
R E D U C T I O N  O F  GAS B R E A K D O W N  V O L T A G E  

W I T H  P U L S E D  I O N I Z I N G  R A D I A T I O N  

A.  A.  D a n t s e r  a n d  V. A.  F e o k t i s t o v  UDC 537.56 

An algorithm is descr ibed for computer  calculation of the dynamic breakdown voltage of a gas 
gap affected by a spatially uniform pulse of ionizing radiation. The algori thm is based on nu- 
mer ica l  integration of a sys tem of nonlinear equations with integral  boundary conditions. The 
p rogram is used to calculate the breakdown voltage of an air  gap affected by a bell-shaped 
ionizing pulse. It is shown that the relat ive reduction in breakdown voltage can amount to tens 
of percent  for a radiation exposure dose rate P0 ~ 108 R / s e c .  

1. Charged par t ic les  are  produced in a gas as the resul t  of the action of external  radiation. If the 
amplitude of the pulse is sufficiently large,  the resul tant  space charge dis tor ts  the initial uniform elec-  
t r ic  field (in the case of a p lane-para l le l  e lectrode system) so that the development of electron avalanches 
takes place in a nonuniform field. If the original  pa rame te r s  E0, p, and d (E 0 is the initial e lect r ic  field, p 
the p re s su re ,  and d the distance between electrodes)  are  such that deviation of the field from uniformity 
as a resul t  of the effect of space charge leads to an increase  in the multiplication factor  p, the e lect r ical  
stability of a gas ionized by an external  source  will decrease .  

Est imates  of the effect of an external  s teady-s ta te  ionization of a gas on the breakdown voltage have 
been made [1-3] by applying perturbat ion theory to the t ime-independent sys tem of equations including the 
Poisson equation. These resu l t s  are res t r i c ted  because of the limitation of a small  relat ive change in the 
breakdown voltage. 

A study of the t ransient  d ischarge  cur ren t  when space charge is neglected has been made by various 
methods [4, 5]. Inclusion of the Poisson equation in a t ime-dependent  sys tem of ecpations makes analytic 
solution difficult. An approximate method of  solution was developed [6-8] which made it possible to study 
the asymptotic variation of the current ,  including the effects of space charge,  for t ~ T+ >> T_ (where T+ 
and T_ are  the flight t imes ac ros s  the in tere lect rode gap for ions and electrons respectively).  The method 
assumes  that the space charge appears  during a t ime ~ T+ as the resul t  of a buildup of positive ions during 
the t rans i t  of a large number of e lect ron avalanches.  As was demonstra ted [6, p. 142], the t ransi t ion to a 
se l f -susta ining d ischarge  can occur  at an initial value of the multiplication factor  P0 less than but suffi- 
ciently close to one, ensuring the t rans i t  of a large  number of avalanches before the space charge mech-  
anism begins to take effect and the factor  p becomes g rea te r  than one. 

Here we consider  the t ransient  d ischarge  cur ren t  in a gap affected by a powerful ionizing pulse of 
the form Q(t) = Q0f(t) having a duration T ~ T_ (Q0 is the peak value of the number of charges  produced by 
the external source per  unit volume and per  unit t ime; the value of Q0 in CGS units for air  at normal  p r e s -  
sure  agrees  numerical ly  with the exposure dose rate  P0 expressed in roentgens per  second). The amplitude 
Q0 is such that space charge formed during the pulse dis tor ts  the applied field, i .e. ,  

dTOo ~ U : 4~d (1.1) 

where U is the potential difference.  

This leads to a need to consider  the effect of space charge for t imes t ~ T .  Since the effect of the 
external  radiation in this case leads to s trong distort ion of the field and a change in the factor  p, the t ran-  
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sition to a self-sustaining discharge may occur  for values of the fac to rg  0 markedly less than one. 

An algorithm and program for the calculation of the breakdown voltage of a gas located in a field of 
pulsed ionizing radiation are developedhere from an analysis of [9, 10], which are  devoted to the application 
of numerical  methods to the solution of cer tain problems in gas -d i scharge  physics,  and a quantitative eval-  
uation of the effect is made for specific cases .  

