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It is  known that  a breakdown in gases  can take place  in two fundamental ways: by diffusion (the 
Townsend breakdown) o r  by forming a na r row cu r r en t  channel (the s t r e a m e r  breakdown). A t  
p re sen t  t h e r e  a re  no re l i ab le  c r i t e r i a  for  one o r  another  of these  mechan i sms  to occur .  It is  
also an open quest ion as f a r  as  the  p r e s s u r e  region p < 10 m m  Hg [1] is concerned.  Even in the 
case  of  special  pre ionizat ion it  is not always possible  to avoid the s t r e a m e r  stage breakdown.  
It  is obvious that  the fundamental cause of a s t r e a m e r  breakdown is r e la ted  to higher  intensi ty 
of the e lec t r i c  f ield around the loca l ized  zone of h igher  conductivity [2]. In [3] the super ior i ty  
was shown of  using numer ica l  methods in the analysis  of an ax i symmet r i c  cathode d i rec ted  
s t r e a m e r  between two fiat  e l ec t rodes  in n i t rogen.  In the p resen t  a r t i c le  the r e su l t s  a r e  de-  
sc r ibed  of  computations c a r r i e d  out to find out whether  a mechanism is feasible  for  fusing the 
d i scharge  at  any ea r ly  stage of  ignition for  the  geomet ry  of a f is t  e lec t rode  plane, which is 
the most  favorable  to an anode-or ien ted  s t r e a m e r .  This  effect  was investigated within the 
f r a m e w o r k  of a nonsta t ionary sys tem of t h r e e  equations in which the ionization p ro ce s se s ,  the 
recombina t ions  in the balance of charged pa r t i c l e s  as well as  the effect  if space charge on the 
e l ec t r i c - f i e ld  dis t r ibut ion have been taken into account [4]. One has ignored the diffusion, 
which is  also favorable  to the s t r e a m e r  breakdown. 

With r e g a r d  to the e lec t ron  concentra t ion ne, the ion concentrat ion hi, andthe  e lect r ic-f ie ld  potential 
the following sys tem of equations is valid: 

~ne/Ot ~ divje = ~ ] e  - -  ~neni,  Je w ~enev~, 
OnJOt + divji =~]~ - -  ~ n e n i ,  j i  = --~t~nive?, 

- -  Ae? = 4~e(n  i - -  he), 

where  a is  the f i r s t  Townsend coefficient;  fl, recombinat ion  coeff ic ient ; /~e,  #l ,  the  mobil i ty coeff icients  fo r  
the e l ec t ron  and ion components;  e, e l ec t ron  charge  (e > 0). 

The boundary conditions imposed  on the e lec t ron  concentra t ion on the cathode and of the ion concen t ra -  
t ion on the anode cor respond  to the loss  of e lec t rons  f ro m  the cathode by an ion flow (T process )  and to the 
lack of ions on the anode: 

]e l r  ?/ilc, ]~la = 0 

A given potential  d i f fe rence  U is mainta ined between the cathode and the anode. On the  remain ing  d ie lec t r i c  
boundary of  the  d ischarge  chamber ,  the normal  component of the e l ec t r i c  field is  made  to vanish since the 
cha rac t e r i s t i c  t ime  of physical  p r o c e s s e s  (the Maxwell t ime)  is l e s s  than the cha rac t e r i s t i c  t ime  in our  p rob -  
l em .  The  following boundary conditions a re ,  t h e r e fo r e ,  imposed on the potential:  

(P[c = 0, r = U, a(p/an],diel - -  O. 

The  geomet ry  of the e l ec t rodes  enables  one to l imit  the considera t ions  to a two-dimensional  descr ip t ion .  The 
computat ions a re  c a r r i e d  out f o r  a f iat  r ec t angu la r  reg ion .  One side of the rec tangle  r e p r e s e n t s  the anode, 
and on the opposite  d ie lec t r i c  boundary in the  middle of the flush mounting t h e r e  is  a na r row cathode.  The 
dis tance between the e l ec t rodes  is 1 cm, the size of the anode is 2 cm,  the size of the cathode is 0.2 cm. The 
d i scharge  space between them is f i l led with ni trogen,  whose data a r e  known [4]. The potential d i f ference  is  
U = 500 V, the gas p r e s s u r e  in the  chamber  is  p= 5 m m  Hg. The d ischarge  is  assumed to be sy m m et r i c  r e l a -  
t ive  to the s traight  l ine that is pe rpend icu la r  to the  e lec t rodes '  sur face  in the middle of the chamber .  
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T h e  d i scha rge  was  induced by a n a r r o w  l a y e r  of  p l a s m a  nea r  the cathode with the concentra t ion  of 108 
cm -3. Dur ing  the per iod  of ~ 0.6 p sec t h e r e  i s  only a sl ight d i s tor t ion  of the e l ec t r i c  field and the d i scharge  
f lows in a known vacuum field.  Until the e f fec t s  of  the  space  charge  show up, the chang e in the e lec t ron  con-  
cen t ra t ion  of e l ec t rons  and ions along each line of the  f ield fo rce  can be desc r ibed  by a sy s t em of two non- 
s t a t ionary  and one-d imens iona l  l inea r  equat ions if r ecombina t ions  a r e  ignored.  An analyt ic  invest igat ion 
within the f r a m e w o r k  of th is  s impl i f ied  s y s t e m  shows that  the sought quant i t ies  grow exponential ly with the 
c h a r a c t e r i s t i c  t i m e  r whose value can be obtained f r o m  the in tegra l  equation 

