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Simple, compact,  and universal  equations are derived for the est imate of the frequencies of 
ionization and threshold breakdown fields in monatomic not- too- l ight  gases .  The equations 
have a large range of applicability; they are valid for fields of any frequency: constant  
field, high-frequency,  microwave,  optical (i.e., for the descript ion of l a se r  breakdown), and 
for any p ressu re ,  duration of the action of the field, and dimension. The equation for the 
breakdown threshold ensures  reasonable agreement  with experiment  and can be useful for 
es t imates  in those cases  where experimental  data are not available. 

A number of works [1-13] (also see the review on l a se r  flash in [14, 15]) have been devoted to the 
avalanche theory  of breakdown of gases by optical radiation, its formulation, solution of the equations, 
elucidation of the physical  details,  ref inement  of the mathematical  s ta tements ,  and computations of the 
threshold fields. In [1] the theory was based on the quantum kinetic equation for the energy distribution 
function of e lect rons ,  and it was shown that if the energy of the photon is smal l  compared  to the c h a r a c t e r -  
istic energy of the e lec t rons ,  the quantum equation reduces to the c lass ica l  equation with adequate accu-  
racy,  which, in part icular ,  descr ibes  the breakdown by microwave radiation. The theory of microwave 
breakdown has been discussed in detail in the book [16], and in a number of cases  it gives good agreement  
with exper iment .  However, the computations are general ly  very  complex and are not suitable for a c lear  
physical  interpretat ion of the effects .  

In the present  article a simple approximate theory of avalanche breakdown is proposed.  The ob- 
tained equations c lea r ly  demonstrate  the basic physical  charac te r i s t i c s  of the development of e lect ron 
avalanche in e lectromagnet ic  fields and the regular i t ies  of the breakdown and make it possible to obtain 
rapid es t imates .  

The theory put forward here is based on the concepts and approximations of [1], a more  c o r r e c t  r e -  
fined var iant  of the theory of [1], whose resul ts  were given in a shor t  communicat ion without derivation 
[17] for the explanation of the experimental  resul ts  on the breakdown of gases by CO~ l a se r  radiation, p r e -  
sented there .  However, compared  to the computation in [17] the computation here  contains significant im-  
provement .  

1. Formulat ion of the Prob lem and Simplifications.  Following the arguments  of [1] about the poss i -  
bility of descr ipt ion of optical breakdown on the basis of the c lass ica l  equation, we shall s t a r t  f rom the 
equation for the energy distribution function of e lectrons n(E, t), which we write in the form [1] 

an ,91' On 
at as - + Q' j = --  D ~ ~- nu - -  nu~ (1.1) 

D$ 2 e'ZE~ 'vrn U, = 2 -~eV,,~ . (1.2) D=2us----As, A =  3 m o~2§ ' 

Here j is the "flux" of e lect rons  along the energy axis e ,  D is the c'orresponding "diffusion" coeffi-  
cient, E is the roo t -mean- squa re  electr ic  field of the electromagnet ic  wave E = E 0 / ~ , ,  where E 0 is the 
amplitude, w is the frequency of the field, Vm is the effective frequency of elast ic coll isions of e lectrons 
with atoms,  u s is the "velocity" determined by elast ic losses ,  m and M are masses  of e lectrons and atoms, 
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and Q includes t e r m s  desc r ib ing  inelas t ic  co l l i s ions ,  product ion  of e l e c t r o n s ,  and l o s s e s  connec ted  with the 
diffusion dr i f t  of e l e c t r o n s  f r o m  the reg ion  of ac t ion of the f ield.  

The d i s t r ibu t ion  funct ion is n o r m a l i z e d  to the dens i ty  of the e l e c t r o n s :  

co 

I n (e, t) de = N~ (t) (1.3) 
0 

In the g e n e r a l  f o r m  the p r o b l e m  is v e r y  complex ;  t h e r e f o r e ,  we shal l  r e s t r i c t  the range  of inves t i -  
ga ted  c onditions and in t roduce  c e r t a i n  s impl i f ic  a t ions .  

