
A N O D E  E L E C T R I C A L  L A Y E R  I N  D I S C H A R G E  
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The so-ca l led  plasma acce le ra to r s  with closed Hall currents  are  now being developed actively [1-3]. 
In these devices the ions are  acce lera ted  by the e lec t r ic  field created as a resul t  of the space charge of 
e lect rons  drifting in c rossed  e lec t r ic  and magnetic fields along a quas i -c losed  path. In many cases it is 
found that prac t ica l ly  the entire imposed potential difference is concentrated in a very  thin e lec t r ic  layer  
near  the anode. The formation of such a l ayer  has been observed experimental ly  in the l ow-p res su re  
discharge in a Penning cell and in the inverted magnetron [4-6]. Some questions of plasma discharge and 
accelera t ion  relat ing to this sor t  of phenomenon were examined in [7, 8] in the diffusion approximation.  
The case of "vacuum discharge ", in which the ion volume charge density can be neglected, was studied in 
[7]~ Another case, in which the ion number  density is determined by the external ion beam from the 
emi t te r -anode ,and the volume charge of the secondary  ions which are  formed in the discharge is negligibly 
small ,  was investigated in [8]. In both cases  it was assumed that the neutral atom number density is 
constant.  

However it is not difficult to see that over  a quite wide range of conditions the probabili ty of ionization 
of neutral atoms in the layer  may be close to one. Moreover ,  it should be emphasized that the layer  is an 
~open sys tem,  ~ since both the ions and the un-ionized neutral atoms after  pass ing through the layer  leave 
it f ree ly .  Therefore ,  for a c o r r e c t  determinat ion o f t h e l a y e r  charac te r i s t i cs  it is neces sa ry  to take into 
account the entry and nonuniformity of the distr ibution of the working substance in the d ischarge .  Of 
par t icu lar  in teres t  is the case of the sel f -maintained discharge with intense "burnup" of the neutra ls ,  
when all the ions are  formed in the discharge gap and their  volume charge must  be taken into account. 

In the following we shall examine the problem of the anode electr ical  layer  in a discharge in a s t rong 
t r ansve r se  magnetic field with account for influx and burnup of the neutral  gas.  We study this case of the 
self -maintained discharge with s t rong burnup of the neutrals and specif ical ly the question of ionization of 
the neutral  gas in the l ayer .  An extension of the solutions for the reg imes  studied in [7, 8] is also obtained. 

1. We direct  the x coordinate ac ros s  the layer ,  the z axis along the external uniform magnetic field, 
and we examine the plane case in which all is uniform in the y and z direct ions .  It is convenient to locate 
the coordinate origin at the point at  which the e lec t r ic  field is zero  (Fig. 1). For  accumulation of e lectrons 
near  the anode it is neces sa ry  that the e lec t ron drift  flux be closed. In the problem in question the Hall 
cur ren t  is directed along the y axis and is closed at infinity. The external magnetic field is assumed to be 
sufficiently large so that the induced field can be neglected. Assuming the electrons at distances on the 
order  of the layer  thickness s trongly magnetized and the ions nonmagnetized, in the diffusion approxima-  
tion we can write the governing sys tem of equations 

dq dfe 
d ~  = vln~,  dz  - -  'Vine (Vl = (r gin) 

d'~--4ne(ne--nd'-- ] '= 'e -Lne-~x  ( be•  e (e~ ~%~- (1.1) 

xo 
]io ~ ~ine dx" 

n i =  g2eM-l(q)o_(p)@Vio ~ ~- ~ g-~JeM-~iq)(x')--q~(x)I+vo ~ 
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Fig. I 