2. We consider  a plane-paral le l  electrode system with the x axis directed f rom cathode to anode. An 
ionization pulse of the form Q(t) is incident on the gas gap. The initial equation sys tem and boundary condi- 
tions have the form 

Oq /Ot = a (E) j_ --  O] /Ox -b Q (t) 
Oq.~/ot = a (E) j_ § O] /Ox § Q (t) 

OE/Ox = 4~ (q_ --  q~) 
d 

i 

j_(O, t ) =  "f~j+ (O, t) -]- T, ~a(E) j_(x ,  t)dx 
0 

j .  (d, t) --. 0 

Here, q_ and q+ are the charge densities for electrons and positive ions, j_ and j+ are the cur rent  
densities for electrons and positive ions, c~(E) is the impact ionization coefficient, E is the electr ic  field, 
and ~/i and y .  are the coefficients of secondary ionization at the cathode for ion impact  and photoeffect. 

The Poisson equation (2.3) must  be solved under the condition 

(2.1) 
(2.2) 
(2.3) 

(2.4) 

d 

i E (x, t) dx = U (t) 
0 

One can obtain a differential equation for the potential U(t) containing pa rame te r s  of the external c i r -  
cuit and of the discharge gap by applying Kirchhoff 's  laws to the e lec t r ica l  circuit .  We assume the poten- 
tial ac ross  the discharge gap is kept constant: 

d 

I E (x, t) dx = U = c0nst 
0 

Considering Eq. (2.3), the boundary condition for the field takes the form 

d x 

E(0, t)--- U,i '~d i d x i  t)]dX' (2.5) 
0 0 

Problems in the numerical  calculation are  the determination of the t ransient  cur rent  J(t) in the ex- 
ternal  c ircui t  

d 

J (t) = + f (z'' t) + (x', t)1 
o 

(2.6) 

and the determination of the differential field distribution E(x, t) at different t imes.  If the potential across  
the discharge gap is not kept constant, the cur rent  in the external c ircui t  is given by 

d 
I = ,--~--{-l[]_(x,t)-~-j+(x,t)]dx } 

o 

(2.7) 

In the calculations, the following empir ical  expressions were used for the quantities v ,  v+, and ~: 

1) for air ,  

{C~poxp[--D~E/p], E / p ~ W  
a ( E ) =  C2pexp[--D2p/E],  E / p > W  (2.8) 

v_ = la_E / p, v+ = p.+E ] p 
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w h e r e  p_ = 4" 105 c m  2 �9 m m  H g / V .  s e e ,  p+ = 2 �9 103 c m  2 � 9  Hg./V �9 s e e ,  C l = 2.67 �9 10 -s ( c m .  m m  Hg) -1, C 2 = 
8 ( c m - m m  Hg) -1, D 1 = - 0 . 3 5  m m  Hg" c m / V ,  D 2 = 247 V / c m . m m  Hg, and W = 35 V / c m . m m  Hg. Equa t ions  
(2.8) g ive  a s a t i s f a c t o r y  a p p r o x i m a t i o n  to t a b u l a t e d  d a t a  [11, p.  75] o v e r  the  r a n g e  20 < E / p  < 200; 

2)) fo r  a r g o n  

= I(p ,+Elp)( t  --  B t E]p ) ,  E / p <  W'  
v+ t ( k + l / - E } V ' - p ) ( l - - B 2 ( p / E ) V ' ) ,  E / p > W '  

(2.9) 
v _ = ~ E / p ,  a ( E ) = C , p e x p i - - D , ( p / E ) V , ] ,  E / p ~ W  

w h e r e # _  = 3 . 1 0  s c m  2 � 9  H g / V  � 9  p+ = 103 c m  2 �9 m m  Hg/V � 9  k+ = 8.25 �9 103 c m  2 �9 m m  H g / V .  s e c ,  W'  = 
60 V / c m . m m  Hg, B 1 = 2 . 2 . 1 0  -3 c m  . r a m  Hg/V,  B 2 = 86.52 (ram Hg-  c m / V )  -3/2, C! = 29.22 ( c m - m m  Hg) - I ,  
D l = 26.64 ( V / c m .  m m  Hg) 1/2, and W = 700 V/cm * m m  Hg. 