1.  We shal l  cons ide r  only mona tomic  g a s e s  in o r d e r  to d i s r e g a r d  the exci ta t ion  of m o l e c u l a r  o s c i l l a -  
t ions and the exci ta t ion  of l ower  e l ec t ron ic  leve ls .  

2 .  We shal l  cons ide r  only n o t - t o o - l i g h t  ga se s  in o r d e r  to neg lec t  e las t ic  e n e r g y  lo s ses  of e l e c t r o n s .  

3. The exci ta t ion  and ionizat ion c r o s s  sec t ions  of a toms ~ * (e),  ~i(e)  g row f r o m  z e r o  at the c o r -  
r e spond ing  potent ia ls  I* ,  I on i nc r ea s ing  the e l ec t ron  e n e r g y  ~ .  We in t roduce  the quant i t ies  I 1 . ,  It, which 
s l ight ly  exceed  (approx imate ly  by 1 eV) I* ,  I .  We neg lec t  the c o r r e s p o n d i n g  co l l i s ions  for  ~ < I t* ,  It, and 
the f r equency  of exci t ing  co l l i s ions  in the in te rva l  I~* < ~ < I1; ~* --- NaY* (r* is a s s u m e d  cons tan t  (N a is 
the dens i ty  of a toms ,  v* ,  ~* are  some  mean  ve loc i ty  of e l e c t r o n  and exci ta t ion  c r o s s  sec t ion  for  the given 
in te rva l ) .  

4 .  We a s sume  that  the e l e c t r o n s ,  having at ta ined e n e r g y  It, i ns tan taneous ly  expe r i ence  ine las t ic  c o l -  
l is ion,  ionizing an a tom with p robab i l i ty  fi and exci t ing  it with a p robab i l i ty  1 - f i .  

5. We a s sume  that  e l e c t r o n s  undergo ing  ine las t ic  co l l i s ions  and a lso  e l e c t r o n s  knocked out f r o m  
a toms  as a r e s u l t  of ionizat ion appea r  with " z e r o "  ene rgy ,  even though ac tua l ly  they have a sma l l  e n e r g y .  

6. We a s sume  the f r e q u e n c y  of e las t ic  co l l i s ions  ~m and the c h a r a c t e r i s t i c  t ime of diffusion dr i f t  of 
e l ec t rons  f r o m  the reg ion  of act ion of the field ~d to be cons tan t .  The f r e q u e n c y  of the diffusion dr i f t s  is 
v d = 7d-1 = D / A  2, whe re  D is the coef f ic ien t  of f r e e  diffusion of e l e c t r o n s  in o r d i n a r y  space  and A is the 
diffusion length of the o r d e r  of the c h a r a c t e r i s t i c  d imens ion  of the region.$  

With these  approx imat ions  Eq.  (1.1) b e c o m e s  

~n 
On __ Oi 5 v * n  - -  van,  ] = - -  D ~ + n u  (1.4) 
Ot Oe 

{~ for  e~[l* (1.5) 
5 ( e ) =  fo r  I i * ~ I 1 .  

The act ion of the ine las t ic  co l l i s ions  for  ~ > I 1 and the s o u r c e s  of e l e c t r o n s  in the range  of sma l l  
e n e r g i e s  are  r e p l a c e d  by the c o r r e s p o n d i n g  bounda ry  condi t ions .  F o r  e = 11 the re  is an infinite power  
"s ink" and, hence ,  

n = 0 f o r e = 1 1  �9 (1.6) 

By definit ion j ( r  t) is the n u m b e r  of e l e c t r o n s  pe r  c m  3, which c r o s s  the point  r on the e n e r g y  axis  
pe r  second;  Ji = J(II, t) e l e c t r o n s  r e a c h  the "s ink"  a t  r = I 1 p e r  s econd  and s lowly  lose the i r  e n e r g y  up to 
" z e r o , "  while a f r ac t ion  Jlfi of these  gets  doubled.  Bes ides ,  e l ec t rons  which expe r i enced  ine las t ic  co l l i -  
s ions  in the e n e r g y  range  II* < ~ < I 1 a re  p roduced  with z e r o  e n e r g y .  Thus the ra te  of p roduc t ion  o r  the 
flux J0 = J (0, t) is 

II  

] 0 = ] 1 ( 1 - - ~ ) + 2 1 1 ~ + ~ *  i n d e "  (1.7) 

This  is a l so  the second  boundary  condi t ion .  

