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The  s t r u c t u r e  of  the anode sheath and the c h a r a c t e r i s t i c s  of the c losed  Hall cu r ren t  d i scharge  
o c c u r r i n g  in p l a s m a  a c c e l e r a t o r s  a r e  inves t iga ted  in the diffusion approximat ion.  The analys is  
t a k e s  account of  ' tweak" p r o c e s s e s  (var ia t ion  of ionizat ion f requency with e lec t ron  energy,  
e l ec t ron  energy  los ses ,~presonce  of a de tachment  region at the anode). The dis t r ibut ions  along 
the sheath of  potent ia l ,  p a r t i c l e  densi t ies ,  c u r r e n t s ,  and o the r  p a r a m e t e r s  a re  obtained. The 
effect  on the c h a r a c t e r i s t i c s  of  the d i scharge  of va ry ing  the magne t i c  field and the input of  
working  subs tance  is  considered.  Weak p r o c e s s e s  a re  shown to have a significant effect  on the  
s t r u c t u r e  of the  sheath. 

D i scha rges  in a s t rong  t r a n s v e r s e  magne t ic  field (which a r e  of  impor t ance  in p l a s m a  a c c e l e r a t o r s ,  in 
obtaining f luxes of  h igh-energy  ions,  and so on) have been in tens ive ly  studied in recent  t i m e s  (see  r e f e r e n c e s  
in [1]). The d i scha rge  in such devices  for  a typ ica l  d i scha rge  vol tage ~0 on the  kilovolt  level  and a magnet ic  
f ield H ~ 1 kOe i s  c h a r a c t e r i z e d  by  the  fo rmat ion  of a pos i t ive  anode potent ia l  fa l l . a lmost  equal to  ~o 0 in a 
sheath of  th i ckness  on the  o r d e r  of  the L a r m o r  radius  of  e l ec t rons  of  ene rgy  ego. 

This  so r t  of d i scharge  i s  o b s e r v e d  to occu r  in va r ious  identif iable modes .  At p r e s s u r e s  p < 10-5-10 -4 
t o r t  (1 t o r t  = 133.322 Pa} t he r e  is  o b s e r v e d  a l o w - p r e s s u r e  d i scharge  (the "vacuum mode") c h a r a c t e r i z e d  by 
a smal l  p robab i l i ty  of  ionizat ion of neut ra l s  in the sheath (P << 1 }, by a d i scharge  cu r ren t  density of not m o r e  
than  a few m A / c m  2, by  an ionic s p a c e - c h a r g e  densi ty  negl igible  c o m p a r e d  with  the e lec t ronic ,  and so on 
[2, 3]. When the p r e s s u r e  (or  flow rate) i s  i n c r e a s e d  above a ce r ta in  c r i t i ca l  value (p > 10 -3 -10  -2 to r r ) ,  the 
d i scha rge  goes  o v e r  abrupt ly  into a " h e a v y - c u r r e n t "  mode with in tense  ion format ion  (mode of efficient 
genera t ion  of ions,  P -~ 1 ) [4] and quas ineut ra l  in the g r e a t e r  pa r t  of  the  anode sheath. At in t e rmed ia te  p r e s -  
s u r e s  (flow rates)  a d i scharge  mode  o c c u r s  which may  f o r m a l l y b e  des ignated  as the " t rans i t ion"  mode. In 
th i s  case ,  unlike the  vacuum mode,  the neut ra l  density is  apprec iab ly  nonuniform along the sheath (0 < P < 1), 
while  the dens i t ies  of  ions and e lec t rons  may  be  c o m p a r a b l e  in magnitude.  The s t ruc tu re  of  the anode sheath 
of  a se l f - sus ta in ing  d i scha rge  was  solved in [5, 6] fo r  the  vacuum and t r ans i t ion  modes.  To s impl i fy  the 
ana lys i s  a number  of ef fec ts  w e r e  d i s rega rded :  dependence of ionizat ion f requency on e lec t ron  energy  in the 
sheath  vi(W), e lec t ron  energy  l o s s e s  in col l is ions  ~ the p r e s e n c e  at the anode of a detachment  region of 
th ickness  d depleted of e lec t rons ,  and so on. It will  be  seen  below that  each  of t hese  p r o c e s s e s  can be put 
into co r r e spondence  with a smal l  p a r a m e t e r  and in th is  sense  can be  fo rma l ly  des ignated as "weak."  It i s  
shown in [3], however ,  that  in the l o w - p r e s s u r e  mode  the  weak p r o c e s s e s  have a significant effect on the  
c h a r a c t e r i s t i c s  of  the  d ischarge .  

