wi th  v e l o c i t y  0 . 2 ( 2 T / m ) � 8 9  
(T = 0.2), i . e . ,  a s  a l r e a d y  no ted  at  the  ou t s e t ,  the  wave  v e l o c i t y  i s  s i g n i f i c a n t l y  l e s s  than  VTe, but  n e v e r t h e -  
l e s s  g r e a t e r  than  C s .  

The  d i s t r i b u t i o n  func t ion  we have  ob t a ined  fo r  the  e l e c t r o n  v e l o c i t y  i s  u n s t a b l e  both  wi th  r e s p e c t  to  
the  bu i ldup  of  L a n g m u i r  o s c i l l a t i o n s  and wi th  r e s p e c t  to  the  bu i ldup  of L A.  v e l o c i t y  s i n c e ,  f i r s t ,  the  co ld  and 
hot  e l e c t r o n s  m o v e  wi th  r e s p e c t  to  e a c h  o t h e r  and,  s e c ond ,  the  e l e c t r o n s  m o v e  wi th  r e s p e c t  to  the  i ons .  

If  we c o n s i d e r  the  o n e - d i m e n s i o n a l  c a s e  (colic >> Wpe), the  e f f ec t  of such  i n s t a b i l i t i e s  on the  v e l o c i t y  
of m o t i o n  of  the wave  i s  i n s i g n i f i c a n t .  Indeed ,  f r o m  o n e - d i m e n s i o n a l  q u a s i - l i n e a r  t h e o r y  [3] in the  r e g i o n  
b e t w e e n  v x and ~v~ = f f  (v)dv the d i s t r i b u t i o n  func t ion  f o r  the  hot  e l e c t r o n s  h a s  a p l a t e a u  due to the  b u i l d -  
up of p l a s m a  o s c i l l a t i o n s ,  wh i l e  fo r  Vx -< v -< 0 the  d i s t r i b u t i o n  funct ion fo r  the  co ld  e l e c t r o n s  h a s  a p l a t e a u  
due to the  bu i ldup  of I. A. v e l o c i t y :  Then as  b e f o r e ,  T > T x .  In th i s  r e g i o n  of  % w h e r e  t h e r e  i s  no f r e e  d i s -  
p e r s i o n  and w h e r e  the  p a r t i c l e s  a r e  b a s i c a l l y  c o n c e n t r a t e d ,  th i s  does  not  l e a d  to a m a r k e d  change  in the  
v e l o c i t y  of  the  w a v e .  F o r  t h o s e  v a l u e s  of 0- f o r  which  be tween  the d i s t r i b u t i o n  func t ions  f o r  the  hot  and co ld  
e l e c t r o n s  t h e r e  i s  a r e g i o n  of v a l u e s  of  v w h e r e  f = 0 (for ~- > 0.3), the  e s t a b l i s h m e n t  of a p l a t e a u  fo r  the  
d i s t r i b u t i o n  func t ion  of  the  hot  e l e c t r o n s  l e a d s  to a r e d u c t i o n  in the  a v e r a g e  v e l o c i t y  of the  g r o u p  of hot  
e l e c t r o n s  d i s p e r s i n g  f r e e l y ,  by  a p p r o x i m a t e l y  a f a c t o r  of  2. H o w e v e r ,  b e c a u s e  t h e r e  a r e  v e r y  few f r e e l y  
d i s p e r s i n g  p a r t i c l e s ,  t h i s  has  no e f f ec t  on the v e l o c i t y  of the  f u n d a m e n t a l  m a s s  of e l e c t r o n s  and so  no e f fec t  
on the  n a t u r e  of  the  wave  m o t i o n .  The  s c a t t e r i n g  of  co ld  e l e c t r o n s  by I. A .  v e l o c i t y  o s c i l l a t i o n s  when coHe< 
COpe has  a m u c h  m o r e  s i g n i f i c a n t  e f f ec t .  We know tha t  i t  l e a d s  to a r e s t r i c t i o n  in the  v e l o c i t y  of  the  co ld  
e l e c t r o n s  to an amoun t  ~ f ~ ] ~ ,  w h e r e  ~ i s  a cons t an t ,  g r e a t e r  than  un i ty  [4]. At  the  s a m e  t i m e  the co ld  
e l e c t r o n s  a r e  h e a t e d ,  i . e . ,  T x i n c r e a s e s .  We a r e  not  i n t e r e s t e d  in a n a l y z i n g  the  d i s p e r s i o n  r e l a t i o n .  As  fo r  
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the hot electrons,  even without taking the instabilities into account, their  d is -  
tribution is a lmost  Maxwelllan, and so their  density is re lated to the matched 
potential as follows: 

n ~ ~ exp (ecp / T) 

