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The change in magnetic field topology as a result of reconnection of field lines plays an important role 
in processes taking place in the taft of the earth's magnetosphere [!] and laboratory experiments on plasma 
heating [2]. A number of authors [3-5] have published results (m the numerical solution of the MILD plane 
problem of flow of a plasma containing a neutral sheet. The problem of the development, in a collisionless 
approximation, of the tearing instability responsible for reconnection was studied ill [6]. 

In the present article we discuss the results of a numerical solution of ~he cylindrical problem of the 
peculiarities of plasma flow near a neutral surface under conditions close to the conditions of laboratory ex- 
periments in @-pinch installations with inverted magnetic fields [2]. The solution is obtained in the approxima- 
tion of one- fluid magnetohydrodyn amie s and of the dis sipative mechanisms , and only the finite conductivity of the 
plasma is taken into account in accordance with the data of [2]. To describe the plasma we use the system of 
equations 

O~/at = - - d i e  (pu), p(~u/Ot + (u-V)u) = - -Vp + ( t /4a)[  r o t H . H ] ,  

aH/Ot = rot ( [u ,H]  - -  (c'~ rot H~, 

Op/Ot + u V p  = --3'P div at + (cVI6a~o) (rot H) 2, (1) 

div H = O, p = pT/rn~, o = pe2/mdniv, v = v o + v i t a l  ~, 

w h e r e  p ,  u ,  p ,  and  T a r e  the  p l a s m a  d e n s i t y ,  m a c r o s c o p i c  v e l o c i t y ,  p r e s s u r e ,  and  t e m p e r a t u r e ;  IT, m a g n e t i c  
f i e l d  s t r e n g t h ;  ~ ,  p l a s m a  conduc t iv i t y ;  and v,  f r e q u e n c y  of c o l l i s i o n s  be tween  p a r t i c l e s ,  which  we r e p r e s e n t  
in the  f o r m  of the  s u m  of the Cou lomb  and a n o m a l o u s  f r e q u e n c i e s .  

S ince  we a r e  c o n s i d e r i n g  the  t~vo -d imens iona l  p r o b l e m  ( 8 / 8  ~ = 0), i t  i s  conven ien t  to  i n t r o d u c e ,  in  p l a c e  
of the  m a g n e t i c  f i e l d  s t r e n g t h ,  the  v e c t o r  p o t e n t i a l  in  a c c o r d a n c e  wi th  the  usua l  de f in i t ion  H = r o t  A,  s i n c e  in 
th i s  c a s e :  a) only  one componen t  A r  ~ A i s  d i f f e r e n t  f r o m  z e r o ;  b) l i n e s  r A  = c o n s t  a r e  m a g n e t i c  f i e ld  l i n e s  
wi th  the  he lp  of which  i t  i s  e a s y  to  r e p r e s e n t  the  v a r i a t i o n  of  the  f i e l d  topology;  c) the  conduc t iv i t y  a a p p e a r s  
in  the  induc t ion  equa t ion  not  beh ind  the  d i f f e r e n t i a t i o n  s i g n  but  as  a c o e f f i c i e n t .  

Choos ing  the  c h a r a c t e r i s t i c  quan t i t i e s  R (the r a d i u s  of the i n s t a l l a t i o n ) ,  P0 (the p l a s m a  d e n s i t y  a t t h e  ax i s ) ,  
and H 0 (the m a g n e t i c  f i e l d  s t r e n g t h  at  the  c h a m b e r  wal l )  as  the  s c a l e s  of l ength ,  dens i t y ,  and  m a g n e t i c  f i e l d ,  
we w r i t e  the s y s t e m  of equa t i ons  (1) in c y l i n d r i c a l  c o o r d i n a t e s  and d i m e n s i o n l e s s  v a r i a b l e s :  

~7 +.Vyr(rPu) + ~(pw) =i0, p ~ + u ~  o~ i -  ---~Or - -  

r ~ (rA) ~r k r Or (rA) -}- (~z" J' p -g'/" "4- u ~Fr + W ~-z = 2 Oz Oz ~r (rA) + ~z~j , 

OA u waA v i a  [ t  o (rA)~ . O~AI ap Op 
~ Y + r ' ~ r  (rA)-}- "~z = "!"O~rt"7-Z )_l_~_~z2] ' ~ .  _FuTr + y ~ # ~ _  (2) 