At  the boundary  of the reg ion  when r = I1",  where  the function 5(r  is d iscont inuous  acco rd ing  to 
equat ion  (1.5), n and j a re  cont inuous ,  i .e . ,  3n/Or  is con t inuous .  

? F o r  a c y l i n d e r  of d i a m e t e r  d and height  L, 1 / A  2 = (Tr/d) 2 + (2 .4 /L)  2 ; fo r  a sphere ,  A = d/27r. 
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In this approximation the average ionization energy over the entire spec t rum 

0 
(1 .s) 

is determined by the equality piNe = Jl~. 
of this las t  equality and Eqs .  (1.6) and (1.7), we obtain the phenomenological kinetic equation 

dNe ld t  = v~Ne - -  v a N ,  = Ne  ] O, t / O : ~i - -  va �9 

In a field of constant amplitude the s ta t ionary spec t rum is established ve ry  soon, and it is c lear  
f rom (1.9) that the solution of Eq. (1.4) should be sought in the form 

If Eq. (1.4) is integrated over the entire spec t rum taking account 

(1.9) 

n (e, t) -- n (e) exp (t / @) 

where | is the as yet unknown time constant of avalanche, which is related to the unknown ionization f r e -  
quency v i through (1.9). 

The function n(e) satisfies the equation 

( ~ i ~ - S v * ) n - b ~  = 0 ,  j - ~ - - D  dn de ~- nt~ (1.10) 

and the boundary conditions (1.6) and (1.7). Since the equation is homogeneous,  one of the boundary condi-  
tions is "superfluous" and this offers the possibil i ty of determining the functions v i(E) and | (E). 

We shall call  the appearance of N l e lectrons in the gas after a time t 1 of the action of the e lec t romag-  
netic pulse for N O initial {seed) e lect rons  the "breakdown." Then obviously the threshold field E is de t e r -  
mined f rom the condition 

l / @ ( E )  ~ - ~ ( E ) - - v d - ~  t~ 1 inN l / N 0 .  (1.11) 

In the case of sufficiently long pulses (t i -* ~) ,  we obtain the "s ta t ionary" c r i te r ion  of the breakdown: 

v i  = vd (0 = ~o) . 

2. Solution of the Equations and Ionization Frequency.  The sys tem of equations (1.10), (1.6), (1.7) 
can be solved exact ly.  The general  solution of (1.10) has the form 

n = C1 exp [2 | [ ( v i  + 6v*) e / A  ] + C2 exp [-- 2]/(vi + 6v*) e/A]  . (2 .1 )  

Subjecting it to the boundary conditions, we obtain a sys tem of four l inear  equations for the four con-  
stants of integration Cl, 2 (in the two regions).  Equating the determinant  of this sys tem to zero,  we obtain 
the t ranscendental  equation for the unknown v i. 

Omitting the simple but quite long intermediate operations, we give this equation in the final d imen-  
sionless form 

e(a-l'Y (ch -~- -]- z sh ~ ) -- e-(a-l'Y (ch + -- z sh ~ ) : 

-~ 2a (l q- ~) y q- 2 (l -- z -~-) (y ch [(a -- l) y] q- sh [(a -- t) y] -- ay}  (2.2) 

where we have introduced the following notation: 

y = 2 V (v~ -+- v*) I I * / A  = a -1 ]/-6 (v~ -}- v*) ~rE 

= ]/(v~ q- v*) /v~ ~- V l q- v*/v~, a -~ V I ~ - 7 7 ~ ,  VE -~ 3 A / 2 I ~  . (2.3) 

The quantity u E = 1/•E represents  the "frequency of the energy sets"  because T E is the time r e -  
quired, according to the e lementary  theory,  for the e lect rons  in the field to acquire energy I l sufficient for 
multiplication. We recal l  that according to the e lementary  theory d e / d r  = 3A/2 .  

