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Using sys t ema t i c  numer ica l  calculat ions of an a r c  d ischarge  in a coaxial  in te re lec t rode  
gap, the potential  drops  and the e lec t ron  density and t e m p e r a t u r e  a r e  obtained as a function 
of the cur ren t  density,  the p l a s m a  p r e s s u r e ,  the azimuthal  magnet ic  field, and the in te r -  
e lec t rode  distance.  Genera l  conclusions a re  drawn f r o m  the re la t ions  obtained. 

The l o w - p r e s s u r e  d ischarge  has been invest igated in many theore t ica l  and exper imenta l  pape r s ,  for  
example  [1-3]. 

In this invest igat ion we consider  the change in the p l a sma  p a r a m e t e r s  in a cyl indrical  diode with an 
azimuthal  magnet ic  field as a function of the d ischarge  conditions. The inner cyl indrical  e lec t rode  is taken 
as the cathode, the ex te rna l  one as the anode. The azimuthal  magnet ic  field is produced by an e lec t r i c  c u r -  
rent  flowing coaxially with the diode. The p rob l em is solved in the one-dimensional  formulat ion,  which 
co r re sponds  to the case  when the main  discharge  p a r a m e t e r s  have t r a n s v e r s e  grad ien ts ,  which a r e  much 
g r e a t e r  than the longitudinal g rad ien ts ,  and rad ia l  diffusion cu r ren t s  play the main par t .  The composi t ion 
of the p l a sma  is a s s u m e d  to be in t he rmodynamic  disequi l ibr ium,  the ioniza t ion-recombinat ion p r o c e s s e s  
have a eol l is ional  c h a r a c t e r ,  and comple te  ion recombina t ion  occurs  at  the e l ec t rodes .  It is a s sumed  that 
the e lec t rons  have a dis tr ibut ion which differs  slightly f r o m  Maxwellian, and the gas -dynamic  t r a n s f e r  equa-  
t ions a r e  a s s u m e d  to be comple te ly  appl icable  to the e lec t ron  gas .  It is a lso  a s sumed  that the mixture  of 
ions and a toms f o r m s  a s i n g l e - t e m p e r a t u r e  gas  of heavy pa r t i c l e s .  With the exception of nar row l a y e r s  
at the e lec t rodes  the quas i -neu t ra l i ty  condition is sa t i s f ied  in the p la sma .  In the heat balance,  the l o s se s  
of energy  due to radia t ion a r e  insignificant .  

Unlike that  in [1, 3] the theore t ica l  calculat ion is made on the bas i s  of the more  accura te  s y s t e m  of 
t r a n s f e r  equations obtained in [4, 5] in the 13-moment  approximat ion.  In this it is assumed that ~r <<1, 
where  ~ is the e l e c t r o n - i o n  m a s s  ra t io ,  and 0 is the ra t io  of t h e t e m p e r a t u r e s  of the heavy-pa r t i c l e  gas and 
of the e lec t rons .  The equations a r e  wri t ten  for  the one-d imens ional  a x i s y m m e t r i c  case ,  and in the ion con- 
serva t ion  equation a t e r m  is added to allow for  the crea t ion  of pa r t i c l e s .  This kinetic t e r m ,  wh ichdesc r ibes  
the change in the number  of ions per  unit volume due to ioniza t ion-recombinat ion  p r o c e s s e s ,  takes  the fo rm 
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for  a s i n g l e - t e m p e r a t u r e  p l a s m a  of the usual f o r m  [3]. Here  K 1 is the ionization ra te  factor ,  ne is the e lec -  
t ron  density,  na is the a tom density,  and na ~ is the equi l ibr ium a tom density for the actual  e lec t ron  density.  

The equi l ibr ium density na ~ is calculated taking into account the t w o - t e m -  
s  pe ra tu re  nature  of the p l a sma  f r o m  the s ta t i s t ica l  re la t ion  in [6]. The 

change introduced in the prev ious ly  employed method of calculat ion leads  
? ~ ~  p Z ~  J Z ~  to the fact  that the equi l ibr ium state  in a t w o - t e m p e r a t u r e  p lasma,  ob- 

.... ta ined f r o m  a calculat ion of the ioniza t ion-recombinat ion  p r o c e s s ,  will 
be  in a g r e e m e n t  with the s ta t i s t ica l  calculation.  The boundary conditions 
take into account the physical  a r r a n g e m e n t  used in [7, 8]. However ,  the 

2 2 2 5 3 r, cm express ion  for  the ion cu r ren t  to the walls  is twice that used in these 

Fig. 1 
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p a p e r s  b e c a u s e  of  our  a s s u m p t i o n  tha t  the ions  a t  the  e x t e r n a l  b o u n d a r y  of the  L a n g m u i r  l a y e r  move  in a 
s i ng l e  d i r e c t i o n .  