= - ~ P  -;~7 + ~ 1  (-~-i)v (,A) +:AI ~" 
, 0g 2 J ' 

T = pmilp, v = v o + v l T  -sl=, 

'~o, 'Vl = con ,~ t ' -  

Let  us  c o n s i d e r  the  fo l lowing  p r o b l e m .  A t  the  i n i t i a l  t i m e  a q u i e s c e n t  p l a s m a  (u = w  = 0) o c c u p i e s  a r e -  
g ion  0 _< r _< R, 0 _< z _< z 1 and i s  p l a c e d  in a m a g n e t i c  f i e l d  14 = { 0, 0, tanh ~ (r  - r0) ) ,  w h e r e  the c o e f f i c i e n t  
d e t e r m i n e s  the width  6 of the  n e u t r a l  s h e e t  and r 0 i s  the  p o s i t i o n  of the null  s u r f a c e  of the m a g n e t i c  f i e l d .  The  
c o r r e s p o n d i n g  ~ i t i a l  v a l u e s  of the  p o t e n t i a l  a r e  d e t e r m i n e d  f r o m  equa t ion  

A (r, z, O) = - ~ ; r ' H z  (r', z, O)dr'. 
0 
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The density distribution presented  in Fig. 1 is chosen in accordance with experimental  data [2] in the fo rm 

tmax (t ;  N ch -~ a (r --  r0)), r < ro, 
p(r, z,0) = [max(0; i; Nch-2 a (r--  ro))~ r>~ro. 

In Fig. 1 r 0 is the radius of the null surface and r s is t~he radius of the surface behind which the p lasma  den- 
sity is  low. The initial gasdynamic p re s su re  distr ibution of the plas/na is determined f rom the condition of 
its equilibrium in the magnetic fietd. 

The p lasma is taken out of the equilibrium state through the assignment of a disturbance of the potential 
at the boundary of the calculated region at r =R:  A(R, z, t) = A0(1 + A 1 sin ~0texp(-fiza)). The constants A l, w, 
and/3 de te rmine  the amplitude, frequency, and "width ~ of the disturbance. The remaining boundaries of the 
region (r = 0, z = z  l, z = 0) are taken as lines o r  planes of symmet ry .  The chosen boundary eonditicv, s bas ica l -  
ly co r respond  to the data of [2]�9 

The sys tem of equations (2) with the indicated initial and boundary conditions w a s s o l v e d  numerical ly  
by a scheme which is a natural general izat ion to the cylindrical  case of the scheme presen ted  in [5]. 

Let us examine the resul ts  of the  numerica l  solution. P l a sma  motion develops under the action of the 
magnetic  p r e s s u r e  which grows at the chamber  wall. A c lear  concept of it can be obtained f rom Fig.  2, where 
the velocity fields at the t ime t = 0.6 are presented.  Since the conductivity of the p l a sma  is finite, reconnection 
of field l ines  takes place through the null surface of the magnetic field. The dynamics of this p rocess  essen-  
tially depends on the pa rame te r s  of the p lasma (conductivity, initial density drop) and of the outside disturbance 
(A 1, w, /3). A quantitative charac te r i s t ic  of the reconnection i s  the difference between the magnetic fluxes 
through the r ight  (z = z 1) and left (z = 0) boundaries of the calculating region divided by the magnetic flux through 
the right boundary, i .e. ,  

H(t) = (O, -- Oo)Ir (3) 

where 

r s o  r s  1 

09 o=2n ~ rHz(r,o,t) dr; q) l - -2n  S rH~(r, zi, t) dr. 
ro0 ro1 

Here r00 and r01 are  the coordinates of the minimum value of the potential; rs0 and rs1 are the radii of the sep-  
ara t r ix .  The surface bounding a region within which the total magnetic flux equals zero  is called a separa t r ix  
[2]. Values of r00, r01, rs0, and rs1 are plotted in Fig. 3. We note that the values of r00 and r0I (rs0 and rs1) 
at the boundaries z = 0 and z 1 do not coincide owing to the influence of the outside disturbance and conduction. 
The presence  of a finite p lasma conductivity results  not only in reconnection but also in diffusion, a quantita- 
tive charac ter iza t ion  of which can be obtained by analogy with Eq. (3) as the difference between the fluxes 
through the right boundary (z = z i) at the t imes t = 0 and t = t l :  