Here q and je are  the neutral  and e lec t ron flux densities respect ively,  Ji0 is 
the ion flux density f rom the anode, ne, ni, nn are  the part icle  concentrat ions;  vi 
is the e lectron ionization collision frequency, ~P is the potential, % is the imposed 
potential difference,  e is the electron charge,  m and M are  the e lec t ron and ion 
masses ,  r is the e lec t ron cyclotron frequency,  be• is the t r ansverse  electron 
mobility, a0 is the total collison section of e lectrons with loss of the directed 
momentum, Ve is the e lec t ron thermal  velocity,  vi0 is the initial ion velocity in the 
beam, v0 is the mean directed velocity of the neutrals ,  x0 is the anode coordinate.  
The boundary conditions for  the l ayer - type  solution have the form 

r =r = 0 ,  j~(0) = 0 ,  q(0) =q0 or q(x0) =q0 (1.2) 

and the layer  thickness x0 is found f rom the condition 

(z0) = ~0 (1.3) 

For  x > 0 (1.1) descr ibes  the case in which the working substance is fed through the anode. It is not 
difficult to see that the same sys tem of equations (with the replacement  Je ~ - Je) for x < 0 descr ibes  the 
other case,  in which the neutral flux t ravels  in the direct ion of the anode, if par t ic les  are  not reflected 
f rom the wall.  

In formulating (1.1), for  s implici ty we neglected the e lectron p res su re  gradient in compar ison with 
the t e rm containing the e lec t r ic  field. (Account for  the dropped te rm has re la t ively little effect  on the 
nature of the solution [7] and is the subject of a separate  study.) However we shall assume that the 
electrons have energies  considerably g rea te r  than the ionization potential.  This makes it possible to 
consider  the quantity < eiVe > independent of the e lectron tempera ture ,  and the quantity < ~0ve > will also 
be assumed approximately constant.  Moreover ,  in the one-dimensional  model being studied no account is 
taken for removal  of e lect rons  along the magnetic field, which occurs  in actual finite schemes .  This 
experimental ly  observed phenomenon [6] is most  significant at the beginning of the l ayer  and apparently 
leads to some deformation of the low-voltage par t  of the l aye r .  The sys tem of equations (1.!.) is also not 
applicable for examining the nseparationn region near  the anode, in which the electrons pass  f ree ly  to the 
anode f rom a distance approximately equal to the Larrnor  radius .  Finally,  it should be noted that we 
neglect  the ionization of the neutrals  by fast  ions and ion charge exchange. 

It should be par t icu lar ly  noted that (1.1) does not describe cor rec t ly  the phenomenon in the region of 
small  e lec t r ic  fields:  f irst ,  because of the loss  of e lect rons  and ions f rom this region along the magnetic 
lines of force and, second, because the e lec t ron tempera ture  at the beginning of the layer  is low, so that 
the quantity < eive > is also small ,  and it is possible that ionization by fast  ions will play the dominant 
role in the region in question. Therefore ,  s t r ic t ly  speaking, the solution of (1.1) must  be merged in the 
region of low e lec t r ic  fields with the quantities determined f rom the solution of the corresponding supple-  
mentary  problem.  In other  words,  the solution of the las t  problem would make it possible to determine 
for  the model in question the boundary conditions in the region of smal l  e lec t r ic  fields with account for the 
real  physical conditions in this region.  However this procedure  is quite complicated and will not be 
examined here~ For  our purpose it is sufficient to consider  only the approximate descript ion of the anode 
layer  of finite thickness within the f ramework of (1.1) with the natural " layer  type" boundary conditions (1.2). 

We introduce the following dimensionless  quantities (primes will be dropped hereaf ter) :  

s = x / l * ,  ~1=~/~*, ne'=n~/n*,  n i ' = n i / n * , ] d = ] ~ / q o ,  q '=q /qo  (1.4) 

where 
l* ( ecp* <~ov~> '~'/~ n* = vo 

= x~-~' ~ l  ' <~e> l* ' q0 = noVo (1.5) 

Here n o is the initial neutral  concentration, ~v* is the charac te r i s t i c  potential value.  