�9 The bounda ry  va lue  p r o b l e m  f o r m u l a t e d  r e d u c e s  to the  so lu t ion  of the  Cauchy  p r o b l e m  for  a s y s t e m  
of o r d i n a r y  d i f f e r e n t i a l  equa t ions  w i th  subse que n t  a c c u r a t e  so lu t i ons  by the Newton i t e r a t i o n  me thod .  To 
ob ta in  the  i n i t i a l  so lu t ion  (which does  not  s a t i s f y  the  whole  s y s t e m  of bounda ry  cond i t ions )  of the  Cauchy  
p r o b l e m  ove r  the  whole  a s s i g n e d  i n t e r v a l  of the  i n t e r e l e c t r o d e  gap ,  we u s e d  the  r a n d o m  s e a r c h  me thod  to  
f ind  the  e x t r e m u m  of func t ions  of many  v a r i a b l e s .  

Th i s  i n v e s t i g a t i o n  of a l o w - p r e s s u r e  a r c  d i s c h a r g e  in a c y l i n d r i c a l  d iode  a p p l i e s  to a l i t h i u m p l a s m a ,  
w h i c h  has  an ion m a s s  m = 1 1 . 5 2  �9 10 -24 g, and  an i on i za t i on  po t en t i a l  V =5.39 eV. The  g a s - k i n e t i c  d i f fus ion  
c r o s s  s e c t i o n  in the  t e m p e r a t u r e  r a n g e  f r o m  2000 to 10,000~ was  t aken  to be in the  l i m i t s  Qea  = (2 .4-3 .2)  �9 
10 -14 c m  2, and  Qai =(6 .6 -8 .5 )  �9 10 -14 c m  2, and  the  i on i za t i on  r a t e  f a c t o r  K 1 =2 �9 10-17-7.9 �9 10 -9 c m 3 / s e c .  We 
took  the  r a d i u s  of the  i n t e r n a l  e l e c t r o d e  to be unchanged  a t  r I =20 m m ,  the  anode  and ca thode  t e m p e r a t u r e s  
T 1 = T 2 =2700~ and  the t h e r m i o n i c  e m i s s i o n  c u r r e n t  de ns i t y  J0 = 1.47 A / c m  2. 

The  r e s u l t s  of the n u m e r i c a l  so lu t i on  of the above  bounda ry  va lue  p r o b l e m  on a c o m p u t e r  in the  r a n g e  
of p r e s s u r e s  Pl = 0 . 1 - 0 . 3  m b a r ,  c u r r e n t  dens i ty  Ji = 1 . 1 0 - 2 . 1 7  A / c m  2, m a g n e t i c  induc t ions  B 1 =15 -50  G, and  
i n t e r e l e c t r o d e  gaps  L = 5 - 1 5  m m  a r e  shown in F i g s .  1-11 (the d i s t a n c e  r is  m e a s u r e d  f r o m  the ax i s  of s y m -  
m e t r y ) .  A check  of the  so lu t ion  us ing  the c r i t e r i o n  g iven  in [9] showed tha t  unde r  t h e s e  c o n d i t i o n s , i n  r e -  
g ions  of the  d i s c h a r g e  in wh ich  r e c o m b i n a t i o n  p l a y s  an i m p o r t a n t  p a r t ,  the  l a t t e r  is  of g r e a t e r  v a l u e  i n t r i p l e  
c o l l i s i o n s  than  r e c o m b i n a t i o n  by r a d i a t i o n .  The  t e m p e r a t u r e  of the  heavy  componen t  of the  p l a s m a  unde r  
t h e s e  cond i t ions  d i f f e r s  v e r y  l i t t l e  f r o m  the e l e c t r o d e  t e m p e r a t u r e .  A n a l y s i s  showed  tha t  the  p r e s s u r e s  
a s s u m e d  in the  c a l c u l a t i o n s ,  Pl > 0.1 m b a r  fo r  a va lue  of the  i n t e r e l e c t r o d e  gap  L > 5 m m ,  l i e  in the  r e g i o n  
of p e r m i s s i b l e  v a l u e s  fo r  which  th i s  s y s t e m  of equa t ions  can  be u sed .  