The collective fr ict ion of the cold e lect rons  with the ions leads to an in-  
c r ea se  in the absolute value of the e lec t r ic  field and so of the variable F in 
(2.2). The g rea t e r  the value of F, the g rea t e r  the slope of the charac te r i s t i c s  
d v / d r  for  v > ~- and the fewer the f ree ly  dispers ing par t ic les ,  and so the 
nea re r  the density distribution of the hot e lect rons  to the Boltzmann dis t r ibu-  
tion. 

Now we cons ider  a formulation of the problem which is more  in accord  
with experiment  by taking account of collective effects.  Suppose that at the 
initial moment  of t ime the region - L / 2  < x < L / 2  is occupied by hot e lec -  
t rons  (L is the width of the region near  the boundary, ~10 cm) of concent ra -  
tion n o equal to the concentrat ion of the ions. The remaining par t  of the space 
Ixl > L / 2  is occupied by a cold p lasma of the same concentrat ion.  To de te r -  
mine the motion of the wave we use the following equation of motion for  the 
cold e lec t rons :  

v~ = o~ ~Tx/M (1.6) 

(which is equivalent to the equation Vx = e E / m  Veff, where Vef f is the effective coll ision frequency),  the 
equation of continuity, and also the equation defining the tempera ture  increase  

OTx / Ot ~ ev~ &p [ Ox (1.7) 

It follows f rom Eqs. (1.6) and (1o7), and the determinat ion of the frequency of effective coll isions that 

i M 
Y e f t  ~ t r n ~  ~ 

i .e. ,  the effective frequency dec reases  with t ime,  which is a consequence of the increase  in the t e m p e r a -  
ture  of the cold e lec t rons  T x. The hot e lect rons  can be assumed to have a Boltzmann distribution 

n ~ = n  oexp [e~ /T(x ) ]  

where T(x) is defined by the adiabatic equation 

(1.8) 

T (z) = r (L / x) ~-1 

where a is the adiabatic index. If we assume that the energy of the hot e lec t rons  is not t r ans fo rmed  from 
t r ansve r se  into longitudinal motion, then a = 3 (one-dimensional adiabatics).  

Indeed, the longitudinal t empera ture  T i~ ~ dec reases  since the energy of the longitudinal the rmal  motion 
is expended on creat ing the e lec t r ic  field and the accelera t ion of the cold e lect rons ,  and hence quite rapidly 
T]] ~ becomes  smal le r  than the t r ansve r se  tempera ture  of the hot e lect rons  I71 ~ In these conditions (Ttl~ < 
T• ~ instabili t ies may develop at the e lectron cyclotron frequency wile, leading to equality of the t r ansve r se  
and longitudinal t empera tu res  [5]. If the increment  in this instability is g rea te r  than the typical inverse  
t imes  for  the motion of the wave front,  T ll~ T• ~ and the adiabatic index a = 5/3. We need one fur ther  equa- 
tion for the conservat ion of the hot e lectrons [1] 

~ n*dx = noL 
--oo 

(1.9) 

F r o m  this it follows that 

n ~ ~ H'x~ n x ~ n O" 
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fo r  x >> L, s i n c e  

n ~ § nx = n o (1.10) 

To d e t e r m i n e  the  l aw of  m o t i o n  we have  to e x p r e s s  n x and 
v x in t e r m s  of n ~ in  the  equa t ion  of con t inu i ty  (3) of [1]. We s e e k  
the so lu t ion  fo r  x >> L .  S ince  the v e l o c i t y  of the  wave  x / t  i s  the  
v e l o c i t y  of  the  hot  e l e c t r o n s ,  v x = ( n ~  and so  tVx/X = 
n ~  << 1. Hence the equa t ion  of con t inu i ty  can  be t r a n s f o r m e d  
as  fo l l ows :  
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On x O an ~ o On~ o Ovx 
Ot + -~-(n~vx) = ----ffF- q- -~ -  (novx) --  ~ v ~ - -  n --TT = O (1.11) 