The a r g o n  d a t a  was  t a k e n  f r o m  [10]. In tha t  p a p e r ,  the  quan t i ty  P0 v a r i e d  o v e r  the  r a n g e  P0 ~106-108 
R / s e c .  The  s y s t e m  (2 .1)- (2 .5)  in con junc t i on  with  Eqs .  (2.8) o r  (2.9) c o m p l e t e l y  d e f i n e s  the  p r o b l e m  if  the  
i n i t i a l  c h a r g e  d i s t r i b u t i o n  and the  va lue  o f  the  p o t e n t i a l  a c r o s s  the  d i s c h a r g e  gap  a r e  g iven .  S ince  v+ << v_, 
e l e c t r o n  i n e r t i a  can  be  n e g l e c t e d  by  s e t t i n g  3q_/Ot  = 0. So lv ing  Eq.  (2.1) by  v a r i a t i o n  of  the  a r b i t r a r y  c o n -  
s t an t ,  we o b t a i n  

a , x ze 

0 0 o 
(2.10) 

In o r d e r  to d e t e r m i n e  the c o n d i t i o n s  fo r  the  a p p l i c a b i l i t y  o f  the  q u a s i s t a t i o n a r y  equa t ion  (2.10),  we 
c o m p a r e  i t  wi th  the  f o r m a l  s o l u t i o n  of  Eq. (2.1) i nc lud ing  e l e c t r o n  i n e r t i a  (under  the  cond i t i on  v_ = cons t ) ,  

x x x '  

{f: )}[,( " ) i (  {S(  j _ ( x , t ) = e x p  a , x ' , t  ~'--~' dx' O , t - - " 5 -  -i- Q t - -  ,exp - a x", t  dx" dx' 
v - ' _ , v / v_  (2.11) 

0 0 0 

It is then clear that Eq. (2.11) transforms into Eq. (2.10) if the functions change little during the time 
T _ .  

3. We consider a finite-difference scheme for solution of the problem. We first consider the case of 
quasistationary electron equilibrium. We transform Eq. (2.10) into a difference equation by replacing in- 
tegration with summation in accordance with the trapezoidal rule. Omitting intermediate transformations, 
we give an expression for Eq. (2.10): 

]_ (mAx, t) = j_ (0, t) Y (mAx, t) + Q (t) Z (mAx, t) 
m - - I  

Y (m_•x, l)== e x t ) { 2  ,c~(kAx, t) i-cL((k + I)Ax, t)] t 
) 

m-t ..... 1 (3.1) 
Z (mAx, t) = '~  

k - - 0  ~:I  

m = l, 2, . . ., M; M A x  = d 

In f in i te  d i f f e r e n c e s ,  Eq. (2.2) i s  ~wi t ten  in the  f o r m  

q+ ( z ,  t '-- At)At - -  q+ ( z ,  t) = c t j_  ( x ,  t )  - .  t'+ ( z  - -  Ax,Axt) - - i +  (~ .  t) ~- Q ( t )  

x = 0 ,  Ax, 2Ax . . . . .  ( z l I - - l )  Ax; t = 0 ,  At, 2At (3.2) 

S i m i l a r l y ,  by  a p p l y i n g  the t r a p e z o i d a l  r u l e  to the  b o u n d a r y  cond i t ion  (2.4), we o b t a i n  

j+(3lAx, t ) = O ,  j_(0, t) = Tj+ ((), t) !- 7.~ (t) 

3 t - 1  

(t)  = --5-- ~, [r (kAx, t) j_ (kAx, t) +ct ((k + 1) Ax, t) j_ ((k ~ 1)Ax, t)] 
k = 0  