Nume r ic ally, 

i.75.101~/~ ~' vm 6.34.t01TS ~m 
r E =  ~a§  11 ~- ~ + ~  2 11 (2.4) 
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w h e r e  S = c E 2 / 4 ~  is  the  e n e r g y  flux d e n s i t y  in the e l e c t r o m a g n e t i c  wave ,  E in  
V / c m ,  I x i n e V ,  o~, v m i n  s e e  -x , a n d S i n W / c m  2. 

Equa t ion  (2.2) t o g e t h e r  wi th  equa t ions  (2.3) d e t e r m i n e s  the d i m e n s i o n l e s s  
dependence  of v i / v *  on v E / v  *,  which  con ta in s  two p a r a m e t e r s  a a n d / 7 .  The 
p a r a m e t e r  a is  p r a c t i c a l l y  the  s a m e  fo r  m o s t  m o n a t o m i c  g a s e s ;  i t  can  be t aken  
equa l  to 1.2.  An i n v e s t i g a t i o n  of the e x c i t a t i o n  and ion i za t i on  c r o s s  s e c t i o n s  of a 
m a j o r i t y  of a t o m s  shows  that /7  can  a l s o  be taken  to be equa l  for  a l l  a t o m s  and we 
can  put/7 = 0.2.  H o w e v e r ,  one s i g n i f i c a n t  f ac t  shou ld  be no ted  h e r e .  E l e c t r o n s  
wi th  e n e r g i e s  be tween  the e x c i t a t i o n  and ion iza t ion  p o t e n t i a l s  m a i n l y  e x c i t e  the 
l o w e r  e x c i t e d  l e v e l s ,  and th i s  r e s u l t s  in e n e r g y  l o s s e s  of the e l e c t r o n s  (in any 
c a s e ,  a t  the f r e q u e n c y  of n e o d y m i u m  l a s e r  and l o w e r  f r e q u e n c i e s ) .  E l e c t r o n s  wi th  
e n e r g i e s  e > I l exc i t e  m a i n l y  the u p p e r  s t a t e s .  Dur ing  the b r e a k d o w n  of g a s e s  by 
r u b y  and n e o d y m i u m  l a s e r  r a d i a t i o n s  (~w = 1.78 and 1.17 eV) t h e s e  s t a t e s  a r e  
r a p i d l y  i o n i z e d  as  a r e s u l t  of o n e -  o r  t w o - q u a n t a  p h o t o e l e c t r i c  e f fec t ,  so  tha t  the  
e x c i t a t i o n  of the u p p e r  s t a t e s ,  j u s t  as  the i o n i z a t i o n  by  e l e c t r o n  i m p a c t ,  l e a d s  to a 
f a s t  b r e e d i n g .  T h e r e f o r e ,  in t h e s e  c a s e s  we can  t ake  fi = 1. 

Thus  E q s .  (2.2), (2.3) g ive  two u n i v e r s a l  d i m e n s i o n l e s s  funct ions  v i / v  * = F(v E / v  *) for  fi = 0.2 
(b reakdown in c o n s t a n t  f i e l d  at  h igh  and m i c r o w a v e  f r e q u e n c i e s  by  longwave i n f r a r e d  r a d i a t i o n  of CO~ l a s e r ,  

= 10.6 ~ ,  ~w = 0.124 eV) and fi = 1 ( l ight  f r e q u e n c i e s ) .  T h e s e  func t ions ,  i . e . ,  the d i m e n s i o n l e s s  i o n i z a -  
t ion f r e q u e n c i e s ,  a r e  p lo t t ed  in F i g .  1 (o rd ina t e )  as  func t ions  of the d i m e n s i o n l e s s  f r e q u e n c y  of the e n e r g y  
s e t s ,  wh ich  a t  the  s a m e  t i m e  s e r v e s  as the d i m e n s i o n l e s s  funct ion d e t e r m i n i n g  the t h r e s h o l d  f ie ld  for  the 
b r e a k d o w n .  Curve  1 is  fo r  ~ = 0.2, c u r v e  2 fo r  fl = 1. 

