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ST-PP-EXP-10742 

PLASMA FLOW PAST A TWO-DIMENSIONAL 

MAGNETIC DIPOLE 

Geomagnetizm i Aeronomiya 
Tom 8, No.3, pp 545-548 
Izd-vo "NAUKA" , 1 9 6  8 

SUMMARY 

by 
G .  G .  Managadze 
I . M .  Podgornyy & 
V.D. Rusanov 

The i n t e r a c t i o n  is i n v e s t i g a t e d  of s u p e r s o n i c  plasma 
flow w i t h  a d i p o l e  magnetic f i e l d .  The r e s u l t s  of measurements 
are i n  agreement wi th  t h e  assumption of c o l l i s i o n l e s s  shock wa- 
ve formation.  

* 
* * 

* A s p h e r i c a l l y  shaped t a r e l l a  [ l l  i s  m o s t  f r e q u e n t l y  used 
i n  s i m u l a t i n g  t h e  i n t e r a c t i o n  bet.ween t h e  so l a r  wind and t h e  
E a r t h ' s  magnetic f i e l d .  The use of c o n t a c t l e s s  d i a g n o s t i c  
methods does n o t  provide the p o s s i b i l i t y  of  determining t h e  
plasma parameters  d i r e c t l y  a t  a g iven  p o i n t ,  f o r  t h e  complex 
c o n f i g u r a t i o n  of  t h e  magnetic f i e l d  makes it p o s s i b l e  t o  o b t a i n  
o n l y  t h e  parameter  va lues  averaged along t h e  r eg ion  of t h e i r  
s t r o n g  inhomogeneity. The u s e  of c o n t a c t  methods, f o r  i n s t a n c e ,  
of Langmuir Frobes,  is  inadv i sab le  because of t h e i r  cons ide rab le  
d i s t u r b i n g  e f fec t  on plasma f l o w ,  as w e l l  as on account  of  d i f -  
f i c u l t i e s  a r i s i n g  i n  the process ing  of probe measurements i n  an 
i n t e n s e  and inhomogeneous magnetic f i e l d .  

4 

The aforementioned d i f f i c u l t i e s  d i s a p p e a r  when use i s  made 
of a two-dimensional d i p o l e  formed by t w o  p a r a l l e l  conductors  
w i t h  c u r r e n t s  flowing i n  oppos i t e  d i r e c t i o n s .  T h e  magnetic 
f i e l d  i n t e n s i t y  of such a two-dimensional d i p o l e  i s  a func t ion  
of c o o r d i n a t e s  r and @ only ,  and i s  independent  of t h e  coord ina te  
z .  Therefore, probing w i t h  e l ec t romagne t i c  r a d i a t i o n  o r  p a r t i c l e  
F e e s  d i r e c t e d  a long  rods with c u r r e n t  makes p o s s i b l e  t h e  o b t a i n i n g  
of t h e  s p a t i a l  d i s t r i b u t i o n  of concen t r a t ion  and temperature .  The 
v a l u e s  of  parameters  a long t h e  pa th  of t h e  beams can vary  only a t  
t h e  expense of t h e  i n i t i a l  s p a t i a l  inhomogeneity of plasma f l o w .  
Applying an adequately collimated probing beam and s e l e c t i n g  a 
s u f f i c i e n t l y  long  d i s t a n c e  from t h e  plasma i n j e c t o r ,  t h e  e f fec t  
of such inhomogenei t ies  can be reduced t o  a minimum. 
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Equipment. F ig .  1 shows t h e  block-diagram of  t h e  system. 
The vacuum chamber i s  of c y l i n d r i c a l  shape and 35 cm i n  diameter. 
I t  i s  made of s t a i n l e s s  s t e e l  and is  f i t t e d  wi th  l i t h i u m  f l u o -  
ride windows. A coaxial  e lectrodynamic i n j e c t o r  i s  f i x e d  a t  
one of  t h e  faces o f  t h e  chamber. 
probes  are in t roduced  f r o m  t h e  o t h e r  end  through Wilson s e a l i n g s .  
The chamber i s  p laced  between t h e  m i r r o r s  of  a Fabry-Perot i n t e r -  
fe rometer  o p e r a t i n g  on a gas laser  emission w i t h  X = 3.39 1.1. 
The collimated l a s e r  beam en te red  t h e  plasma through t h e  l i t h i u m  
f l u o r i d e  window and w a s  recorded by an InSb-detector  w i t h  o u t p u t  
on t h e  o s c i l l o g r a p h .  A system of c o a x i a l l y  disposed co i l s  could 
induce a s t a t i c  magnetic f i e l d  of up t o  3000 o e  which w a s  switched 
on on ly  du r ing  t h e  s e t t i n g  up of t h e  equipment [ 61 .  

