
account  of the subs tant ia l  influence of  the t rapping,  i t  should be noted that  to produce a un i fo rm volume d i s -  
charge  i t  is n e c e s s a r y  to s e l ec t  the vol tage a t  the a c c e l e r a t o r  diode so that the t r ans i t  of  the h igh-energy  e l e c -  
t rons  in the working gas R E would exceed the d ischarge  d imens ion  during the whole p r o g r e s s  of the c u r r e n t  
pulse .  Let  us note the p rospec t s  of  using e l ec t r i c  lines as ene rgy  s to rage  for the e lec t ron  a c c e l e r a t o r  for 
these purposes .  
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C O N D I T I O N S  F O R  T H E  M A I N T E N A N C E  O F  T H E  C U R R E N T  

I N  T H E  C A T H O D E  L A Y E R  O F  A S E M I - S E L F - M A I N T A I N I N G  

V O L U M E T R I C  D I S C H A R G E  E X C I T E D  BY A N  E L E C T R O N  B E A M  

Y u .  D.  K o r o l e v ,  V .  B.  P o n o m a r e v ,  
a n d  V .  S.  S y n a k h  

UDC 533.915 

The dis t r ibut ion of  an e lec t r i c  field in a gas gap with the flow of a s e m i - s e l f - m a i n t a i n i n g  d i scha rge  
through the gap is c h a r a c t e r i z e d  by the p r e s e n c e  of p r ee l ec t rode  regions  with an inc reased  intensi ty  of the 
field and the column of the d i scharge ,  where  the field is app rox ima te ly  homogeneous [1]. With a sma l l  r a t e  of 
genera t ion  of e l e c t r o n - i o n  pa i r s  r and sma l l  applied vol tages  U0, there  a r e  s t rong  sc reen ing  condi~2ons. 
Under these  conditions shock ionization,  as a ru le ,  is insignif icant  [1]. With high values  of  ~ and U0, the e l e c -  
t r i ca l  field in the cathode reg ion  r i s e s  so much that  the p r inc ipa l  m e c h a n i s m  of the genera t ion of charged 
pa r t i c l e s  can become shock ionization. Then, the p r o c e s s e s  in the cathode layer  of  a d i scharge  exci ted by a 
beam and of a glow d i scharge  a r e  s i m i l a r  in many  r e s p e c t s .  There fo re ,  the use  of  methods of calculat ion 
developed  for the invest igat ion of a glow d ischarge  has made it  poss ib le  (see,  e .g . ,  [2-4]) to obtain ce r t a in  
evaluat ions for  the case  of la rge  cu r r en t s .  

In the p r e s e n t  work,  on the basis  of a n u m e r i c a l  solution of t he  balance of charged pa r t i c l e s  and the 
Po i s son  equation, an invest igat ion is made of in te rmedia te  conditions of the pa s sage  of a c u r r e n t  in the cathode 
layer .  The t r ans fo rma t ions  of the cathode layer  a f t e r  the beam has been switched off a r e  also d iscussed.  

The s y s t e m  of equations for  de te rmin ing  the p a r a m e t e r s  of the preca thode  layer  has the f o r m  

(i) --dl+/dx ----- d]_/dx ---- e~p -~- a]_ - -  ~]_(1 _ ]_)/v+v.., (1) 

d 

dE/dx  = [(1 -[- v+/v_) j_  - -  ] ]/sv+, 1_ (0) ~ ?]/(1 + V), 1 -  (d) = ], .f E (x) dx  = Uo, 
0 

Tomsk.  Novosibi rsk .  Trans la ted  f rom Zhurnal  Pr ik ladnoi  Mekhaniki i Tekhnieheskoi  Fiziki t  No. 1, pp. 
21-25,  J a n u a r y - F e b r u a r y ,  1979. Original  a r t i c l e  submit ted  Feb rua ry  20, 1978. 
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where  ] =eE(~_n_+ p~-n+)/p is the densi ty  of  the d i scharge  cu r r en t ,  defined as  the sum of the e lec t ron ic  j_ and 
ionic j+ components  of the c u r r e n t s ;  v •  p•  n~ a r e ,  r e spec t ive ly ,  the r a t e  of drif t ,  the mobil i ty ,  and the con- 
cent ra t ion  of the ions and e l ec t rons ;  7 is the coeff ic ient  of  secondary  emis s ion  f r o m  the cathode; a , /3  a r e  the 
coeff ic ients ,  r e spec t i ve l y ,  of shock ionization and recombina t ion ;  E is the intensi ty of the e lec t r i c  field; e is 
the d ie lec t r ic  p e r m e a b i l i t y  of  the medium;  d is the in te re lec t rode  dis tance;  e is the e l e m e n t a r y  charge ;  p is 
the p r e s s u r e  of the gas.  