We cons ide r  the effect  of  the weak p r o c e s s e s  spec i f ied  above on the s t ruc tu re  of  the  anode sheath with 
i nc r ea s ing  p r e s s u r e  (flow rate) and the change in the c h a r a c t e r i s t i c s  of  the  d i scharge  with vary ing  magnet ic  
field. The  heat ing of the e lec t ron  gas  in the d i scha rge  is  of  i n t e re s t  in i t s  own right.  

The  sheath model  employed  in [5, 6] i s  i n c o r r e c t  in the  sense  that it leads  to a solution that does not 
p e r m i t  of fit t ing to the quas ineut ra l  solution in the p l a sma .  This  is  a consequence of using null boundary  con-  
dit ions for  the e l ec t r i c  field E0 and the e lec t ron  flux J0 at the beginning of the sheath. In actuali ty,  these  
quant i t ies  have  ce r t a in  finite va lues  that  a r e  subject  to definite re la t ionships  analogous to the wel l -known 

Kaliningrad,  Moscow Region. T r a n s l a t e d  f r o m  Zhurnal  Pr ik tadnoi  Mekhaniki i Tekhnicheskoi  Fizil~, No. 
2, pp. 9-16,  March -Apr i l ,  1976. Original  a r t i c l e  submi t ted  Juno 26, 1975. 

I 
T his mater~l is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part ] 
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, I 
microfilming, recording or otherwise, without written permission of  the publisher. A copy of this article is available from the publisher for $Z50. J 

150 



Yi , I 

Fig.  1 

Bohm c r i t e r i o n  [7]. A c c o r d i n g l y ,  e q u a l i t y  o f  t h e  i on  and e l e c t r o n  d e n s i t i e s  at t h e  b e g i n n i n g  o f  the  shea th  i s  
u t i l i z e d  in  t he  se t  of  b o u n d a r y  cond i t i ons  in the  p r e s e n t  p a p e r .  

W e  c o n s i d e r  t h e  p l a n a r  p r o b l e m  (as  in [3, 5]). T h e  x ax i s  i s  d i r e c t e d  a c r o s s  t he  shea th  t o w a r d s  t he  
anode ;  t h e  z ax i s  i s  a long  the  e x t e r n a l  u n i f o r m  m a g n e t i c  f i e l d  ( F i g .  1). The  o r i g i n  of  c o o r d i n a t e s  i s  l o c a t e d  
at s o m e  po in t  w h e r e  t h e  e l e c t r i c  f i e ld  and the  e n e r g y  of  t he  e l e c t r o n s  a r e  s m a l l  ( the  b e g i n n i n g  of  t he  shea th) .  
The  s y s t e m  i s  u n i f o r m  in t he  d i r e c t i o n s  y and z. T h e  Hal l  c u r r e n t  i s  d i r e c t e d  a long  the  y ax i s  and  c l o s e s  at  
in f in i ty .  A d e t a c h m e n t  r e g i o n  l i e s  b e t w e e n  the  d i f fus ion  p a r t  of  t he  s h e a t h  and the  anode,  i . e . ,  at x in  t h e  
r a n g e  x d < x -< XA. If, in a c l o s e d  Hal l  c u r r e n t  a c c e l e r a t o r ,  t he  f lux of  n e u t r a l s  e n t e r s  t he  d i s c h a r g e  t h r o u g h  
t h e  anode,  t hen  the  sought  q u a n t i t i e s  a r e  d i s t r i b u t e d  in the  d i f fus ion  p a r t  of  t h e  s h e a t h  in a c c o r d a n c e  wi th  the  

e q u a t i o n s  
d]e /dx  = dq /dx  - -  VpZe (Vl = (aleVe)12~); 

]e : b l~e&~'dx (b,__ = (e.'ra)(Vo/O)~,), vo = T - 1 =  (%ve~n,~) ,  

(d d.r)(jfiV) : - -  e j eE  - -  ~ iu  d E / d x  = - -  4~e(n.~ - -  n~), E : -  --d(p/d.c; (1) 

r" xd  "Vinedx '  
= j , := ~ "'" v ( W / e V i ) ,  PI. i , ~OieUe. )  \Oie '~+, /o  