The magnetic d i p o l e  and t h e  

The magnet ic  d i p o l e  is a r ec t a i igu la r ly  shaped slab copper 
coil made w i t h  4 x 36 cm dimensions. 
a h o r i z o n t a l  p lane  t h a t  t he  d i r e c t e d  plasma v e l o c i t y  vector 
be p e r p e n d i c u l a r  t o  i t s  large s i d e .  The d i s t a n c e  between t h e  
coil c e n t e r  and t h e  i n j e c t o r  cou ld  vary f r o m  70 cm t o  1 m. 

The c o i l  w a s  so  p l aced  i n  

The plasma f r o m  t h e  c o a x i a l  e lec t rodynamic  i n j e c t o r  c o n s t i -  
t u t e s  t w o  plasmoids w i t h  v e l o c i t i e s  of 3-10’ and % 8 0 1 0 ~  cm/sec. 
A t  t h e  same t i m e ,  t h e  concen t r a t ion  of t h e  f i rs t  plasmoid i s  
3-4 t i m e s  lower than  that of t he  second. 
t u r e  of t h e  first plasmoid i s  10-25  ev. Used i n  t h e  p r e s e n t  work 
w e r e  only t h e  f i r s t  plasmoids, i n  which t h e  i o n i z a t i o n  w a s  almost 
t o t a l .  
on of t h e  master l o n g i t u d i n a l  magnet ic  f i e l d  a t t a i n e d  1-2*101 ’ ~ m ’ ~ ;  
w i t h o u t  t h e  master f i e l d  it was 1013cm-3. The basic experiments  
w e r e  c a r r i e d  o u t  w i thou t  master f i e l d .  

The e l e c t r o n  tempera- 

During t h e  concen t r a t ion  i n  t h e  f i r s t  plasmoid t h e  swi t ch ing  

The measurements of the d i p o l e  magnetic f i e l d  d i s t r i b u t i o n  
and of i t s  v a r i a t i o n  dur ing  i n t e r a c t i o n  w i t h  t h e  plasma f l u x  
were c a r r i e d  o u t  by m e a n s  of  magnet ic  probes.  

F ig .  1 

R e s u l t s  of t h e  Experiments. P lasma parameters  w e r e  so 
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s e l e c t e d  as t o  ensu re  t h a t  t h e  cond i t ions  of t h e  experiments  
would be as close a s  poss ib l e  t o  cond i t ions  i n  o u t e r  space.  
I n  p a r t i c u l a r ,  t h e  select ion of a lo1 cm-’ ,  w a s  d i c t a t e d  by 
such a c o n s i d e r a t i o n ,  although working would have been easier 
w i t h  10’ 4-10  l S  concen t r a t ions ,  e a s i l y  o b t a i n a b l e  w i t h  t h e  
i n j e c t o r  used i n  t h e  p r e s e n t  work [ 2 ] .  The c h a r a c t e r i s t i c s  of 
t h e  basic c o n d i t i o n s  of t h e  experiment and t h e  d a t a  characteri- 
z inq  t h e  solar  wind f l o w  past t h e  creomacrnetic f i e l d  are compiled 

L 

i n  Tab12 I. 