The r e p r e s e n t a t i o n  of  the  P o i s s o n  equa t ion  and of  the  cond i t i on  

( 3 . 3 )  

! 'E (x, t)dx = U 
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in finite differences is as descr ibed in [12]. We present  the equation set. The field at the boundary x = 0 
is given by 

M 

A~ ~ [q (MAx, t) -- q (0, t)l dE(O, t) :-- U -- "-5- ~ [E*(mSx, t)-t- E*((m--  t )hx ,  t)] ----Y2".' 
?n~l 

E*(mhx, t )=  4 .  ~ ~ [ q ( k A z ,  t) + q((k + i lSx ,  tll, q=_q_--q. 
b:=1 

From the known value E(O, t), the field within the gap is given as 

(3.4) 

E (mAx, t) =: E* (mAx, t) -I- E (0, t) (3.5) 

In o rde r  that the solution be stable when Ax--  0, At --  0, At/Ax = const, it is necessary  to satisfy the 
inequality 

At ~ Ax / v+ 

The sys tem (3.1)-(3.5) descr ibes  a f ini te-difference scheme for quasis ta t ionary e lectron equilibrium. 
It is necessary  to solve a sys tem of 4(d/Ax + 1) equations in each time step in the case of an i terat ive s o h -  
tion. This can be simplified if two assumptions which introduce no noticeable e r r o r  into the calculations 
[12] are made:  use the quantity q_(x, t--At) on the r ight sides of Eqs. (3.4) in determining the field at the 
t ime t, and define the quantity a(t) in Eq. (3.3) as 

A~ it) = "5-  ~ [a (kSz, t) j_ (kax, t -- St) + a ((k + 1) 5x, t) :..- J_ ((k + 1) az, t --  ht)l 
k=O 

If the field var ies  significantly during the t ime T_, e lect ron inert ia  should be included. It is neces-  
sa ry  to consider  in place of Eq. (2.10) a f ini te-difference representat ion of Eq. (2.1) having the form 

q_(kA , t + at)  = At t) _ ,  (kAy, + Q (t)l + q- (kAx, t) = i ,  2 . . . . .  M 

The use of a p rog ram including electron inert ia  requires  that the t ime step satisfy the condition At _< 
~ / V _ ,  

This leads to a considerable increase  in the amount of machine t ime in compar ison with the case of 
quasis ta t ionary e lectron equilibrium since v_ >> v+. An optimal a r ragement  is the use of a p rog ram in- 
cluding e lectron inert ia  for  t imes 0 < t < T, when the greates t  ra te  of change of the field occurs ,  with a 
subsequent shift to a "quasistat ionary" p rog ram for t > T. 

4. Such a p rog ram was used to calculate the t ransient  cur ren t  for various applied voltages U. If U 
is less than the breakdown voltage U,, the cur rent  pulse J{t) created by an external  effect dies out in t ime. 
When U > U , ,  a sharp r i se  in cur ren t  is evidenced in the t ransient  cur ren t  curve at a cer tain point in t i m e  
(depending on the values of the coefficients ~ and ~/ and on the amplitude and duration of the ionizing pulse), 
which indicates the development in the sys tem of an instability associated with the t ransi t ion to a sel f -  
sustaining discharge.  The limiting value of the pa ramete r  U which separa tes  the r is ing and falling t ransient  
curves is equated to the dynamic breakdown voltage in this paper.  

We consider  the resul ts  of tests  which were per formed for the purpose of checking the co r rec tnes s  
of the application of this algorithm to the calculation of the breakdown voltage. 

The f i rs t  set of calculations was related to the determination of the static v o l t - a m p e r e  charac te r i s t i c  
of a gas in a s tat ionary radiation field on the basis  of a t ime-dependent  sys tem of equations. This problem 
can be solved if the ionizing pulse is given in the form of a rectangular  step and the s teady-s ta te  value of 
the cur ren t  J corresponding to the initial pa ramete r  U is calculated. 