' , , t . e ( s )  
~-~ = (z ( s )exp  ~ ( z ( s  ) d s  - -  ' ~ d s ,  

t+e (s) = i {v~-I (s') -~ v~ t (s')} d s ' ,  
0 
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where ds is the length element of the force line measured from the cathode; vi and Ve a re  the drift  ra te  of 
ions or  electrons,  respect ively.  For  the distribution of the vacuum field on the symmetry axis (Fig. 1, t = 0) 
the t ime is r = 0.2/~ sec and is approximately equal to the transit ion t ime of the ions from the breakdown 
boundary to the cathode. The distance d between the breakdown boundary and the cathode is determined by 
the equation 

d 

In (t  "-b ~,-i) = .t'z (s) ds 
0 

and on the symmetry axis of the system it is equal to 0.08 cm. It follows from the solution that the zero 
density point of the space charge remains  at the same location and can be found almost in the middle between 
the electrodes,  its coordinate s o being given by the equation 

= ~ - l ( , 0 ) / v , ( s 0 ) ,  

which indicates that the growth in the electron density due to the drift from the cathode is equal to  the ra te  of 
ion formation due to ionization processes  at a given point. Since the plasma density grows exponentially, one 
would expect that in a t ime commensurate with r the effects of the space charge would begin to appear. A s 
the intensity of the e lect r ic  field grows near the cathode, the ra te  of electron generation also increases,  and 
the reduction in the potential drop reduces  correspondingly the ra te  of ion formation; moreover ,  the point s o 
shifts towards the cathode. The cor rec tness  of the above considerations has been confirmed by numerical 
calculations. 

With the space charge increasing, the quasineutrality requirement  becomes essential and the electron 
flow is determined by the ion distribution. Since the dril l  t ime of the ions from the anode to the cathode (15 
/~ sec) considerably exceeds r ,  therefore  the ion formation at each point takes place basically through ionization 
processes  whose intensity s tar ts  to lag behind the formation ra te  of the electrons near the cathode with the 
appearance of  the potential drop. A situation ar ises  as a result,  namely, thatthe conductivity in the space is 
insufficient to direct  all the formed electrons from the cathode to the anode. Near the cathode the least  in- 
tensi ty of the electr ic  field can be found which l imits the electron current  to the chamber.  A rapidly increas -  
ing concentration peak of locked electrons is superimposed on the ion distribution (Fig. 2, t 1 = 0.9 and t 2 = 1 
/~ sec) the la t te r  being displaced below the maxim1~n of the ion concentration. Although the ions keep growing 
in number, the electron concentration increases  even more  rapidly at the maximum and at the instant 1.6/~sec 
it is comparable to the ion concentration. The discrepancy between the conductance in the space and the ra te  
of electrons forming near  the cathode diminishes in the course of t ime, since the surplus of electrons accumu- 
lated near the cathode compensates the positive charge of the ions and shortens the generation zone at the 
expense of generating a quasineutral plasma of high concentration. Thus, in ~ 1.5 # sec after  the appearance 
of the effects of the space charge, a quasistationary state is established with a character is t ic  t ime determined 
by the formation ra te  of the ions (Fig. 3, where the concentration of the electrons has been shown on the cathode 
nc and in the space npl at the distance x -- 0.5 cm from the cathode against time}. 