TABLE I 

I n d i c e s  

T e m p e r a t u r e  

D i r e c t e d  p l a s m a  v e l o c i t y  

Mean f r e e  p a t h  l e n g t h  

M a g n e t o s p h e r e  d i m e n s i o n s  

L a r m o r  r a d i u s  o f  e l e c t r o n s  

D i m e n s i o n s  o f  i n v e r s e  f i e l d  
r e g i o n  

O u t e r  S p a c e  

% 2 0  e v  

3 - 5 - 1 0 7  c m / s e c  

1013 cm 

5-10’  cm 

6 0 1 0 ~  c m  

109 cm 

E x p e r i m e n t  

2 0  e v  

3 * 1 0 7  cm/sec 

lo2 cm 

1 0  c m  

5*10’2 cm 

3-5 cm 

The r e s u l t s  of magnetic measurements a t  n = 5 0 1 0 ’ ~  ~ m - ~  a r e  
shown i n  Fig.2.  The dashed curve shows t h e  d i p o l e  f i e l d  i n  t h e  
absence of a plasma flow. The  s o l i d  curve shows t h e  plasma-dis- 
t o r t e d  f i e l d  d i s t r i b u t i o n .  I t  may be seen  t h a t  a v i r t u a l l y  t o t a l  
d i s l o d g i n g  of t h e  magnet ic  f i e l d  by the  plasma takes p l a c e  a t  
d i s t a n c e  from t h e  d i p o l e .  As was t o  be expec ted  on t h e  b a s i s  of 
magnet ic  f l u x  p r e s e r v a t i o n  t h e  f i e l d  i n c r e a s e s  i n  t h e  v i c i n i t y  of 
t h e  d i p o l e  forming a bounded magnetic c a v i t y .  T h e  p o i n t  of i n t e r -  
s e c t i o n  of t h e  curves  corresponds t o  t h e  f i e l d  whose p r e s s u r e  i s  
e q u a l  t o  the p r e s s u r e  of  d i r e c t e d  f l u x  p v 2 .  Near t h e  i n t e r s e c t i o n  
p o i n t  of curves  t h e  i n t e r a c t i o n  between t h e  plasma and t h e  d i p o l e  
f i e l d  r e s u l t s  i n  a change of t h e  d i r e c t i o n  of t h e  l i n e s  of  f o r c e  
o v e r  a sector of 1-2 cm i n  length.  I t  i s  n a t u r a l  t o  a s c r i b e  the  
occurrence  of magnetic f i e l d  momentum w i t h  a s i g n  oppos i t e  t o  
t h a t  of t h e  d i p o l e  f i e l d ,  t o  t h e  a m p l i f i c a t i o n  of  the  magnet ic  
f i e l d  f rozen- in  t h e  plasmoid a t  t h e  shock wave f r o n t .  

T o  check o u r  assumption, experiments  w e r e  c a r r i e d  o u t  w i t h  
v a r i a t i o n s  i n  the d i r e c t i o n  of t h e  d i p o l e  magnetic f i e l d .  The 
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U 

Fig. 2 Fig. 3 

Fig. 4a Fig. 45 

r e s u l t s  of t h e s e  experiments are shown i n  F ig .3 .  The p u l s e  s i g n  
remained unchanged wi th  v a r i a t i o n  i n  t h e  d i r e c t i o n  of t h e  d i p o l e  
l i n e s  of f o r c e  which confirms t h e  assumption of t h e  i n t e n s i f i c a -  
t i o n  of t h e  plasmoid f i e l d  on t h e  wave f r o n t .  An independent 
conf i rmat ion  of t h i s  assumption w a s  a l s o  i n  t h e  r e s u l t s  of  ex- 
per iments  i n  which t h e  magnetic f l w a l l i i  w a s  r ep laced  by a ha rd  
s u r f a c e .  I n  t h i s  case the d i r e c t i o n  of t h e  magnetic f i e l d  momen- 
tum and i t s  ampli tude remained unchanged ( F i g . 3 ) .  I t  should be 
no ted  t ha t  t h e  magnet ic  f i e l d  momentum o r i g i n a t e s  a t  t he  plasmoid 
f r o n t  and i s ,  appa ren t ly ,  due t o  c o n t r a c t i o n  of t h e  magnetic f i e l d  
f rozen- in . the  p a r t  of t h e  plasmoid whose concen t r a t ion  is  lower 
t h a n  t h e  plasma concen t r a t ion  i n  a s e t t l ed  f l o w .  

The r e s u l t s  of d i r e c t  measurements of plasma concen t r a t ion  
also speak i n  favour  of the assumption of shock wave formation 
du r ing  supe r son ic  f l o w  p a s t  a magnetic d ipo le .  
d i s t r i b u t i o n  of concent ra t ion  measured w i t h  an i n t e r f e r o m e t e r  
o p e r a t i n g  i n  the A = 3 . 3 9  mk wavelength.  
increase by a f a c t o r  of 1 . 5 - 2  t a k e s  p l a c e  i n  t h e  concen t r a t ion  i s  
of 4-5 cm. dimension. 
be a s s e r t e d  t h a t  plasma concen t r a t ion  i n  the  magnetic d i p o l e  c a v i t y  
does n o t  exceed 1 0 %  of plasma concen t r a t ion  i n  an unperturbed f l o w .  
For t h e  sake  of comparison we brought  o u t  i n  F i g . 4 b  t h e  data on 
c o n c e n t r a t i o n  measurements on IMP-2 s a t e l l i t e ,  carried o u t  on 
October 9 ,  1 9 6 4  [SI. The c u r r e n t  I i n  t h e  e l e c t r o n  t r a p ,  i .e.  , 
a q u a n t i t y  p r o p o r t i o n a l  t o  n m ,  i s  p l o t t e d  a long  t h e  o r d i n a t e  
a x i s .  