This same problem can be solved using a t ime-independent sys tem of equations. The resul tant  two- 
cur ren t  boundary-value problem (of the tvr variable functions E(x) and j_(x), boundary conditions can be 
formulated only for the cur ren t  j_(x) at the points x = 0 and x = d) is solved by the t r ia l  method using a 
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standard Runge-Kutta program in each breakdown version. The Runge-Kutta program provides consider- 
ably greater computational accuracy than that previously provided by the finite-difference scheme involving 
partial differential equations. It is convenient to take the total current J as a parameter because the equa- 
tions are one-dimensional. The corresponding value of the potential is obtained by calculation of the field 
distribution and taking the integral 

d 

i E [a) dx := U 
0 

We compare the field distribution curves obtained by the two methods. Figure 1 shows the field dis- 
tribution at a point on the volt-ampere characteristic having the coordinates J = 6 �9 10 -6 A,/cm 2, U -- 300 V 
in argon for p = I0 mm Hg, d = 1 cm, vi = 0.02, and Q0 = 10-6 C/cm3" see. The dashed curve 1 was obtained 
with the time-dependent algorithm and the solid curve 2 was obtained by application of the Runge-Kutta 
program to the stationary system; curve 3 gives the initial field distribution. The good agreement of the 
curves, which cover a nearly ninefold variation in the field, is evidence that the finite-difference repre- 
sentation of the Poisson equation and inclusion of the effect of field nonuniformity on avalanche develop- 
ment were done correctly in the time-dependent system. 

The transient current was calculated for argon affected by a rectangular pulse of finite duration. The 
calculations were based on a quasistationary system with p = 10 mm Hg, d = i cm, ?i = 0.02, T = 0.5 psec, 
and Q0 = i0-~ C/cm3" sec. Curves 1, 2, 3, 4, and 5 in Fig. 2 correspond to U = 300, 360, 390, 420, and 480 
V. The sharp drop in current at T = 0.5 psec corresponds to the cutoff of the ionization pulse. Analysis of 
the curves for times greater than those shown in the figure indicate that a sharp rise in current is typical 
of curves 3, 4, and 5 while monotonic decay is typical of curves 1 and 2. The limiting value of U for which 
the nature of the time dependence of the current changes falls within the range 360 V < U < 390 V accord- 
ing to Fig. 2. If the breakdown voltage U 0 for this case is determined from the Townsend condition 

bt0 =- ~'~ (exp (u0 d) -- 1) =: 1 

which t r a n s f o r m s  with the help of Eq. (2.9) to the f o r m  

(4.1) 

Uo = D,'pd In--' {C,pd/ in  (1 + t ./Ti)} (4.2) 

it  t u r n s  out  to be 382 V. The ca l cu l a t ed  value a g r e e s  with the b reakdown voltage ob ta ined  f rom the Town-  
send theo ry  wi th in  the a c c u r a c y  of the s tep  AU = 30 V by which the p a r a m e t e r  U v a r i e s  in the t r a n s i t i o n  
f r o m  one c u r v e  to the next .  In the a b s e n c e  of space  c ha r ge ,  the method  a s s u m e d  for  the ca l cu l a t i on  of 
b r eakdown  vol tage g ives  a r e s u l t  which a g r e e s  with c l a s s i c a l  Townsend  theory .  

We p r e s e n t  ca l cu la t ed  r e s u l t s  for  the b reakdown  voltage of an a i r  gap affect  by a ion iz ing  pu l se  of 
the fo rm 

783 



,- kV/cm 

tZ 

2d 

i 

I 

,L~ 

3 0  . . . . . .  

2 d  _ _ . m  

/ d  

d.Z d, cm 

F ig .  4 

,,:7 

10 z q I0 a 

Po, P./sec 

F i g ,  5 

P (t) --= P0 [exp ( "  t / ~l) - -  exp ( - - t  / %)] (4.3) 

w h e r e  ~t = 10-7 s e c  and T 2 = 10 -8 s e e .  