i 

The t h i r d  and f o u r t h  t e r m s  a r e  l e s s  than  the f i r s t  and second ,  
r e s p e c t i v e l y ,  by  a f a c t o r  of  (n~ -1, and so  t hey  can  be  n e g l e c t e d .  
I f  we now e x p r e s s  v x in t e r m s  of  n ~ in (1.11), we ob t a in  

or" -- ~-~-~-(n~176 _T~tO .n~ OxO [T(___Lz )a - l ln  -~-0 ]} (1.12) 

If  we now t ake  accoun t  of (1.9), f r o m  which  i t  fo l lows  tha t  
n ~ ~ L / x ,  we c a n  f ind the  r e l a t i o n  b e t w e e n  x and t ,  o r  the  s e l f -  
s i m i l a r  v a r i a b l e  

x N L (  c~ I/-T--/-~tL )2/a (1.13) 

If  a = 5/3, x / t  ~ t~5 r e m a i n s  a l m o s t  c o n s t a n t  wi th  t i m e ,  
l 

whi le  fo r  a = 3, x / t  ~ t f~. In the  t h e o r y  of t u r b u l e n t  he a t i n g  a i s  
not  de f ined  p r e c i s e l y .  We know only  tha t  i t  m u s t  be  g r e a t e r  than  
un i ty  and l e s s  than  v ~ / m  [4]. Pu t t ing  ce = 6, a = 5/3, we can  o b -  
t a i n  s a t i s f a c t o r y  a g r e e m e n t  wi th  e x p e r i m e n t .  

C o n s i d e r i n g  the e f f ec t  of i n s t a b i l i t i e s  on the  n a t u r e  of  the  
wave  mot ion ,  we dwel l  on ly  on the  I. A.  n o i s e  and  i g n o r e  the  e f f ec t  
of  p l a s m a  o s c i l l a t i o n s  wi th  f r e q u e n c y  co = ~Ope and i n c r e m e n t  

/ ' t  ~ X 3 

At the v e r y  beg inn ing  of the p r o c e s s  the  i n c r e m e n t  i s  l e s s  than  the  m a x i m u m  i n c r e m e n t  in the  I. A.  
v e l o c i t y  i n s t a b i l i t y  and so t h e p l a s m a  o s c i l l a t i o n s  c a n  be i g n o r e d .  A f t e r  e f f ec t i ve  c o l l i s i o n s  b e t w e e n  the  
f u n d a m e n t a l  m a s s  of e l e c t r o n s  and ions  of f r e q u e n c y  Vef f a p p e a r  in the  s y s t e m  the  p l a s m a  w a v e s  a r e  not  
bu i l t  up if t h e i r  i n c r e m e n t  3' < ~eff" It is  e a s y  to s e e  tha t  t h i s  cond i t ion  ho lds  du r ing  the  t i m e  def ined  b y  the 
i nequa l i t y  

T r e l f  

i . e . ,  

This  r e l a t i o n  h o l d s  f o r  t y p i c a l  v a l u e s  of  the  p a r a m e t e r s  in  a l a b o r a t o r y  e x p e r i m e n t .  

2. The  a p p a r a t u s  f o r  s tudy ing  t h e r m a l  waves  (F ig .  3) c o n s i s t e d  of  a c y l i n d r i c a l  e v a c u a t e d  v o l u m e  - 
a g l a s s  tube  of d i a m e t e r  8 e m  and l eng th  300 c m  in a h o m o g e n e o u s  m a g n e t i c  f i e l d .  The  l e n g t h  of  the  s o l e n -  
o id  in which  the q u a s i - c o n s t a n t  f i e l d  was  c r e a t e d  i s  120 c m ,  the  d u r a t i o n  of  m a g n e t i c  f i e ld  p u l s e  of s e m i -  
s i n u s o i d a l  f o r m  was  15-30 m s e c .  The  i n t e n s i t y  of the  f i e ld  at  the  m o m e n t  of g e n e r a t i n g  the t h e r m a l  wave  
was  1 kG (in the  h o m o g e n e o u s  p a r t ) .  
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The evacuated  volume was pumped out to a l imi t ing  p r e s -  
su re  of 5 �9 10 -7 t o r t .  The working p r e s s u r e  of the gas (hydrogen 
or  argon) was 2-4 �9 10 -4 t o r t .  The volume was in i t i a l ly  ionized 
by two high f requency g e n e r a t o r s  (2) of f requency 20 MHz and 
pulse  power 100 kW. In this  way the p l a s m a  was e s t ab l i shed  with 
concent ra t ion  n = 2 �9 1012-7 �9 101 cm -3, e l ec t ron  t e m p e r a t u r e  Te0 = 
0.5-10 eV, and ion t e m p e r a t u r e  T i of the o r d e r  2-3 eV, the degree  
of ionizat ion reach ing  70%. 