F ig .  4 a  shows t h e  

The reg ion  i n  which an 

On the basis of t h e  a v a i l a b l e  d a t a  i t  can 
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The osc i l l og rams  of t h e  magnetic f i e l d  ( l e f t )  and of 
i n t e r f e r e n c e  roads ( r i g h t )  are shown i n  F ig .5  f o r  t h e  m o s t  
t y p i c a l  cases of t h e  i n t e r a c t i o n  between plasma f l o w  and t h e  
dipole f i e l d :  a) t h e  d ipo le  magnet ic  f i e l d  i s  zero;  b )  t h e  
d i p o l e  magnetic f i e l d  i s  switched on, 2 = 15 c m ;  c)  t h e  d i p o l e  
magnet ic  f i e l d  i s  swi tched  on,  z = 4 c m ,  t h e  a m p l i f i c a t i o n  i s  
reduced by a f a c t o r  of 10; d )  t h e  d i p o l e  magnetic f i e l d  has  an 
o p p o s i t e  d i r e c t i o n ,  z = 1 0  cm; e )  t h e  d i p o l e  magnetic f i e ld  i s  
swi tched  off and a ha rd  o b s t a c l e  i s  p laced  a t  a d i s t a n c e  of 0 . 5  cm 

' f r o m  t h e  sensor .  The du ra t ion  of scanning  i s  70 mk sec. 

The formation of a shock 
/- f .------- I-.- wave a t  a lo1 cm-3 concen t r a t ion  

cannot  be expla ined  by d i s s i p a t i o n  
due t o  Coulomb c o l l i s i o n s  s i n c e  
t h e  l e n g t h  of t h e  f r e e  p a t h  of i o n s  2,fl-------L- 

/------- exceeds cons iderably  t h e  charac- 
J- >-- ----____ - t e r i s t i c  dimensions of t h e  i n t e r -  
- - -----I_ a c t i o n  r eg ion  between t h e  plasma 

- - -  -\- 

c 

and t h e  magnet ic  f i e l d .  I n  t h e  
i n v e s t i g a t e d  experiment ,  t h e  for- 
mation of a shock wave may take 
p l a c e  s o l e l y  a t  t h e  expense of 

c o l l i s i o n l e s s  p rocesses ,  among which 
t h e  i o n  sound bui ld-up and t h e  t w o -  
beam i n s t a b i l i t y  must be mentioned 

F i g .  5 i n  t h e  f i rs t  p lace .  A t  t h e  p r e s e n t  
t i m e  it i s  d i f f i c u l t  t o  make an un- 

J- -L-. -h:.is- x- '1 
v- * ------- e .- ik 

ambiguous s e l e c t i o n  between the p o s s i b l e  d i s s i p a t i o n  mechanisms. 
H~wever, t h e  s i g n i f i c a n t  w i d t h  of t h e  t r a n s i t i o n a l  r eg ion  plasma- 
magnet ic  f i e l d ,  as compared t o  c / w o  p o i n t s  a l s o  t o  t h e  presence  of 
such a mechanism. 

I n  conclus ion ,  it should be noted t h a t  t h e  p a t t e r n  of magnetic 
f i e l d  d i s t r i b u t i o n  dur ing  supersonic  plasma f l o w  p a s t  a two-dimen- 
s i o n a l  d i p o l e  agrees i n  i t s  g e n e r a l  t r a i t s  w i t h  t h e  magnet ic  measure- 
ments c a r r i e d  o u t  by means of E a r t h ' s  a r t i f i c i a l  s a t e l l i t e s ,  
Thus, f o r  i n s t a n c e ,  according t o  d a t a  o b t a i n e d  on Sa te l l i t e  
Explorer-12 [ 3 ] ,  t h e  measured f i e l d  exceeds t h a  d i p o l e  f i e l d  
s t a r t i n g  f r o m  7*R, and up t o  t h e  boundary of t h e  c a v i t y .  I n  i t s  
v i c i n i t y  a s h a r p  v a r i a t i o n  by 180' i s  observed i n  t h e  f i e l d  d i -  
r e c t i o n .  This  s h a r p  v a r i a t i o n  i n  f i e l d  d i r e c t i o n  i s  o f t e n  taken  
as t h e  boundary of t h e  magnetosphere. 

The a u t h o r s  expres s  t h e i r  g r a t i t u d e  t o  L . I .  Rudakov, R . Z .  
Sagdeyev and D.A. Frank-Kameaetskiy f o r  t h e i r  i n t e r e s t  i n  the 
p r e s e n t  work and t o  B . I .  Patrushev f o r  h i s  a s s i s t a n c e  i n  developing 
t h e  measuring equipment. 

* * * THE END * * * . . . ./ 
Manuscript  received 
1 4  October 1 9 6 7  
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