The  p u l s e  a m p l i t u d e  v a r i e d  o v e r  the  r a n g e  P0 ~ 106-108 R / s e c .  
Two t y p e s  of  ~, p r o c e s s e s  at  the  ca thode  w e r e  c o n s i d e r e d :  e m i s -  
s i on  o f  s e c o n d a r y  e l e c t r o n s  f r o m  the  ca thode  b e c a u s e  of  ion i m -  
p a c t ,  7 = 0.02; pho toef fec t  a t  the  ca thode ,  ~/. = 10 -8. The  c a l c u l a -  
t ion  was  m a d e  wi th  a p r o g r a m  which  inc luded  e l e c t r o n  i n e r t i a  b e -  
c a u s e  the  e l e c t r i c  f ie ld  v a r i e s  g r e a t l y  d u r i n g  the t i m e  T_ in th i s  
c a s e .  

F i g u r e  3 g i v e s  c a l c u l a t e d  c u r v e s  fo r  the  t r a n s i e n t  c u r r e n t  in 
a i r  when p = 760 m m  Hg, d = 0.4 c m ,  Yi = 0.02, P0 = 10T R / s e e  (the 
d o t - d a s h e d c u r v e s  1 and 2 c o r r e s p o n d  to U = 11.1 and 10.8 kV),  and 
P0 = 108 R / s e c  ( so l id  c u r v e s  1 and 2 c o r r e s p o n d  to U = 7.95 and 7.8 
kV).  I t  i s  c l e a r  t ha t  the  b r e a k d o w n  vo l tage  fo r  P i  = 107 R / s e e  i s  
U .  = 11.1,  and U .  = 7.95 fo r  P6 = 108 R / s e e  wi th in  the  a c c u r a c y  of  
the  s t e p  AU = 0.3 kV. It  i s  conven ien t  to i n t r o d u c e  the  c o e f f i c i e n t  
c h a r a c t e r i z i n g  the  r e l a t i v e  r e d u c t i o n  in b r e a k d o w n  vo l t age  

= ( U o - -  U , ) / U o  

w h e r e  U 0 i s  d e t e r m i n e d  f r o m  the Townsend  cond i t i on  (4.1) with Eqs .  
(2.8) t a k e n  into account .  

F o r  the  i n d i c a t e d  va lue s  of  the p a r a m e t e r s  p,  d, and ~/i '  we 
f ind U 0 = 11.7 keV and the c o e f f i c i e n t  ~ = 32% when P0 = 108 R / s e e .  
The  s i g n i f i c a n t  r e d u c t i o n  in b r e a k d o w n  vo l t age  i s  e x p l a i n e d  by  the  
s t r o n g  n o n u n i f o r m i t y  of  the  f i e ld  p r o d u c e d  by  the e f f ec t  of  the  s p a c e  
c h a r g e .  It i s  of  i n t e r e s t  to a n a l y z e  the  n a t u r e  of  the  t i m e  v a r i a t i o n  
o f  the  f i e ld  d i s t r i b u t i o n .  A s e t  of  c u r v e s  c h a r a c t e r i z i n g  the f i e ld  
d i s t r i b u t i o n  at  d i f f e r e n t  t i m e s  i s  shown in F i g .  4. C u r v e s  1, 2, 3, 
4, 5, and 6 c o r r e s p o n d  to t = 0, 0.335,  0.729, 2, 3, and 5 p s e c .  The  
c u r v e s  w e r e  ob t a ined  fo r  U < U,  (U = 10.8 kV,  P0 = 107 R / s e e ,  d o t -  
d a s h e d  c u r v e  2 in F ig .  3). F i e l d  nonun i fo rmi ty  i n c r e a s e s ,  r e a c h e s  
a m a x i m u m ,  and then  the f i e ld  a p p r o a c h e s  the  i n i t i a l  u n i f o r m  d i s -  
t r i b u t i o n  in  p r o p o r t i o n  to the  d r o p  in  c u r r e n t .  