At the cen te r  of the evacuated  volume (Fig.  3) was a shock 
r ing in the fo rm of a n a r r o w  coil  (d iameter  8 cm,  length 2.5 cm),  
on the tube and suppl ied f rom a cha rged  condense r  through a low 
inductance d i s c h a r g e r .  

The c u r r e n t  in the shock c i r c u i t  had the fo rm of a damped 
s inusoid  with c h a r a c t e r i s t i c  f requency 11 MHz and durat ion 1 
#sec .  The max imum value of the magnet ic  f ie ld in tens i ty  due to 
the c u r r e n t  was of the o r d e r  of 1800 G at the cen te r  of the coi l .  

The pulsed  magnet ic  f ie ld  exc i ted  in the p l a s m a  column an 
oblique nonl inear  magnetosonic  wave.  The c h a r a c t e r i s t i c s  of this  
wave a re  d e s c r i b e d  in de ta i l  in [6]. Here i t  is  e s s e n t i a l  only to 
note that  in tensive d i s s ipa t ion  of th is  wave l eads  to heat ing of the 
e l ec t ron  component  of the p l a s m a  in a quite r e s t r i c t e d  segment  
nea r  the shock r ing .  The durat ion of the heat ing of the reg ion  
nea r  the coi l  i s  ve ry  s m a l l  and l a s t s  for  only a few tens of nano-  
seconds .  

The following appara tus  was used  to cont ro l  the p a r a m e t e r s :  

1) the concent ra t ion ,  ave raged  over  the d i a m e t e r ,  was d e t e r m i n e d  by a h igh - speed  i n t e r f e r o m e t e r  at 
a wavelength of X = 8 ram; 

2) the magne t ic  f ie ld  of the wave was s tudied by a magnet ic  probe of sma l l  d imens ions  in t roduced in-  
to the p l a sma ;  

3) the p l a s m a  p r e s s u r e  nT was d e t e r m i n e d  e i t he r  by an ex te rna l  d iamagnet ic  s e n s o r  averag ing  the 
p r e s s u r e  over  the c r o s s  sec t ion  and fed to the d i scha rge  chamber  f rom outside o r  by an in te rna l  s e n s o r  in -  
t roduced  into the p l a sma ;  

4) the noise  was m e a s u r e d  by twin e l e c t r i c  p robes ;  

5) to de t e rmine  the r ad ia t ion  of the p l a s m a  an antenna s y s t e m  in the mic rowave  f requency range  
(4-16 ram) was used .  

The sequence of ope ra t ions  in the expe r imen t s  was as follows: f i r s t  the q u a s i - s t a t i c  magnet ic  f ie ld 
H 0 and at the s a m e  t ime  the h igh- f requency  g e n e r a t o r s  were  switched on a f te r  p r e l i m i n a r y  ionizat ion of the 
gas ;  some  tens of #sec  l a t e r ,  a f t e r  the g e n e r a t o r s  had been switched on, t he re  was a breakdown and a bu i ld-  
up of the concen t ra t ion  which was f ixed by the 8- ram diagnost ic  appara tus  (4). Then, at a given moment  of 
t ime  which was chosen on the bas i s  of the r e q u i r e m e n t  on the ini t ia l  p a r a m e t e r s  n and H0, the shock c i r c u i t  
was switched on and the p l a s m a  heated to a suff ic ient ly  high t e m p e r a t u r e  (to s e v e r a l  hundreds  of eV) by the 
magnetosonic  wave in the reg ion  nea r  the c i r cu i t .  