:~ l / ~ (~" - +~) 

v (I+o.57) ] ' e V J W . E i ( W / e V ~ ) , ( a ~ , v ~ )  o = (1A~. [ f~)  V - 2 ~ m . o , 0 ,  

w h e r e  Je and q a r e  t he  f lux d e n s i t i e s  of  e l e c t r o n s  and n e u t r a l s ;  ne,  ni ,  n n a r e  t he  d e n s i t i e s  of  e l e c t r o n s ,  
i o n s ,  and n e u t r a l s ,  r e s p e c t i v e l y ;  ~0 i s  t he  p o t e n t i a l ;  vi i s  t he  f r e q u e n c y  o f  e l e c t r o n  i o n i z i n g  c o l l i s i o n s ;  b• i s  
t he  t r a n s v e r s e  e l e c t r o n  m o b i l i t y ;  a i ,  e a n d a 0  a r e ,  r e s p e c t i v e l y ,  t h e  c r o s s  s e c t i o n  fo r  i o n i z i n g  c o l l i s i o n s  and 
the  t o t a l  c r o s s  s e c t i o n  fo r  c o l l i s i o n s  wi th  l o s s  of  e l e c t r o n  d i r e c t i o n a l  m o m e n t u m ;  oi0 i s  t h e  c h a r a c t e r i s t i c  
c r o s s  s e c t i o n  fo r  t he  g iven  s u b s t a n c e ;  v e i s  t h e  t h e r m a l  e l e c t r o n  v e l o c i t y ;  V i i s  t he  i o n i z a t i o n  p o t e n t i a l  o f  
t he  w o r k i n g  s u b s t a n c e ;  ~ i  i s  the  e f f e c t i v e  ion v a l u e ;  W i s  t he  m e a n  e l e c t r o n  e n e r g y  in  c r o s s  s e c t i on  x; 
Ei (x) i s  t he  e x p o n e n t i a l  i n t e g r a l  [8] ; m and M a r e  the  e l e c t r o n  and ion  m a s s e s ;  and We i s  t h e  e l e c t r o n  
c y c l o t r o n  f r equency .  

In (1) w e  n e g l e c t  t he  g r a d i e n t  of  t h e  e l e c t r o n  p r e s s u r e  c o m p a r e d  wi th  the  m o b i l i t y .  T h i s  i s  g iven  a 
b a s i s  in  [2, 10], w h e r e  i t  i s  shown tha t  t he  d o m i n a n t  m e c h a n i s m  r e s p o n s i b l e  fo r  e l e c t r o n  t r a n s p o r t  to t he  
anode  up to p r e s s u r e s  ~10  -a t o r t  i s  c l a s s i c a l  t r a n s v e r s e  m o b i l i t y .  The  r e s u l t s  of  c a l c u l a t i o n s  on t h e  h e a t i n g  
and t h e  d e n s i t y  o f  t h e  e l e c t r o n s  in the  shea th  a l so  i n d i c a t e  tha t  d i f fus ion  t r a n s p o r t  of  e l e c t r o n s  does  not p l a y  
any s i g n i f i c a n t  r o l e  u n d e r  t h e . i n v e s t i g a t e d  cond i t i ons .  T h e  e n e r g y  e x p e n d e d  on a s i ng l e  ac t  of  i o n i z a t i o n  i n -  
c l u d e s  e l a s t i c  and i n e l a s t i c  l o s s e s  and d e p e n d s  on W. F o r  t he  a i m s  se t  in  t h e  p r e s e n t  w o r k  we  can  se t  ~. i = 
cons t  of  t he  o r d e r  o f  a few eV i. The  l i f e t i m e  o f  e l e c t r o n s  in  t he  d e t a c h m e n t  r e g i o n  i s  l e s s  than  in  t h e  d i f fus ion  
p a r t  o f  t he  shea th  by  a f a c t o r  of  ~0ere  . A c c o r d i n g l y ,  in o r d e r  to a s s e s s  t h e  a f fec t  o f  t h e  d e t a c h m e n t  r e g i o n  on 
t h e  d i s c h a r g e  p a r a m e t e r s ,  w e  m a y  u t i l i z e  a rough  shea th  m o d e l  in  which  the  s m o o t h  v a r i a t i o n  of  n e in  t h e  
v i c i n i t y  of  x d i s  d i s r e g a r d e d  and in  w h i c h  n e i s  se t  equa l  to  z e r o  wi th in  the  d e t a c h m e n t  r e g ion .  At t he  anode  
w e  then  have  

E ( r O  = E(ro):  /~ (< j  - /~(.r~; W(r~) -: W(~) -§ ddE(xd); 

~p(.z.x) -- % = (p(,Zd)- ddE(.rd) (d d x a -  '~kt )" (2) 