The calculat ions were  made for ni t rogen;  the following va lues  of the p a r a m e t e r s  were  taken: ~ = 2 "  10 -7 
cm3/sec; 7 = 10 -2 ; /~_ = 2.9" 105 c m  2 � 9  Hg/(V �9 sec);  p+ = 2" 103 c m  2" m m  Hg/(V �9 sec).  The coeff icient  of shock 
ionizat ion was approx imated  by the fo rmula  a = A p  exp( -Bp/E)  with the constants :  A =5.7 1/(cm" m m  Hg), B = 
260 V/(cm" m m  Hg). The method of  the numer i ca l  solution of s y s t e m  (1) coincided with that  descr ibed  in [5]. 

F igure  l a - c  gives the dis t r ibut ions of the e l e c t r i c a l  field nea r  the cathode (curves 1) and a l inear  
approx imat ion  (curve 2) with the following condit ions:  a) ~=1018 1/(cm3" sec);  ] = 0.04 A/cm2; 15=300 m m  Hg; 
E(0) =47 kV/cm; b) r 1/(cm3"sec);  j = 0 . 7  A/era2; p=760  m m  Hg; E(0)=169 kV/cm; c) ~=1018 1/(cm 3" sec);  
] = 13 A/cm2; p = 760 m m  Hg; E(0) = 441 kV/cm.  Curves  1 conf i rm the p r e s e n c e  of th ree  se ts  of 
conditions of the main tenance  of the c u r r e n t  in the cathode l aye r ,  which a r e  conveniently cha r ac t e r i z ed  by the 
p a r a m e t e r  6 = aj_/e~.  With a sma l l  c u r r e n t  densi ty  (Fig. la) we have 6<<1, i .e . ,  the cathode layer  is formed 
due to the genera t ion  of charged pa r t i c l e s  under  the act ion of a beam,  and the p roce s s  of shock ionization is 
insignificant .  With high cu r r en t  densi t ies  and large vo l tages ,  on the c o n t r a r y ,  the p a r a m e t e r  6 is g r ea t  
(Fig. lc ) .  Under in te rmedia te  condit ions,  for which the dis t r ibut ion of the field is shown in Fig. lb ,  both shock 
ionizat ion and ionization of the gas by an e l ec t ron  beam play  a ro l e  in the maintenance of the c u r r e n t  in the 
cathode region.  In the reg ion  ad jacent  to the cathode we have 6>>1 and in the t rans i t iona l  region between the 
column of the d i scha rge  and the cathode layer  6 ~ 1. The p r e s e n c e  of a t rans i t iona l  region in a d ischarge  
exci ted by a beam was also shown in [5, 6]. In this work an invest igat ion was made of  the case  where ,  depend- 
ing on ~, there  is a cons iderab le  red i s t r ibu t ion  of the field between the column of the d ischarge  and the cathode 
l aye r ,  makes  i t  difficult  to in t e rp re t e  the r e s u l t s  f r o m  the point of  view of a cons idera t ion  of the m e c h a n i s m  of 
the conductivity of  the cathode layer .  In the p r e s e n t  calculat ions the r a t e  of ionization of the gas ~ and the 
vol tage drop in the column va r i ed  independently.  This makes  it  poss ib le  to i so la te  the range  of conditions under 
which there  hold one se t  of conditions or  another  for  the flow of the c u r r e n t  in the cathode layer .  