The p l a s m a  p r e s s u r e  was m e a s u r e d  by an ex te rna l  or  in te rna l  d iamagnet ic  s e n s o r  (3) which could 
move along the d i s cha rge  volume.  Compar i s on  of the s igna ls  f rom the d iamagnet ic  s e n s o r  and the magnet ic  
probe made i t  poss ib l e  to de t e rmine  the t rue  behavior  of nT as a function of the d i s tance  f rom the cen t r a l  
plane of the shock c i r c u i t .  The d i s t r ibu t ions  of the ene rgy  of the w a v e  H 2 / 8 / r  , the noise  E2 /8~ ,  and the 
p l a s m a  nT, along the length of the p l a s m a  column a re  shown in Fig .  4 (1, 2, and 3, r e s p e c t i v e l y ) .  The energy  
(E) is  in e V / c m  3, and the length (L) in cm.  At 20 cm f rom the cen t r a l  plane of the shock c i r c u i t  nT is  
g r e a t e r  than the wave p r e s s u r e  H2/8~ and is equal to 1016 e V / c m  3. The r a d i a l  d i s t r ibu t ion  (Fig.  5) ob -  
ta ined f rom the in te rna l  d iamagne t ic  s e n s o r  with an annular  coi l  has  i ts  max imum on the c h a m b e r  axis  and 
is  c lose  to the function J0(kr); the a c c u r a c y  with which the r e s u l t s  coincide with m e a s u r e m e n t s  f rom the 
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internal (1) and external (2) sensors  when averaged was not worse than 5%. The internal d iameter  of the 
hole in the coil of the sensor  introduced into the plasma was not less  than 12 ram, which is an o rder  of 
magnitude g rea t e r  than the L a r m o r  diameter  of the e lect rons  for  the given experiment .  In Fig. 5, nT is in 
relat ive units, R is in cm.  

By moving the sensors  along the tube a ser ies  of osc i l lograms was obtained, making it possible to 
es t imate  the velocity of propagation of the p ressu re  along the magnetic field and the typical scale of the nT 
front.  

Control experiments  in which the concentrat ion was fixed on the p res su re  front using a high-speed in- 
t e r f e romete r ,  X = 8 ram, made it possible to prove that the perturbation in the concentrat ion which occurs  
there  is less  than 10% of the original  value. Hence, nT is t ranspor ted  by the thermal  wave, moving with 
velocity severa l  t imes g rea te r  than that of I. A. velocity ~ and approaching the thermal  velocity of the 
electrons (cf. [1]). The physical nature of this phenomenon can be explained by investigating the noise at 
the thermal  front.  To this end a ser ies  of measurements  were made in the range of the p lasma electron 
frequency Cape. The measurements  were made both inside and outside the p lasma column. In the f o r m e r  
case a sensit ive pin dielectr ic  antenna was introduced f rom the end of the chamber  into the p lasma volume. 
This se r ies  of experiments  showed that no significant epithermal radiation was observed in the frequency 
range 0~pe-2C0pe. 

On the other hand, a direct  experiment with twin electr ic  probes showed that there is intense noise in 
the region of r In this case the form of the experiment  is as follows (Fig. 3). The signal f rom the twin 
e lec t r ic  probes (5) was fed through a cable to a loop which excited a wave-guide fil ter (6) with cr i t ical  
wavelength 30 cm.  The wave-guide fil ter was a copper tube of diameter  18 cm, closed at both ends by cop-  
per  flanges. F r o m  one side a matched load (7) in the form of an aquadag-coated t runcated cone was intro-  
duced into the volume to ensure  the propagation of the running waves. The excitation loop which was loaded 
by the twin e lectr ic  probes had no galvanic contact with th e wave-guide. The construct ion of the receiving 
loop was s imi lar ,  the signal f rom it being passed through a detector to an amplifying circui t  (8, 9) (the band 
of the circui t  was Af= 80 MHz). 

It was thus possible to search  for  noise in a wide frequency range (w > 6 �9 1 0  9 s e c  -1)  and rel iably 
sc reen  the receiving c i rcui t  f rom noise generated by the shock ring and also by the nonlinear waves in the 
p lasma.  Since it has previously been proved that there is no marked  level of radiation in the region of r 
to a high probabili ty the noise extracted by the twin e lec t r ic  probes has to be associated with the frequency 
range ~pi. 