A n a l y s i s  of  the  c u r r e n t  c u r v e s  fo r  U > U.  shows  tha t  the  s h a r p  
r i s e  in c u r r e n t  i s  a c c o m p a n i e d  by  a f u r t h e r  i n c r e a s e  in f i e ld  non-  
u n i f o r m i t y .  S i m i l a r  t r a n s i e n t  c u r r e n t  c u r v e s  w h e r e  pho toe f f ec t  
was  p r e s e n t  a t  the  ca thode  wi th  7 .  = 10-6 (U0 = 14.3 kV) w e r e  c a l -  

c u l a t e d  fo r  the  fo l lowing  v a l u e s  o f  the  a m p l i t u d e  o f  the  i o n i z i n g  p u l s e :  P0 = 106, 107, 5 .107 ,  and 8 �9 10 ~ R / s e c .  
In a c c o r d a n c e  with the  p r o p o s e d  t echn ique ,  U .  was  c a l c u l a t e d  fo r  e a c h  va lue  of  P0 and a c u r v e  of  the  r e -  
duc t ion  in b r e a k d o w n  vo l t age  as  a func t ion  o f  r a d i a t i o n  d o s e  r a t e  was  c o n s t r u c t e d  (F ig .  5). A r e l a t i v e  r e -  
duc t i on  in b r e a k d o w n  vo l t age  amoun t ing  to 30-40% i s  o b s e r v e d  f o r  P0 ~ 107-108 R / s e e .  

We c o n s i d e r  w h e t h e r  o r  not  the  s t e e p  r i s e  in the  c u r v e s  in F ig .  3 i s  a m a n i f e s t a t i o n  of  the  t r a n s i t i o n  
of  the  d i s c h a r g e  into a s e l f - s u s t a i n i n g  m o d e .  The  v a r i a t i o n  of  the  c o e f f i c i e n t  lz(t) c o r r e s p o n d i n g  to the  d o t -  
d a s h e d  c u r v e  1 

d 

0 

i s  shown in F ig .  3 (dashed  c u r v e ) .  The  c o e f f i c i e n t  p(t) i n c r e a s e s  in p r o p o r t i o n  to the  r i s e  in c u r r e n t  and 
r e a c h e s  a va lue  equa l  to one  at  the  beg inn ing  o f  the  s h a r p  r i s e  in c u r r e n t .  

A second  c a l c u l a t i o n  o f  the  t r a n s i e n t  c u r r e n t  ( c o r r e s p o n d i n g  to t h e d o t - d a s h e d  c u r v e  1 in F ig .  3) was  
m a d e .  The e x t e r n a l  i on i z ing  p u l s e  Q(t) was  cut  off  a t  the  t i m e  t = 0.3 p s e c ,  which  i s  b e f o r e  the  s h a r p  r i s e  
in the  c u r v e .  A n a l y s i s  of  the  r e s u l t s  i n d i c a t e d  the  t r a n s i e n t  c u r v e  ended  with a s h a r p  r i s e  in c u r r e n t  i n t h i s  
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case .  This is evidence that unstable growth of the cu r ren t  begins before  the t ime when the t rans ient  curve 
undergoes a s teep r i se  independently of the effect  of ex terna l  ionization. 

In all the cslculat ions,  the step slong the spatial  coordinate  was Ax = 0.05dl the t ime step was At = 0.1T 2 when 
working with the " iner t ia l"  p rogram and was At = 0.1T for  a rec tangular  pulse or  At = 1 psec  for  rec tangular  step 
when working with the "quasis ta t ionary"  p rogram.  To check that the resu l t s  did not depend on the choice of Ax 
and At, t r i a l  calculat ions were made with sm a l l e r  values of Ax and At. 

Application of this a lgori thm to the calculat ion of the dynamic breakdown voltage in the case of an a i r  
gap showed that the breakdown voltage drops by near ly  a fac tor  of two for a sufficiently high radiat ion dose 
ra te .  The mechanism for  the reduct ion in breakdown voltage advanced in this formulat ion of the problem 
is associated with the effect  of the space charge produced by external  ionization. 
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