F o r  F i g s .  1 -4 ,  Pl =0.1  m b a r ,  Ji =1 .3  A / c m  2, and  B 1 =50 G; c u r v e  1 c o r r e s p o n d s  to L = 5  m m ,  c u r v e  2 
c o r r e s p o n d s  to  L = 1 0  ram,  and  c u r v e  3 c o r r e s p o n d s  to L = 1 5  ram.  The  po ten t i a l  in the p l a s m a  is  c a l c u l a t e d  
wi th  r e s p e c t  to the  ca thode ,  and  ~ and  g02 a r e  in e f f ec t  the  ca thode  and anode  po t en t i a l  d r o p s .  

An i n v e s t i g a t i o n  of the  change  in the  p l a s m a  p a r a m e t e r  d i s t r i b u t i o n  as  a funct ion of the  i n t e r e l e c t r o d e  
gap  L (F igs .  1-4) showed tha t  fo r  a g iven  c u r r e n t  d e n s i t y  Jl and  p r e s s u r e  Pi a t  the  ca thode  a s  L i n c r e a s e s  
t h e r e  i s  an i n c r e a s e  in the  m a x i m u m  e l e c t r o n  de ns i t y  ne*  , the  e l e c t r o n  de ns i t y  a t  the  ca thode  ne l  , the 
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maximum potential in the plasma with respec t  to the external boundary of the Langmuir  layer  at the cathode 
~o*-91 , and the relat ive dimensions of the region of recombination adjacent to the anode A t / L ;  the electron 
t empera tu res  Te and the potential differences in the Langmuir  cathode and anode layers  ~ and ~ fall; the 
e lectron density at the anode ne2 remains  pract ical ly  unchanged; and there is a slight change (a tendency 
to fall) in the ion diffusion cur ren t  J2. 

For Figs.  5-8, j l = l . 3  A / c m  2, ]31=50 G, and L=5  mra; for Figs.  9 and 10, pl =0.3 mbar,  Bl=50 G, and 
L=5  ram; and for  Fig. 11, Pl =0.1 mbar ,  Jl =1.3 A / c m  2, and L=5  mm. In Figs.  5 and 9, curves 1 and 2 show 
the potential drop in the layers  adjacent to the cathode and anode, and curve 3 shows the over-a l l  potential 
difference; in Figs.  6, 10, 11, and 8, curves  i and 2 represent  the electron density and the degree of ion- 
ization at the external  boundary of the Langmuir  layer  at the cathode and anode respect ively ,  and curve 3 
shows the maximum value of the density and degree of ionization; in Fig. 7, curves  1 and 2 represen t  the 
energy flow (taking into account the ionization energy),  and curves  3 and 4 r ep resen t  the e lectron t emper -  
ature at the cathode and anode. 

Systematic calculations of the discharge for  a constant interelectrode gap L with a constant current  
density Jl and magnetic induction B 1 at the cathode (Figs. 5-8) showed that as the p ressu re  Pl is increased 
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the m a x i m u m  elec t ron  dens i tyne*and  the e lec t ron  density at the cathode nel inc rease ,  the density at the 
anode he2 has a m ax i m um  at a ce r ta in  p r e s s u r e ,  and the e lec t ron  t e m p e r a t u r e  Te and the degree  of ion- 
ization (~ dec rease ;  the e lec t ron  density and t e m p e r a t u r e  at the cathode, in the range of p a r a m e t e r s  in-  
ves t igated continuously r ema in  above the cor.responding values at the anode. 

An inc rease  in the cu r ren t  density (Figs.  9 and 10), like an inc rease  in the magnet ic  field (Fig. 11), 
gives r i s e  to an increase  in the e lec t ron  densi t ies  nel and he2, the e lec t ron  t e m p e r a t u r e  at the cathode Tel,  
the potential  d i f ferences  in the l a y e r s  adjacent  to the e lec t rodes  ~ and ~ ,  and a drop in the e lec t ron  t e m -  
pe ra tu re  at the anode Te2; the overa l l  potential  difference U i n c r e a s e s  with the cur ren t .  

The above invest igat ion shows that numer ica l  invest igat ion of a gas d ischarge  using a computer  is 
ve ry  fruitful .  The ma te r i a l  p re sen ted  should faci l i ta te  fu r the r  theore t ica l  work  on gas  d i scharges  using 
computat ional  methods,  for  the successfu l  use of which genera l  ideas on the behavior  and o rde r s  of m a g -  
nitude of the discharge p a r a m e t e r s  a r e  needed.  
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