Then we can wri te  (1.1) in the form 

de dio ..~ d'n ~ '!~ d-'y:qne, -d~-s=qne, ]e=qne ' n ' d - ~ : n e - - n i ,  n i - -  V ~ - ~ - -  -~-~  q'ne'ds" (1.6) 

Here 

690 



i \\ 2 

-z@ f # / Z 

F i g .  2 

I'~_._%o ( M . \ 'A no [ M ~/~ 

(1.7) 
(~o + Mv~o ~ / 2e Mvo 2 too) e ( eT* ~*1~ <r 6 = :~, g : 2e(p* 

The bounda ry  condi t ions  (1.2) take the f o r m  

(o) = n" (0) = o, 1, ( 0 ) = 0 ,  q (0) = i or  q (So) = l (1 .8 )  

The l a y e r  th ickness  so is found f r o m  the condi t ions  

(so) = ~o / ~* 0.9) 

We see  f r o m  (1o6) that  the p a r a m e t e r s  5 and ~, due to the ex i s tence  of the 
init ial  ion beam ve loc i ty  and the nonze ro  t he rma l  ve loc i ty  of the neu t ra l  a toms,  
a r e  of  s e c o n d a r y  i m p o r t a n c e ,  s ince  the o r d e r  of magni tude  of the t e r m s  in which  

these  p a r a m e t e r s  a p p e a r  is d e t e r m i n e d  by the magni tude  of the p a r a m e t e r s  ~ and ft. Thus ,  the natu~:e of 
the solut ion is d e t e r m i n e d  b a s i c a l l y  by the t h r ee  d i m e n s i o n l e s s  c r i t e r i a  a ,  fl, ~ .  Specif ical ly ,  phys ica l ly  
d i f fe ren t  d i s c h a r g e  s t a t es  can be r e a l i z e d ,  depending on the r e l a t i onsh ip  be tween the i r  magni tudes .  It is 
e a s y  to see  that  a -~Ji0/H, fl ~ n 0 / H  and •  i .e . ,  only the p a r a m e t e r  fi depends on the neut ra l  gas  
f lowra te  (or p r e s s u r e ) ,  the c r i t e r i o n  x d e p e n d s  only on the a c c e l e r a t i n g  vol tage ,  and the p a r a m e t e r  a is 
a s s o c i a t e d  with the s i ze  of the ex te rna l  ion b e a m .  

2. Le t  us f i r s t  examine  the " v a c u u m "  d i s c h a r g e  r e g i m e .  In this case  the re  is no ex te rna l  ion beam 
(v~ = 0), and the concen t r a t ion  of  the ions which  f o r m  in the d i s c h a r g e  gap can be neg lec ted  in c o m p a r i s o n  
with the e l e c t r o n  concen t r a t ion  (fl << 1). The vacuum d i s c h a r g e  r e g i m e  is r e a l i z e d  fo r  suf f ic ient ly  low 
p r e s s u r e  (p ~ 10 -3 T o r t  fo r  the expe r imen ta l  condi t ions  of [4-6]).  

It is convenient  to take ~* = r as  the potent ia l  m e a s u r e m e n t  s ca l e ,  and q(0) = ] as  the boundary  
condi t ion.  Then the solut ion of (1.6) with the condi t ions  (1.8) is ea s i ly  found in p a r a m e t e r i c  f o r m  

P - - i  (2.1) s = ~-1 (D (z), ~1 = x-2 tF (z), n ~ = u ~ ,  q = e  z ( ] e = q - - l )  
Z 8  g 

i te e dt tF (z) = i tzee dt 
(1)(Z) = e t - I  ' e t - t  

o o 

Here  

(2.2) 

The p a r a m e t e r  z in (2.1) can take both pos i t ive  (in the case  of neut ra l  flux f r o m  the anode) and 
negat ive  (for neu t ra l  f lux to the anode) va lues .  The c o r r e s p o n d i n g  reg ions  of v a r i a t i o n  of  z a r e  bounded 
by the condi t ions  0 ~< z -< zl and z2 -~ z -< 0, whe re  zt  and z2 a r e  the roo t s  of the equat ion ~(zl,2) =~2.  The 
l a y e r  t h i ckness  is found f r o m  the r e l a t i on  so = ~-~l ~(zl,2)1. F o r  c e m p a r i s o n  we note tha t  the so lu t ion  
obtained under  the a s s u m p t i o n  of un i fo rm neu t ra l  dens i ty  d i s t r ibu t ion  in the l a y e r  [7] has  the f o r m  