During the process  of the discharge attaining the quasistationary state over the t ime interval from 1.1 
to 1.6 # sec the forming of inhomogeneities in the distribution of the electr ic  field was observed on the sym- 
metry  axis. Subsequent to the forming of the f i r s t  deep minimum of the intensity near the cathode, the maxima 
and minima occurred successively (Fig. 4, where 1 - t 1 = 1 . 1 5  #sec,  2 - t 2=1 .35 /~  sec, 3 - t 3 =  1.55/~sec). The 
point at which the inhomogeneity a r i ses  is  displaced in the course of t ime towards the anode, though each in- 
dividual peak moves in the opposite direction f rom the anode to the cathode. The field distribution becomes, 
in the course of time, smooth (on the symmetry axis it is virtually constant) and attains in space the equality 
of the electron and ion concentrations. The character is t ic  t ime of this effect is, in accordance with the com- 
putations, much longer than the electron t ransi t  t ime and much shorter  than the ion t ransi t  t ime. The distribu- 
tion of the electrons advancing f rom the cathode into space thus has a chance to adjust i tself  to the electr ic  
field distribution, the ions forming at every point due to ionization. In the one-dimensional case, provided 
recombinations are  ignored, one obtains the following system of equations describing the development of the 
field and of the conduction in space: 

Oni/Ot = ~ea(E)Ye(t), (1) 
OE/Oz = 4~z{Ye(t)/R -- ni }, 

where E is the absolute value of the intensity of the e lec t r ic  field (Je =neE); the coordinate x is measured from 

the cathode. 
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If the ionization coefficient is a power of intensity, and also if the electric current depends on time, 
then there exists a self-consistent solution of (1) which qualitatively confirms the map of the forming of an 
oscillating electric field obtained by computations. 

Within 2/~ sec from the appearance of the effects of the space charge, the potential jump near the cathode 
reached 300 V with the full current of 5 m A / c m  flowing through the system (Fig. 5, t=2.6/~sec).  The maxi- 
mal value of the intensity on the symmetry axis is reached at the cathode and it is equal to 1300 V/cm �9 
Hg the current density on the cathode being 25 MA/cm 2. The quasineutral plasma is now formed within the 
space with the ion concentration falling monotonically from the cathode to the anode, from 8 �9 109 to 4 �9 109 
cm -3. In the larger  part of the volume, the ions are formed at the point due to ionization processes although 
in the  region of minimal intensity of the electric field the deciding factor is the transition of ions over the 
field from the space points with higher E / p .  On the symmetry axis the field intensity in the volume varies 
within the l imits 37-38 V / c m  "tara Hg increasing close to the anode to 44 V / c m - m m  Hg. Across the dis- 
charge the intensity falls monotonically towards the chamber boundaries. With a reductAon in the specific 
conductivity in the direction towards the anode, the effective width of the conductive zone increases (Fig. 6, 
t = 2.6 # see), the integral current across a section of the column remaining unchanged. On the boundary 
separating the potential jump close to the cathode and the plasma in the volume, a narrow layer  of quasineu- 
t ral  plasma is found with the concentration which is higher by one order than in the volume. The maximal 
value of the ion density is 1.6 "1011 cm -'~ (Fig~ 7, t=2.6/~sec)o In view of the edge effect, the electron flow 
density is not maximal at the center of the cathode but on i t s  boundaries~ Since the conductivity of the cham- 
ber  rapidly falls at the lower dielectric boundary in the direction towards the side boundaries, therefore, 
the electrons formed at the edges of the cathode flow to the center into the region of the highest conductivity~ 
Thus, there is a tendency for a redrawing of the flow next to the cathode~ 

The estimates carried out under the assumption of slow changes of E / p  in the volume show that the 
ionization equilibrium is reached in15-20/~ sec. Within this t ime the effects due to the heating of the gas will 
become substantial. 

The obtained resul ts  of the computations in two dimensions fully confirm the present concepts with re -  
gard to the mechanism of the flow passing through the gas. On the other hand, a number of interesting fea- 
tures  have also come to light. 

As a result  of the lack of uniformity in the electric field, the system arrives at the state of a quasi- 
stationary cathode during the time 1.5-20/~ sec; the electric current generated next to the cathode passes 
through the column with virtually no amplification though the conductivity in the column grows with time. 
When getting into the quasineutrality region in the volume, the discharge passes through an unstable stage 
which manifests itself as an oscillating electrical field arising on the symmetry axis. The quasineutrality 
zone forms the main part of .the interval and its width is comparable with the distance between the electrodes. 
However, the current conducting channel is noticeable already in this zone, constituting 2-3 widths of the 
cathode~ At the cathode between the region of the space charge and the column a narroW, sicklelike layer of 
high density plasma (plasma cathode} is formed with a clearly distinguishable intensity minimum. However, 
ahead of this layer  no significant amplification of the electric field can be noticed as a result  of the screening 
by the plasma column comp~_.red with the field in the column which could have been brought to the s t reamer 
breakdown. 

Of course, to be able to realize such a mechanism one needs a considerable difference between the ioni- 
zation ra tes  in the space and at the cathode (by means of geometry selection or higher pressures) ,  or one 
has to take into account the run up of the internal degrees of freedom of the molecules at the cathode. 

The authors would like to express their  thanks to A. A. Vedenov, A. P.  Napartovich, and A. N. Starostin 
for their  unceasing interest in this work and useful discussions. 
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