r S 1  - 

j" r {H~ (r, z 1, 0) - -  ;t~ (r, q ,  el) } dr 

ii d(ti) = ~oi 
r s 1  

rH  z ( r ,  z 1, O) dr  
r o l  
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TABLE 1 

vo 10 -.3 2 .10  - 3  5 ,10  - 3  i0 -2 

H(t,) 0,15 0,35 0,40 0,89 

T A B L E  2 

L 

II(t,~ ] 0,1 (I,23 0,3 
t , 

TABLE 3 

Vo 

[ 0.[;5 Ha(t, ) 

t 0 - - 3  

0~281 0,7510,8210,91 

% 
7" 
Oo 

--I 

E 

l 

--I 
I 

Iz 
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In T a b l e  1 we p r e s e n t  the  d e p e n d e n c e  of the  quan t i ty  I I ( t . )  a t  a f ixed  t i m e  t .  = 1.5 on the  a n o m a l o u s  c o l l i s i o n  
f r e q u e n c y  ~0 f o r  the  fo l lowing  p a r a m e t e r s  of the p l a s m a  and the  ou t s ide  d i s t u r b a n c e :  IS = 3, A 1 = 0.2, w = 

0.5, f l = 5 0 ,  r 0 = 0 . 5 ,  ~ = 1 5 .  

In Table  2 we p r e s e n t  the  d e p e n d e n c e  of the quan t i ty  I I ( t , )  a t  a f i x e d  t i m e  t ,  = 1.5 on the Cou lomb c o l l i -  
s ion  f r e q u e n c y  ~ = ~l T-3/z  f o r  t he  s a m e  p a r a m e t e r s  as  in Tab le  1. 

In T a b l e  3 we p r e s e n t  the  d e p e n d e n c e  of t h e  m a g n e t i c  f i e ld  d i f fu s ion  I I d ( t , )  on the  a n o m a l o u s  c o l l i s i o n  
f r e q u e n c y  ~0 f o r  the s a m e  p a r a m e t e r s .  The r e e o n n e c t i o n  n ( t , )  depends  on the width  of the n e u t r a l  shee t ,  
i . e . ,  on the  p a r a m e t e r  ~ ,  a s  fo l lows :  I I ( t , )  = 0.38, 0.40, and 0.45 f o r  ~ = 10, 15, and 25 (5 = 0.4R, 0.25R, and 
0.15R). The  r e c o n n e c t i o n  I I ( t , )  a l s o  depends  on the  p o s i t i o n  of the  n e u t r a l  s u r f a c e ,  i . e . ,  on the p a r a m e t e r  r 0, 
as  fo l lows :  I I ( t , )  = 0.40 and 0.31 f o r  r 0 = 0.5R and 0.35R. 

~ l e  p r o c e s s  u n d e r  c o n s i d e r a t i o n  i s  c h a r a c t e r i z e d  not  only  by r e c o n n e c t i o n  of f i e l d  l i n e s  and m a g n e t i c  
f i e l d  d i f fus ion  but  a l s o  by the d e v e l o p m e n t  of a c o m p r e s s i o n  wave  and p l a s m a  mo t ion  a long the c y l i n d e r  a x i s .  
The p l a s m a  m o t i o n  can  be  t r a c e d  t h r o u g h  an  a n a l y s i s  of the  v a r i a t i o n  of t he  m a s s  of p l a s m a ,  M(z,  t) = 

R 

2= J" rp (r, z, t )d r  , p a s s i n g  t h r o u g h  a c r o s s  s e c t i o n  of the  c y l i n d r i c a l  c h a m b e r .  It fo l lows  f r o m  the c a l c u l a t e d  
0 

r e s u l t s  t ha t  the  c o m p r e s s i o n  wave  p r o p a g a t e s  a long the  c y l i n d e r  ax i s  w i th  a v e l o c i t y  v = 1.2v A (v A = H 0 �9 
(47tO 0)- I /2) .  

M a g n e t i c  f i e l d  l i n e s  at  the  s u c c e s s i v e  t i m e s  t = 1.0 and 1.5 (~ = 15, w = 0.5, A 1 = 0.2, ~i  = 0.005, ~0 = 0) 
a r e  p r e s e n t e d  in F i g .  3. The  d y n a m i c s  of the p r o c e s s  of m a g n e t i c  f i e l d  l ine  r e c o n n e c t i o n  and the  f o r m a t i o n  of 
a c l o s e d  m a g n e t i c  f i e l d  c o n f i g u r a t i o n  a r e  s e e n  f r o m  t h e s e  g r a p h s .  