[The  l a t t e r  of  e q u a l i t i e s  (9.) can  b e  u s e d  to  d e t e r m i n e  Xd, t he  b e g i n n i n g  o f  t he  d e t a c h m e n t  reg ion . ]  The  wid th  
of  t he  d e t a c h m e n t  r e g i o n  a v e r a g e d  o v e r  e l e c t r o n  v e l o c i t i e s  e q u a l s ,  c o r r e c t  to  a f a c t o r  o n t h e  o r d e r  of  uni ty ,  
t he  e l e c t r o n  L a r m o r  r a d i u s  in  c r o s s  s e c t i o n  Xd [3]: 

d d = (l/coo)l "~(a/2.,) W(,d) 

wi th  b o u n d a r y  c o n d i t i o n s  
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Fig. 2 

q,(0) = 0; E(0) E.: iV(!)) H~,: 

lZe(O) :-= hi(0); q(.vd) eli) : -  It,,l',~. 

w h e r e  no is  the  dens i ty  o f  n e u t r a l s  at the  anode and v0 i s  t h e i r  m e a n  d i r ec t iona l  ve loc i ty .  T h e r e  i s  a c e r t a i n  
a r b i t r a r i n e s s  in the  cho ice  o f  W0, J0, and E 0. P h y s i c a l  c o n s i d e r a t i o n s  ind ica te  tha t  it is  r e a s o n a b l e  to p r e -  
s c r i b e  W 0 at the  leve l  o f  1 eV; one  o f  the  b o u n d a r y  va lues  J0 o r  E 0 can  be  found f r o m  the  condit ion of  quas i -  
neu t ra l i ty ,  but  the  o t h e r  r e m a i n s  i nde t e rm i na t e .  However ,  as  was  shown in [3] and c o n f i r m e d  by  cont ro l  ca l -  
cu la t ions ,  v a r y i n g  J0, E0, and W 0 o v e r  wide  l i m i t s  has  s c a r c e l y  any effect  on the  c h a r a c t e r i s t i c s  of  the 
shea th  with the  excep t ion  o f  i t s  f o r m a l  length  XA. We  i n t r o d u c e  the fol lowing s c a l e s  and d i m e n s i o n l e s s  quan-  
t i t i e s  ( the p r i m e s  wil l  be  o m i t t e d  in the  future) : 

.~ =.r/l*;q=:~pt%: #~ : n / n * ;  n ; ~ = n j n * :  

j~ .... ]elq*; q' :-= q/q*; O = W/e%; Pd -:  dd/ l*; 
. ~  r , o , : = . / \ = :  . 

The  shea th  p a r a m e t e r s  v a r y  wi th  d i s t ance  in a c c o r d a n c e  with the  b o u n d a r y  p r o b l e m :  

dq/ds = d]/ds = vqn~. v = (t,tJ.57)(t/I//70) Ei(k~)). 

j = qnflq/ds, (d/ds)(]0) =:: ]E - -~vqnr  

"si ~,"q'nedS'. 

$ 

E(O) -.- Eo; 0(0) = 0o; q(O) =: O; n~(O) = n~(O):= ]olqoEo; (4) 

q(sd) =: l; lid = I --  PdEd , where 

= ] f (M/2,n)  (v,~,o/O)7); z " z =(m<oJ ~e-)(e%lmv~) ','>'. \"a,, v~/,,,+,o,,~," 3"~'"= " \ , i : :  ; (5)  

k = %lVt; ~ .... ~ je(po. 

The  p r o b l e m  conta ins  four  d i m e n s i o n l e s s  c r i t e r i a  (5). The  p a r a m e t e r s  k and ' $  f o r  a f ixed 4o0 a re  d e t e r -  
m i n e d  p r i m a r i l y  by  the  p r o p e r t i e s  o f  the  w o r k i n g  subs tance .  By (5), /7 ~ n 0 / H  a n d  ~ ~  t t4~0,  i . e . ,  f o r  f ixed H 
the  quant i ty  fl i s  uniquely connec ted  wi th  the  flow r a t e  ( p r e s s u r e )  o f  the  n e u t r a l s ,  whi le  the  c r i t e r i o n  ~ fo r  
~o0 = cons t  is  p r o p o r t i o n a l  to the magn i tude  of  the  m a g n e t i c  field. An e s t i m a t e  o f  the  magn i tudes  o f  the 
c r i t e r i a  fo r  a rgon  fo r  (eieV e )  = 1 . 5 . 1 0  -T cm 2, v0 = 3 �9 104 c m / s e e ,  and v o / v i  = 3 g ives  x - 2 . 2 . 1 0  -z HH~/~0, 
fl = 2.8 x 10-1~nn/HH, w h e r e  I-t, kOe: ~00, kV: n n c m  -3, 