Fo r  def in i teness  in the subsequent  ana lys i s ,  the de te rmina t ion  of  the l imit  lc of the cathode layer  m u s t  be 
st ipulated.  The c r i t e r i on  for the se lec t ion  mus t ,  in the f i r s t  p lace ,  distinguish the region where  shock ioniza-  
tion plays  a sma l l  ro le ;  in the second place ,  i t  mus t  not con t rad ic t  the known method for de terminat ion  of the 
l imi t  of  the p reca thode  reg ion  using a l inear  approx imat ion  of the curve  of  E(x), used in the theory  of a glow 
d i scharge ;  [7]; in the third p lace ,  s ince the r e a l  l imi t  of  the reg ion  is washed-out ,  the value of the cathode 

Ic 
potent ia l  drop U c = iE (x) dxshould v a r y  only sl ightly with a va r ia t ion  nea r  the adopted provis iona l  value.  I t  is 

0 
expedient  to de t e rmine  l c f r o m  the values  of the ra t io  f= (n+ - n - ) /n - ,  va ry ing  within the l imits  0-1. In the 
reg ion  of the column, in p r ac t i ce  f = 0 .  Graphic  dependence of f(x) is shown in Fig. 1, a - c  (curve 3). If the 
l imit  is de te rmined  f r o m  the condition f(/c) = ~, it is found that,  with a change in ~ within the l imi t s  
0.05-0.2, the cathode potent ial  drop  changes v e r y  l i t t le .  Under these  c i r cums t ances ,  for  the f i r s t  two se ts  
of conditions the cathode l ayer  is de te rmined  taking account the t rans i t iona l  region,  while, under the th i rd  
se t  of conditions, the d i f ference  in the de te rmina t ion  of Uc in compar i son  with the method adopted in ttie theory  
of a glow d i scharge  is not m o r e  than 10 %. In our calculat ions of the v o l t - a m p e r e  c h a r a c t e r i s t i c s  (VAC) it 
was  eve rywhe re  a s s um ed  that ~ = 0.1. 

F igure  2 gives the v o l t - a m p e r e  c h a r a c t e r i s t i c s  of  the cathode layer  of a d i scharge  excited by an e l ec -  
t ron beam,  and of a glow d ischarge .  The calcula t ion was made with d = l  c m ,  ~b=10 -2. For curve  2, ~b--- 10 i8 
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1/(cm 3" sec), p= 760 mm Hg; for curves  3-5,  p= 300 mm Hg and ~ is equal respec t ive ly  to 1017 1/(cm 3" sec),  10 I8 
1/(cm 3" sec),  and 1019 1/(cm 3" sec). The conditions of the burning of a normal  glow discharge correspond to a 
minimum of curve  1. Correspondingly,  the r igh t -  and left-hand branches give the v o l t - a m p e r e  charac te r i s t i c s  
of an anomalous and a subnormal  discharge.  Using the example of  the typical  curve 2, let us follow the v a r i -  
ation in the conditions of the format ion of the cathode layer.  

The segment  a - b  ref lec ts  the f i r s t  se t  of  conditions 6<<1. This case  is descr ibed in [1] ; here  
r 2 . . . .  ~ ),~1 ~ '=  (e~Lp/~L~+) ~/2. (2) 

Uc ~ k , t t - ~ "  t ~ c , - ~  J (e,~ll-q:14 , Y,(O)/E (lc) = 

Further ,  with a r i se  in the cur ren t  density of the discharge,  there is a r i s e  in the intensity of the field at the 
cathode and in this region the p a r a m e t e r  6 becomes grea te r  than unity, it must  be noted that, under these 
t ransi t ional  conditions (segment b - c ) ,  the condition of seK-maintenance 

" c~dx 0=:V exp - - i  = i .  

adopted in the theory of glow discharge,  is not satisfied. For example,  in the region of a maximum of the 
curve 3 we have 0 = 0.75. With a fur ther  r i s e  in the cu r r en t  density of the discharge,  the cathode layer  goes 
over to the conditions of a glow discharge;  in this case,  both curves  come together;  the pa rame te r  6_> 1 in the 
whole interval .  