IE~e au tho r s  t hank  R. Kh. K u r t m u l l a e v  and V. N. S e m e n o v  for  a d i s c u s s i o n  of the  w o r k .  
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A SEMI-SELF-MAINTAINED VOLUMETRIC DISCHARGE 

OWN MAGNETIC FIELD 

G. V. Gadiyak and V. A. Shveigert 

IN ITS 

UDC 525.6 

A volumetr ic  d ischarge  exci ted in a gas  by an e lec t ron  beam has  found wide application in e l e c t r i c - i o n -  
ization l a s e r s  [1]. A number  of r epo r t s  have recent ly  appeared  inwhichthe  influence of the magnet ic  field of 
the d ischarge  cu r ren t  and the e lec t ron  beam on the  uni formi ty  of such a discharge is invest igated [2-9]. 

If the d i scha rge  power  is e x p r e s s e d  through the e lec t r i c  f ield s t rength  and the L a r m o r  radius  of the e l ec -  
t ron  beam [4], then the radiant  energy Q taken f rom a unit length of a l a s e r  pulse  in one pulse can be wri t ten  
in the f o r m  

= 2  t E  Q ~l "7- ~ ptpu]/Ub (Ub -]- 2mc 2) L 1__ 
rL ~o 

where E is the e l ec t r i c  f ield strength;  d, dis tance between e lec t rodes ;  p, p r e s s u r e  of the  l a s e r  mixture;  Ub, 
energy of the beam e lec t rons ;  tpu, t ime  of pumping of the act ive medium of the l a se r ;  7, eff ic iency of conve r -  
sion of e l ec t r i ca l  energy  into radiant  energy;  T0 = ( g o / e ~  I/2; go and e , ,  magnetic  pe rmeab i l i t y  and the p e r -  
mit t ivi ty of a vacuum; r L, min imum L a r m o r  radius of b e a m  e lec t rons  with an energy U b in the magnet ic  field 
of the d ischarge  cur ren t .  Means of inc reas ing  the radiant  energy are  obvious f r o m  the express ion  for  Q: an 
inc rease  in the values  of the  p a r a m e t e r s  E / p ,  ptpu, d / r  L, and U b fo r  the opt imum 7- Real is t ic  poss ib i l i t i es  
for  vary ing  these  p a r a m e t e r s  have essen t i a l  l imi t s ,  however:  E / p  is l imi ted  to the vicini ty of values  where  
the pumping of l a s e r  levels  is eff ic ient  and the quantity ptpu is l imi ted by gas  heating and by re laxat ion  of the 
upper  l a s e r  level  [1, 10]; the use  of h igh -ene rgy  b e a m s  with an energy of 0.5-1 MeV requ i r e s  special  technical  
equipment and cons iderably  reduces  the eff iciency of the ent i re  l a s e r  sy s t em.  There fore ,  d / r  L is the only 
f ree  p a r a m e t e r  pe rmi t t ing  an inc rease  in the radiant  energy .  Consequer~ly, a detai led invest igat ion of the uni-  
fo rmi ty  of a s e m i - s e l f - m a i n t a i n e d  d ischarge  in i ts  own magnet ic  field must  p recede  the c rea t ion  of s u p e r -  
powerful l a s e r  s y s t e m s .  

The influence of a magnet ic  f ield on the dis tr ibut ion of beam ionization losses  was f i r s t  s tudied t heo re t i -  
cally in [2, 3] by the Monte Carlo method.  The se l f -cons i s t en t  p rob lem of the uniformity of a d ischarge  in its 
own magnet ic  field was analyzed in [6], a nonsteady solution without allowance for  sca t te r ing  of beam e lec t rons  
was obtained in [8], and a model  kinetic equation fo r  beam e lec t rons  was invest igated in [9]. In [5-7] it was 
shown that  for  a given magnet ic  f ield the re  exis ts  a l imiting beam width, and an inc rease  in beam width beyond 
it does not r e su l t  in a change in the active region of the d i scharge .  The exis tence of an opt imum magnet ic  field 
providing the bes t  uniformity of ionization losses  of the beam and the p romi se  of the use of re la t ive ly  nar row 
e l e c t r o n  b e a m s  (h < d, where h is beam width up to the foil) to c rea te  superpowerful  l a s e r  s y s t e m s  a re  d i s -  
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