B o u n d a r y - v a l u e  p r o b l e m  (3), (4) wa s  so lved  n u m e r i c a l l y  by  the  me thod  of  s u c c e s s i v e  approx imat ions .  
F igu re s  2-5  show typ ica l  d i s t r ibu t ions  o v e r  the  shea th  of  the  m a i n  d i s c h a r g e  p a r a m e t e r s  ( the  n u m b e r s  ap-  
pended  t o t h e c u r v e s  a r e  the  va lues  of/7) .  F igu re  2 shows p lo t s  of . the  po ten t ia l  ~(s)  and e l e c t r o n  e n e r g y  
|  Fig. 3 shows the  d i s t r ibu t ions  o f  e l e c t r o n  je(S) and ion ji(s) c u r r e n t  dens i t i es  ( so l id  and dashed  
c u r v e s ,  r e spec t ive ly ) .  The  c u r v e s  shown a r e  f o r  k = 63, ~ = 0.05 ( this  c o r r e s p o n d s ,  f o r  example ,  to  4% = 1 
kV and ~ i  ~- 3 eV i fo r  a r g o n ) ,  00 - 3 . 1 0  -~, ~ =  0.2. The  coo rd ina t e  s in Figs.  2 a n d 3  is  r e c k o n e d  f r o m  the 
anode;  the  c u r v e s  a r e  cut  off,  on ly  the  m a i n  r eg ion  of  v a r i a t i o n  o f  the  c o r r e s p o n d i n g  funct ions  be ing  shown. 
F igu re  4 shows  the  d i s t r ibu t ions  o f  n e and n i ( so l id  and dashed  c u r v e s ,  r e s p e c t i v e l y ) ,  whi le  Fig. 5 shows the  
v a r i a t i o n  o f  the  flux (density) of  n e u t r a l s  q. (To fac i l i t a te  c o m p a r i s o n  with [5] the  r e s u l t s  p r e s e n t e d  in Figs.  
4 and 5 a r e  given as  funct ions  of  V~. )  

An ana lys i s  o f  the  ob ta ined  r e s u l t s  shows tha t  the  c h a r a c t e r i s t i c s  of  the  sheath  a r e  s ign i f ican t ly  a f fec ted  
by  the  weak  p r o c e s s e s  o v e r  quite  a wide  r ange  of  c r i t e r i a  i7 and~t.  (This  i s  i l l u s t r a t e d  by  the  c o r r e s p o n d i n g  
dashed -do t  c u r v e s  shown fo r  c o m p a r i s o n  in Figs .  2 -5  f o r  fl = 0.5 and ob ta ined  in [5] i g n o r i n g  weak  p r o c e s s e s . )  
As in [3], the  d i s t r i bu t ions  o f  all quan t i t i es  a r e  c h a r a c t e r i z e d  by the  f o r m a t i o n  of  a " ta i l "  at the  beginning of  
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the sheath, i .e. ,  a region in which the corresponding functions vary  insignificantly and where  the conditions 
n e c e s s a r y  for the i r  subsequent rapid growth are  formed. This  region adjoins the par t  of the sheath in which 
almost  all the ionization of the neutrals  takes  place and in which the main variat ion of e lect ron energy,  
density, and flux occu r s  (and which, therefore ,  is natural ly designated as the actual width of the sheath). The 
formal  width of the sheath sA may reach values 5-10, although its actual value proves  to be for  all cases  at 
the level 2-3. 