~l : 112s2, ne ---- n, ]e = zs (s o = (2-) (2.3) 

The so lu t ion  (2.1) is shown in F ig .  2 in the f o r m  of the dependence  of 2~277,q and n e / z  on ~ = n s  
(curves  1, 2, 3 r e s p e c t i v e l y ) .  Also  shown dashed  is the pa rabo la  42 which is the solut ion (2.3). In c o n t r a s t  
with (2.3), the e l e c t r o n  concen t r a t ion  is not un i fo rm  a c r o s s  the l a y e r .  In this  connec t ion  the re  is a l so  a 
change  of the l a y e r  th i ckness ,  the l a y e r  b e c o m i n g  th i cke r  in the case  of  neu t ra l  flux f r o m  the anode and 
th inner  in the case  of flux in the opposi te  d i r ec t ion .  F o r  n << 1 the d i f fe rence  be tween (2.1) and (2.3) is 
na tu ra l ly  s m a l l .  The p robab i l i ty  of neu t ra l  ion iza t ion  in the l a y e r ,  and t h e r e f o r e  nonun i fo rmi ty  of  the 
neu t ra l  gas  d i s t r ibu t ion ,  and the d i f f e rence  be tween  the solut ions  b e c o m e  s igni f icant  fo r  ( n ~  1. This  
c o r r e s p o n d s  to v e r y  l a r g e  va lues  of  the i m posed  vo l tages  and magne t i c  f ie lds .  F o r  example ,  fo r  < rriv e > 
10 -7 c m a / s e c ,  < ~r0v e >/< ~iVe > ~3 ,  v 0 ~ 3 . 1 0  4 c m / s e c ,  we find H2~O0 ~ 1012 Oe 2 "V. 

3. Now le t  us examine  the d i s c h a r g e  r e g i m e  with an ex te rna l  ion b e a m .  We a s s u m e  that  the c o n c e n -  
t r a t i on  of the ions which  f o r m  in the d i s c h a r g e  can be neg lec ted  in c o m p a r i s o n  with the ion concen t r a t i on  
in the b e a m  (fi << oe). Then it  fol lows f r o m  (1o6) that  fo r  (n << c~) the re  m a y  be the quas ineu t ra l  so lut ion 
ne ~ n i .  With the a id  of  (1.7) the condi t ion fo r  quas ineu t r a l i t y  of the l a y e r  can be wr i t t en  in the f o r m  

7 - 1 ~ 7  ~-~-t \ i * - ~ = ~ - ~ \ ~ /  ~ 1  (3.1) 
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The charac te r i s t i c  cur rent  e j* depends only on the proper t ies  of the working medium and the magni -  
tudes of the magnetic field and voltage.  For  ~* ~ 10 ~ V, H ~ 103 Oe, (M/m) 1/2 ~600, < ~iv e >/< CoVe > ~ 0.3 
we obtain ej* ~ 15 m A / c m  2. Thus, for ion beams of sufficient density (3.1) may be sat isf ied.  To solve the 
problem it is convenient to take (P* = q~0 + Mvi02/2e and the boundary condition q(0) = 1. Then 6 = 1 and the 
l ayer  thickness is found f rom the relat ion 

, (~=Mv~o' ) 
~1 (so) = i + ~ , 2-27~-o < t (3.2) 

We have for the charged par t ic le  density 

ne "~" ni = a / ] / ' t  - -  ~l 

Excluding he, q, and Je f rom (1.6), we obtain 

a d s ~ t  .q [ t = 0  

The solution of the posed problem may be wri t ten in pa ramet r i c  form 

(3.3) 

(3.4) 

] / i  n [(t t)e'] v'~' i ~I(l--u)~lV'~'du t 
-- = --  , s = ~ - O  l - 2 u  ' q = i - - t  (3.5) 

0 

In the general  case the pa rame te r  t in (3.5) var ies  in the range - ~o < t -< 1. (The region t > 0 
corresponds  to the case of neutral flow f rom the anode, for t < 0 the neutral  flow has the opposite 
direction.) 