However,  not all the curves  of the vo l t - ampere  charac te r i s t i c s  of a d ischarge  excited by a beam have a 
maximum. Thus, with a r i s e  in ~, the curve with a maximum goes over  into curve 5, having a point of inflec- 
tion. With a fur ther  r i se  in $, we obviously obtain a monotonically r i s ing curve.  For  the at tainment of one or 
another vo l t - ampere  charac te r i s t i c ,  it is essent ia l  to know with what value and given external  pa r ame te r s  a 
layer  appears  in the cathode region,  where the condition 6_> 1 is sat isf ied;  the value of  U~ can be approximately  
evaluated using formula  (2). With U~ >Uc. n (Uc. n is the voltage drop in the cathode layer of a norraal  glow d is -  
charge) the v o l t - a m p e r e  charac te r i s t i c  has a c lea r ly  expressed  maximum, and the transi t ion to self-mainhain- 
ing conditions takes place in the subnormal  region. With a r i s e  in r the cathode potential drop U~ decreases  
and becomes comparable  to Uc.n; the curve of the v o l t - a m p e r e  charac te r i s t i c  therefore  has a point of inflec- 
tion. With a further  r i s e  in the ra te  of generat ion of pairs  of c a r r i e r s ,  U c becomes less than Uc. n and the 
v o l t - a m p e r e  cha rac te r i s t i c  is found to be monotonically r is ing.  The smal le r  the value of r the smal le r  the 
region of a non-seK-mainta in ing discharge  (with r e spec t  to the pa r ame te r  j/p2). It is obvious that, a t  the 
limit,  where the ra te  of generat ion r becomes comparable  to the ra te  of generat ion of pai rs  by the action of 
natural  sources ,  the non-se l f -mainta in ing fo rm goes over  into the v o l t - a m p e r e  charac te r i s t i c  of a glow dis-  
charge with an ignition potential cor responding to the breakdown voltage. 

Let  us consider  the t ransformat ion  of the cathode layer  and the v o l t - a m p e r e  charac te r i s t i c  of a dis-  
charge  maintained by a beam of fast  e lec t rons  af ter  the beam has been switched off. Such a problem a r i ses  
with an examination of the work of commuta to r s ,  where the initial concentrat ion of c a r r i e r s  is generated by a 
beam of smal l  duration. An exact  solution is possible only on the basis of a non-s teady-s ta te  sys tem of equa- 
tions. However~ in a major i ty  of cases ,  af ter  the beam has been switched off, the t ime required  for the estab= 
l ishment of the cathode layer  is far less than the t ime of the decomposit ion of the plasma of a positive column. 
With such a quas i - s t eady-s ta te  appraoch,  a compar i son  of the v o l t - a m p e r e  charac te r i s t i c  of a se l f -main ta in-  
ing glow discharge  and the v o l t - a m p e r e  cha rac te r i s t i c  of a d ischarge maintained by a beam makes it possible 
to answer  the question of whether a t ransi t ion f rom a non-sel f -mainta ining discharge  to self-maintaining con- 
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ditions after  the beam has been switched off is possible or not. An analysis of the results  given in Fig. 3 shows 
that such a transition is possible. The calculation was made for d = 1 era, p= 300 mm Hg, T = 10 -2. The ioniza- 
tion rates for carves 2-4 are ,  respectively,  equal to 1016, * 1017, and 1018 1/(cm 3" sec) ; curve 1 relates  to a 
discharge. With a constant applied mean field E0=U0/d greater  than some cri t ical  value Ec, the parameter  j/p2 
will decrease with time, and the intersection of the v o l t - a m p e r e  character is t ics  of such a discharge with the 
v o l t - a m p e r e  character is t ic  of a glow discharge is inevitable. In accordance with the new parameter  j/p2, 
determined at the point of intersection, the value of the cathode layer can be evaluated from Fig. 2. 

If the condition E 0 <E c is satisfied for the corresponding parameters  of a glow discharge, then, the 
v o l t - a m p e r e  character is t ic  of the broken discharge and the v o l t - a m p e r e  character is t ic  of a glow discharge 
have no common point; therefore,  on the basis of the classical  mechanism of shock ionization, a transition to 
self-maintaining conditions is impossible. 

The authors thank G. A. Mesyats for his evaluation of the results .  
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