The distr ibutions j (s), E(s) and q(~f~) exhibit hor izontal  port ions corresponding to the detachment  region. 
The distr ibution V(s) become slightly more  sloping. The e lec t r ic  field E and the d ischarge  cur ren t  JD are 
decreased .  If, in the vacuum mode, the effect of weak p r o c e s s e s  is to reduce EA and JD by a fac tor  
of 2-3,  then with increas ing p r e s s u r e  to the level fl = 0.5 this difference diminishes to ~ 25% and is de-  
te rmined p r imar i l y  by the p resence  of the detachment  region, whereas  the effect of vi(W) and ~ be -  
comes  weak. The fo rm of the density distr ibutions n e and n i changes qualitatively and quantitatively (Fig. 
4). * Instead of prof i les  that fall for  fi < 1 we obtain more  physical  distributions that are  nonmonotonic for  
any fl, including small  ft. At the beginning of the sheath a region of quasineutral i ty appears  and the density 
n(0) is great ly  decreased  (for fi = 0.1 by more  than an order ;  for/3 = 0.5 by a factor  of around two). The 
form of the distr ibution q( ~ changes, both near  the anode (effect of detachment region) and at the begin-  
ning of the sheath (see Fig. 5). The weak p r o c e s s e s  decrease  the probabil i ty of ionization of a neutral  in the 
sheath P = 1 - q (0), the effect of these p r o c e s s e s  decreas ing with increas ing  fl except in the detachment 
region. For  example, for fl = 0.1, the probabil i ty P is almost  halved, while for fl = 0.5 it is decreased  by 
almost  25%. From the law of m a s s  conservat ion we have the relationship jD = 1 - q(0) o r  P = j D .  r It follows 
from this that the p resence  of the detachment region reduces the probabil i ty of ionization of a neutral  in the 
sheath by around 25%. The physical  explanation of this  is that the power (~0 - ~d) J D re leased  in the electron 
gas in the detachment region and also the energy flux ca r r i ed  by electrons from the diffusion par t  of the 
sheath cannot be uti l ized for  the generat ion of par t ic les .  Despite the fact that the thickness of the detachment 
region is only around 10% of the actual thickness  of the sheath, the drop across  it for • = 0.2 and fl -< 0.5 is 
(0.2-0.3)~0 and the e lec t rons  gather  around one-half  of the energy ca r r i ed  to the anode (| = 0.2-0.31, | = 
0.41-0.61). With increas ing  fl and decreas ing  ~ this effect becomes  still more  pronounced, since then (~0 - 

d) and | i nc r ea se  monotonically and the maximum value of the energy gathered by e lec t rons  in the diffu- 
sion par t  of the sheath | does not exceed 0.3. 

~'The distributions n e and n i shown by the dashed-dot  curves  in Fig. 4 are  taken from [5]. The respect ive 
distr ibutions obtained util izing the condition of quasineutral i ty at the beginning of the sheath differ insignif-  
icantly f rom the cited distributions only in a smal l  region near  ~? = 0. 

t in  papers  on p l a sma  acce l e r a to r s  one encounters  the working substance utilization coefficient, defined as the 
ratio of the total ion current  to the flow rate  [4]. Evidently, in a one-dimensional  theory  this coefficient 
equals P. 
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Fo r  n = 0.01 and fl = 1.2 the fal l  i s  a l ready  0.53 ~o0 and the e lec t rons  ga ther  two- th i rds  of the energy  
c a r r i e d  to the anode. The  detachment  region mus t  t h e r e f o r e  be  taken into account in the d iscuss ion of a num-  
b e r  of  quest ions (e.g. ,  e s t imat ion  of energy  d i s s ipa ted  at anode, de te rmina t ion  of effect ive acce le ra t ing  vol tage 
for  ions in the  sheath, es t imat ion  of d i scha rge  cu r r en t  o r  ionizat ion probabi l i ty) .  

The d is t r ibut ions  obtained fo r  s m a l l f l  (fl << 1 ) give an idea of the level  of  the quanti t ies  in a l o w - p r e s -  
sure  d i scharge  [3]. With inc reas ing /3  the  densi ty d is t r ibut ions  n e and ni and the fluxes q, Je, and Ji Change 
mos t  s trongly.  T h e r e  i s  an i n c r e a s e  in the  burning of  neu t r a l s  with cor responding  i n c r e a s e s  in the charged-  
p a r t i c l e  density,  e l ec t r i c  field, and d i scharge  and ion cu r ren t s .  For  example ,  i nc reas ing  fl by an o r d e r  
( f rom 0.05 to 0.5) fo r  ~ = 0.2 i n c r e a s e s  the  densi ty n e by a fac tor  of  4 and n i by a f ac to r  of  30; the d i scharge  
cu r r en t  i s  t he r eb y  i n c r e a s e d  by a f ac to r  of  35~ and the e l ec t r i c  field only by 40%. At not too smal l  fl (fl _> 0.1) 
t h e r e  is  a dependence of  the c h a r g e d - p a r t i c l e  densi ty on p r e s s u r e  ( see  Fig. 4), in con t ras t  to the vacuum 
mode  [3]. The  tota l  space  cha rge  at the anode v a r i e s  with inc reas ing  ft. The  space  charge  in the sheath in-  
c r e a s e s  at smal l  flow ra te s ,  and as a resu l t  the  e l ec t r i c  field at the anode grows and the potent ia l  i s  developed 
o v e r  a s m a l l e r  length (the sheath th ickness  d e c r e a s e s  slightly). Fu r the r  i nc r ea s ing  oft.he flow ra te  leads  to an 
i n c r e a s e  in the th ickness  of  the quas ineut ra l  pa r t  of the sheath and to the c o m p r e s s i o n  of the s p a c e - c h a r g e  
region towards  the  anode. The  magni tude of  the to ta l  space  cha rge  i s  t he reby  d e c r e a s e d  and the  growth of  
the  e l ec t r i c  field at the  anode and the  diminution of the sheath th ickness  cease .  Figure  6 shows the var ia t ion  
of  the p robab i l i ty  P of  ionization of  a neu t ra l  in the sheath (or ,  what i s  the s a m e  thing, the d imens ion less  
d i scha rge  cu r r en t  JD) with i nc r ea s ing  flow r a t e  nfl for  va r ious  values  of  the p a r a m e t e r  ~ (the numbers  ap-  
pended to the  curves) .  The  cu rves  can be  approx imated  by the exp re s s ion  