If neutral  entry  into and burnup in the l ayer  is not considered,  the problem reduces  to the equation 
[8] which is obtained f rom (3.4) if we set  a = 0. In other words ,  the influence of nonuniformity of the 
neutral atom distribution in the l ayer  can be found by compar ing (3.5) with this formal  solution. We find, 
as in the preceding case, that with increase  of a the l ayer  thickness increases  significantly if the neutrals  
flow from the anode and decreases  ff the neutrals  flow to the anode. Figures  3 and 4 show for different 
values of a (numerals on the curves) the potential ~(s) and neutral ionization probabili ty distributions on 
the segment  f rom 0 to s for  the case of neutral  flow from the anode: p(V) = 1 -  1/q(~). (If the neutral  flow 
has the opposite direction,  the formula  for  the ionization probabil i ty changes:  p = 1 - q.) For  /~ = 0 the 
neutral ionization probabfli~, equals one. However g c lear ly  is always an appreciable quantity, p r imar i ly  
because of the existence of a stripping region near  the anode. Therefore  the regions of steep growth of 
p(~) near  ~ = 1 are  excluded f rom considerat ion by the condition (3.2). The probabili ty of neutral ionization 
in the l ayer  will thus be close to one for a ~ 1. With the aid of (8.5) we can evaluate the o rder  of magnitude 
of the dropped te rm in the Poisson equation and see that the quasineutral i ty  condition (3.1) is not violated 
anywhere for the solution in question. 

4. Finally,  le t  us examine the case of se l f -maintained discharge in the absence of an external ion 
beam (c~ = 0), when all the ions are  formed in the l ayer  and their  space charge must  be considered.  In 
this case it is of in teres t  to t race  the evolution of the solutions with increase  of the neutral  gas p r e s su re  
(or flowrate)~ We shall consider  only the case whenthe neutrals  a r r ive  through the anode. Therefore  we 
shall use the condition q(s0) = 1 and take q~* = r 
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It is not possible to find the exact analytic solution of (1.6) under the 
assumptions made. Having the solution (2.1) for fi = 0, it is not difficult 
to write the approximate solution (1.6) in the form of an expansion in fl. 
However it is lengthy, and for  a reasonable number  of te rms  it provides 
adequate accuracy  only for fi << 1. Therefore  the problem was solved 
numer ica l ly  by success ive  approximations,  taking steps in ft. The p a r a -  
mete r  8, which accounts for the initial ion velocity, equal to the thermal 
velocity of the neutrals ,  is general ly speaking very  small .  However it is 
obviously advisable to take a somewhat l a rge r  value in the calculations.  
The fact  that in real i ty  the ions formed in the region with small e lec t r ic  
field (dV/ds ~ 0) exit f reely  from the layer  is to some degree accounted 
for by the increased  value of 8. The computation resul ts  presented below 
were obtained with 8 = 10-2o 

The computational resul ts  a re  shown in Figs.  5-7. The relat ions 
ne (~f~) (solid curves) and hi(r (dashed curves) are  shown in Fig.  5 
for  ~4 = 0.2 and different fl (numerals on curves) .  The e lectron and ion 
concentrat ions increase  with increase  of fi and become highly nonuniform, 
decreas ing  in the direct ion toward the anode. (In the model problem 
examined the ion and electron densities at the beginning of the layer  do 
not coincide because of the simplifications made~ Figure 6 shows the 
potential distribution V(s) for ~ = 0.2 (the numerals  on the curves show 
the values of fi). We see f rom the curves that with increase  of fi f rom 
zero  the l aye r  f i r s t  becomes thinner and then, beginning at some t3 = fi.(~), 
the l ayer  expands. The fact  that the l ayer  thickness decreases  for small  
fi is related to the nature of the spatial distr ibution of the ions. Since 
n i ~ 0 as s ~ s o and the e lectron current  to the anode for small  fi 
inc reases  fas te r  than a l inear  function of fl, the e lec t r ic  field potential 
near  the anode increases  and the l ayer  thickness decreases .  However 
the influence ofnonuniformity of the neutral concentration owing to their 
burnup with fur ther  increase  of fi opposes this effect. The electron 
mobility increases  in the direct ion toward the anode, leading to reduction 