Figure 6 shows osc i l lograms  of the noise (u) obtained at distances of 30 (2) and 60 (1) cm from the 
central  plane of the coil.  The duration of the scan was 50 n s e c / c m .  The velocity of the front of the noise 
signal corresponds  to the velocity nT (3, 4), i.e.,  noise appears at a given point only with the ar r ival  of the 
thermal  front .  The intensity of the noise falls as the wave amplitude dec reases .  

The noise spec t rum was investigated in more  detail using a nar row-band tunable resona tor  with Af  = 
20 MHz (Fig. 7). The p lasma density was n ~ 1.7 �9 1013 cm -3, the amplitude of the oscil lat ions q~ was in 
relative units, the frequency in MHz. In this c a s e  it was possible to show that the frequency range in which 
noise occurs  is quite narrow, A co << ~0pi. But the frequency dependence of the noise can only give in par t icu-  
lar  qualitative information about the spect rum since the point w ~ Wpi is a boundary point at which the static 
vo l t -ampere  charac te r i s t i c  can be used to descr ibe the dynamic proper t ies  of the probe [7, 8]. 

An absolute est imate of the spectral  density of the noise can be obtained by other,  more  graphic,  r ep -  
resentat ions if the coefficient connecting the probe with the potential wave is cha rac te r i zed  by the geomet-  
r ical  coefficient k2l 2, in accordance with [9], where l is the length of the probe, and k is a typical wave 
number of the potential oscil lation. Taking account of this coefficient,  we find that the noise energy W = 
E2/87r is ~1013 eV - cm -3 (Fig. 4). 

Control experiments  with argon showed that the typical noise frequency shifts approximately in ac-  
cordance with ~/M(H)/M(Ar). In addition, a magnetic probe showed that in the region of Wpi there was no 
marked noise level of a magnetic nature.  

Thus, it can be assumed that at the thermal  front there is an intense background of ionic-acoust ic  
noise which ensures  effective fr ict ion between the e lect rons  and the ions. 
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From this we can obtain an experimental value for the degree of turbtflence at the wave front as the 
ratio W/nT;  in the experimental conditions it was equal to 0.01. 

L I T E R A T U R E  C I T E D  

1. A.A.  Ivanov, L. L. Kozorovitskii, and V. D. Rusanov, "The propagation of heat in a plasma along the 
magnetic field (substitution wave)," Dokl. Akad. Nauk SSSR, 184, No. 4 (1969). 

2. A .V.  Gurevich, L. V. Pari iskaya,  and L. P.  Pitaevskii, "The se l f -s imi lar  motion of a raref ied 
plasma," Zh. t~sper im,  i Teor .  Fiz., 49, No. 2 (1965). 

3. A.A.  Vedenov, "Introduction to the theory of a weakly turbulent plasma," in: Reviews of Plasma 
Physics, Vol. 3, Consultants Bureau (1967). 

4. L . I .  Rudakov and L. V. Korablev, "The quasi-l inear theory of current  instability in a plasma," Zh. 
]h4sperim. i Teor .  Fiz., 50, No. 1 (1966). 

5. V .D.  Shapiro and V. I. Shevchenko, "The nonlinear theory of the instability of an electron ~mam in a 
system with electrodes," Zh. ]h~sperim. i Teor.  Fiz., 52, No. 1 (1967). 

6. V .D.  Rusanov and V. P.  Smirnov, "The investigation of skew mag~etosonic waves of large ampli- 
tude," P i s 'ma  Zh. t~ksperim, i Teor.  Fiz., 2, No. 8 (1965). 

7. I.A. Kovan, Yu. L. Moskvin, V. D. Rusanov, V. P. Smirnov, and D. A. Frank-Kamenetskii, "The 
measurement of turbulent waves in a magnetosonieally generated plasma," YadernyiSinez, 4, No. 3 
(1964). 

8. F. Chen, "Electric probes," in: Plasma Diagnosis [in Russian], Mir, Moscow (1967). 
9. A.G. Es'kov, R. Kh. Kurtmullaev, A. I. Malyutin, V. I. Pil'skii, and V. N. Semenov, "Investigation 

of the nature of turbulent processes at a shock wave front in a plasma," Zh. ]h~sperim. i Teor. Fiz., 
5_~.6, No. 5 ~969). 

49 