P(~13) = Po(• + P~(x)• + I'._(~)(• . . . .  (6) 

where  P0 (~) is  p ropor t iona l  to x and the coeff ic ients  Pl (x), Pz (~), and so on, by cont ras t ,  d e c r e a s e  with in-  
c r ea s ing  ~ fo r  fl - -  0, P ~ P0(~). Th is  m e a n s  that  at suff icient ly smal l  flow r a t e s  the  d i scharge  cur ren t  de-  
pends a lmos t  l i nea r ly  on p r e s s u r e ,  which i s  c h a r a c t e r i s t i c  fo r  the vacuum d i scharge  mode. With inc reas ing  
flow r a t e  a ro le  begins  t o b e  played by s u c c e s s i v e t e r m s  of expansion(6) ,  co r responding  to quadrat ic ,  cubic, 
etc. ,  dependences  of  the d i scharge  cu r ren t  on p r e s s u r e .  Under such conditions the  s m a l l e r  the magnet ic  
field, the e a r l i e r  the deviat ion f r o m  l inea r i ty  begins  and the m o r e  pronounced  it  is.  Simultaneously with the 
deviat ion of the function " d i s c h a r g e  cu r r en t  v e r s u s  p r e s s u r e "  f rom l inear ,  t h e r e  appea r s  a cor responding  
dependence of the Hall cu r ren t  on p r e s s u r e .  I f  cu rves  a r e  plot ted of the dimensional  d i scharge  cu r ren t  ~BJD 
v e r s u s  the  flow r a t e  ufl (analogous to Fig. 6), it will  be  seen  that ,  s t a r t ing  f r o m  definite c h a r a c t e r i s t i c  values  
of  the flow ra t e s ,  the  r a t e  of growth of the cu r ren t  i n c r e a s e s  sharp ly  with a ce r t a in  accompanying i n c r e a s e  
in the th ickness  of  the" sheath. The va lues  of  t hese  c h a r a c t e r i s t i c  flow r a t e s  i n c r e a s e  with i n c r e a s i n g  m a g -  
netic field. Th is  phenomenon p robab ly  c o r r e s p o n d s  to the  approach of the flow ra te  to the c r i t i ca l  value at 
which the d i scharge  goes  o v e r  abrupt ly  into the h e a v y - c u r r e n t  mode.  Numer i ca l  e s t i m a t e s  and a compar i son  
with exper iment  a r e  in accordance  with th is  hypothesis .  By [4], for  tI = 1 kOe, ~00 = 400 V, and b i smuth  as the 
working  subs tance  (Vi = 7.3 V, k = 55),  the f i r s t  m e a s u r e d  point of the h e a v y - c u r r e n t  mode  co r r e sponds  to a 
f l ow- ra t e  densi ty q ,  ~ 0.35 A / c m  2. Fo r  these  conditions,  set t ing vo/ui = 3, v0 = 3-104 cm/sec~and  cri0 = 
4 . 1 0  -I5 cm ~, we find ~ ~ 0.04, fl ~ 3.5 qA. A rough e s t ima t e  i s  obtained by uti l izing the cu rves  shown in 
Fig. 6 ( for  k = 63 and ~ -- 0.05).  The  a b s c i s s a  of  the las t  point of  the curve  ~t = 0.05 equals  ~/3 =0.045, 
whence  /~, = 0.9 and fo r  q ,  we find q .  -~0.26 / V c m  2. The  above-noted  re la t ionship  between the c r i t i ca l  
flow r a t e  and magne t i c  field is  consis tent  with the condition fo r  ionizat ion ins tabi l i ty  [9]. The  p a i r s  of  values  
(~,• co r respond ing  to the ends of  the  cu rves  in Fig. 6 approx imate ly  define the t rans i t ion  boundary  and 
p robab ly  give a genera l i za t ion  of the  c r i t e r ion  of ionizat ion ins tabi l i ty  with weak p r o c e s s e s  taken into account. 