of the e lec t r ic  field intensity near  the anode and increase  of the layer  thickness.  Figure 7 shows two 
families of curves  q(~?) for ~= 0.05 (dashed) and ~4 = 0.2 (solid). For  fixed n the neutral  burnup and conse -  
quently the nonuniformity of their  distribution increase  with increase  of fl (and also with increase  of ~t). 
Fo r  example, for ~= 0.2 and n = 0.8, the neutral ionization probabili ty reaches  0.8. For  smal le r  values 
o fu (~  < 0.1) a solution could be obtained only up to fl = 0.4-0.5, when the ionization probabili ty in the l aye r  
is still re la t ively low. However it is c lear  f rom physical considerations that ionization begins to increase  
rapidly with fur ther  increase  of fl up to values on order  of one. 

It is of in teres t  to compare ,  to the degree possible,  the exact resul ts  obtained with the simple 
approximate formula of Zharinov for the ionization probabili ty of the neutral atom in the layer .  The 
ionization probabili ty in the l ayer  can be wri t ten in the form 

o 
(4.1) 

The integral in the exponent is expressed  approximately in t e rms  of the average drift  velocity v ~  
and the total drift  flux 5H of the electrons a r r iv ing  per  unit length along the z axis 

i o n edx~ " nec ~ d x - -  ]H 
H v 

o o 
(4.2) 

Using the relat ion [8] 

]H "~"/'iPt + cE~ 8aeH 
(4.3) 

and the approximation 
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v ~ c(po Xo ~ g'21*, Eo ~ 2 

it is not difficult to obtain the sought formula in the form 

P ..~ i -- exp [-- ]/'2 (2)~]P -~)]  (4.4) 

Here we have used the notations: Ji is the flux density of the ions formed in the layer ,  Pi is their  
average L a r m o r  radius,  E 0 is the intensity of the e lec t r ic  field on the anode, X is the rat io of the average 
ion velocity to the maximal velocity.  On the basis of (4.4) we can state that the neutral ionization 
probabili ty in the layer  for  P ~ I will be significant for all values of• .  Figure  8 shows the relat ion P(Xfl) 
obtained from (4.4) for various values of n (numerals on the curves),  and for ~4 = 0.2 a compar ison is made 
with the value of 1 ) calculated exactly (crosses  and dashed curve).  We see that for X ~ 0.66 there is good 
agreement  up to fl ~ 0.6. The discrepancy beginning with t3 ~ 0.7 can be explained by the fact  that the value 
of X increases  with increase  of P, approaching one as P --* 1. Thus, if on some basis  we can determine 
the value of X appropriate for some range of values of the pa rame te r  fi, then (4.4) permits  rapid de te rmina-  
tion of the ionization probabili ty.  

In conclusion we note the following situation. We mentioned previously the increase  of the layer  
thickness with increase  of n and fl if the neutral flow comes f rom the anode. On the basis of simple 
physical considerations it is not difficult to explain this phenomenon and obtain the limiting value of the 
l ayer  thickness for fl >> 1 (~ >> 1). We write the total e lect ron drift  flux JH in the form 

io ~o 1 .In = ]e(co'~)edx= I q(x)p(x)(or~),dx (Ze <ZOVe)~) (4.5) 
0 0 

Then, using (4.3), omitting therein the drift  cur rent  held back by the anode surface charge and con- 
s idering that for /3 >> 1 

~a 

p-->t, ~--->t, ! P(x)dx'-->x~ 
0 

we obtain 

so --> 28 (4.6) 

In the more  general case, when there is also an external ion beam, we have in place of (4.6) 

so -+ 2 (a ~ 8) (4.7) 

The layer  thickness without account for neutral a r r iva l  and burnup is equal in o rder  of magnitude to 
the electron L a r m o r  radius [7, 8], which makes questionable the applicability of the diffusion approximation 
used in those studies.  The disclosed effect of increase  of the layer  thickness with increase  of the neutral 
flux f r o m  the anode justifies the use of the diffusion approximation for sufficiently large flow rate and 
justifies the resul ts  obtained in this approximation.  
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