Le t  us cons ider ,  f inally,  the  dependence of  the  d i scharge  p a r a m e t e r s  on magne t ic  field. If  O d is  e f fec-  
t ive ly  independent of  magne t i c  field, the c h a r a c t e r i s t i c s  l ike c h a r g e d - p a r t i c l e  density,  sheath th ickness ,  and 

~When compar ing  the d i scharge  cu r r en t s  for  different  va lues  of  the p a r a m e t e r s  B and ~ one mus t  r e m e m b e r  
that  the sca le  of  JD' v a r i e s  in p ropor t ion  to ~f l .  
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d i scha rge  cu r r en t  density v a r y  s ignif icant ly with i nc r ea s ing  ~ .  Eor  example ,  i nc r ea s ing  ~ f rom 0.05 to 0.2 
( for  a fixed flow r a t e  ~fi = 0.005 ) d e c r e a s e s  the sheath  th ickness  by a fac tor  of around 3, i n c r e a s e s  the d i s -  
cha rge  cu r r en t  densi ty  by a f a c t o r  of  around 3, and i n c r e a s e s  the e lec t ron  densi ty  by  a f ac to r  of  around 10. 
As in the c a s e  of  the vacuum mode  of d i scharge ,  the  sheath  th ickness  is  approx imate ly  i n v e r s e l y  p r o p o r -  
t ional  to ~ ove r  the en t i r e  cons ide red  range  of flow ra t e s .  The dependence ne (~ t )va r i e s  fo r  di f ferent  flow 
ra te s .  F o r  suff icient ly sma l l  flow r a t e s  and any f ield an approx ima te ly  quadrat ic  dependence is ob-  
se rved :  ne ~ ~2 (as in the vacuum mode).  With inc reas ing  flow r a t e  this dependence is  r e ta ined  only 
f o r  l a rge  magne t ic  f ie lds  (u ~> 0.05). If ~4 ~< 0.05, a min imum appea r s  in the function ne(• and an in-  
t e r v a l  on which it  d e c r e a s e s .  F igure  7 shows plots  of jD(Z) for  a n u m b e r  of  f ixed values  of the flow 
r a t e  ~fi = cons t  (the num ber s  appended to the cu rve s  denote the flow ra te  in r e l a t ive  units).  F o r  sma l l  
flow r a t e s  (curve 1) the  plot  of the function jD(~) is a s t r a igh t  line, which c o r r e s p o n d s  to the l i nea r  de-  
pendence of the d i scha rge  c u r r e n t  on the magnet ic  field c h a r a c t e r i s t i c  of the vacuum mode  [2]. With in-  
c r ea s ing  flow r a t e  a l i nea r  dependence is  mainta ined,  jus t  as for  ne(~}, only if the magne t i c  f ield is  l a rge  
enough. In the region of sma l l  magne t i c  f ie lds  (u < 0.05) i nc r ea s ing  the flow ra te ,  f i r s t  of all,  s lows down the  
r a t e  of  growth of JD{• (curve  2) and then leads  to the appea rance  in the plot  of the  function jD(>t) of  a min i -  
m u m  and a region on which the  function d e c r e a s e s  ( cu rves  4 and 5). So long as the e lec t ron  density i s  p r o -  
por t iona l  to H 2 and the sheath th ickness  i s  i nve r se ly  p ropor t iona l  to H, the to ta l  numbe r  of  e lec t rons  in the  
sheath and thus also the ionizat ion p robab i l i ty  o r  d i scha rge  cu r r en t  densi ty a r e  l inear ly  dependent on the 
magne t i c  field. The d e c r e a s e  of  ne(~) with inc reas ing  magne t ic  field obtained at l a rge  flow r a t e s  (~4fl > 0.01) 
leads  to a reduct ion of the total  number  of  e lec t rons  in the sheath,  which explains the behav io r  of jD(~} for  
smal l  magne t i c  fields. We note that  a fall ing dependence of the d i scharge  cur ren t  (or  the working  substance  
ut i l izat ion coeff icient)  on magne t ic  field was  o b s e r v e d  in [4] and is  c h a r a c t e r i s t i c  for  the h e a v y - c u r r e n t  
mode.  

In this manner, the characteristics of the considered discharge mode have features associated with the 
vacuum and the heavy-current modes, although the properties of the latter mode are manifested to a lesser 
extent as the transition to it is not continuous. It also follows from the above results that weak processes 
have a significant effect on the structure of the anode sheath and on the characteristics of the transition dis- 
charge mode. The resalts on the heating of electrons and on the sheath thickness give a basis Ibr a diffusion 
description of the discharge. 
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