In the two l i m i t i n g  c a s e s  the s o l u t i o n s  have  a s i m p l e  f o r m  a c c e s s i b l e  to a c l e a r  p h y s i c a l  i n t e r p r e t a -  
t ion .  If the e x c i t a t i o n  l o s s e s  a r e  s m a l l ,  v * << r E ,  z - -  1, E q .  (2.2) wi th  /7 = 1 r e d u c e s  to the e q u a l i t y  
s inh  a y  = 2ay ,  f r o m  which  we g e t  a y  = 2.18 and v i = 0.By E . The i on i za t i on  f r e q u e n c y  p r a c t i c a l l y  c o i n c i d e d  
wi th  the f r e q u e n c y  of e n e r g y  s e t s ,  wh ich  i s  qui te  n a t u r a l .  In p a r t i c u l a r ,  t h i s  c a s e  c o r r e s p o n d s  to the  r e -  
g i m e  in wh ich  a l l  e x c i t e d  a t o m s  a r e  r a p i d l y  i on i z e d  u n d e r  the ac t ion  of the r a d i a t i o n  (here  I shou ld  be r e -  
p l a c e d  by  I * ) .  Th is  p e r h a p s  o c c u r s  in the b r e a k d o w n  of g a s e s  by the r a d i a t i o n  f r o m  a r u b y  l a s e r  ( see  [1, 
7, 12, 14]).  

If the e x c i t a t i o n  l o s s e s  a r e  s i g n i f i c a n t  

Eq .  (1.3) has  the a s y m p t o t i c  so lu t i on  

f r o m  which  we have  

Z ~ ~ y2 exp [(a -- 1) y] /12 a~ 

vl = ~E:t~ a2, a = 2aexp ( a--ia V - ~ )  �9 (2.5) 

I t  is  e a s y  to v e r i f y  tha t  the quan t i ty  (~ in th i s  c a s e  r e p r e s e n t s  the  r a t i o  of the f luxes  j ( I 1 ) / j ( I I * ) ,  i . e . ,  
nothing e l s e  than the p r o b a b i l i t y  tha t  an e l e c t r o n  " s k i p s "  the "unsa fe"  zone II* < e < I l and a t t a i n s  the  
e n e r g y  Ix, when i t  ha s  a chance  of p r o d u c i n g  m u l t i p l i c a t i o n .  

Thus ,  as  was  to be e x p e c t e d ,  wi th  an a c c u r a c y  up to a c o e f f i c i e n t  a 2 ~ 1 the i on i z a t i on  f r e q u e n c y  is  
d e t e r m i n e d  by  the f r e q u e n c y  of the  e n e r g y  s e t s  and by the p r o b a b i l i t i e s  ~ ,  fl t ha t  the e l e c t r o n  a t t a i n s  the 
e n e r g y  11 and a f t e r  th i s  p r o d u c e s  the i o n i z a t i o n .  The e l e c t r o n  e x e c u t e s  k = l / a f t  c y c l e s  of mo t ion  a long the 
e n e r g y  a x i s ,  p i ck ing  up and l o s i n g  e n e r g y  b e f o r e  i t  m u l t i p l i e s ;  a c c o r d i n g l y  the t ime  r e q u i r e d  fo r  new g e n e r -  
a t ion  i n c r e a s e s  by  a f a c t o r  k.  

3.  T h r e s h o l d  f i e l d s .  We denote  by  �9 the funct ion i n v e r s e  to  F d e t e r m i n i n g  the d i m e n s i o n l e s s  i o n i z a -  
t ion f r e q u e n c y .  Then we have  

~ / ~* = ~ (~'i / ~*) . 

Obviously function ~(~) gives the same graph as in Fig. 1 if the argument is assumed to be numbers 
plotted along the ordinate in Fig. 1 and the function is taken as numbers plotted along the abscissa. We 
write the general condition of breakdown (1.11) in the form 
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v i  = Vd + V; (Vt = t1-1 In N1 / No) , 

then  the t h r e s h o l d  f i e ld  i s  d e t e r m i n e d  f r o m  the e q u a l i t y  

vE/~* --  r [(v~ + v,)/v*] 

which  a f t e r  s u b s t i t u t i n g  the e x p r e s s i o n  fo r  u E g i v e s  

E~ = I lm (r176 + vm~-) vmv* (I3 (vl) ' ~ = Vd v--------- ~ -  + v~ (3.1) 

E s t i m a t e s  show tha t  a s  the a v e r a g e  e n e r g y  ~ in the e x p r e s s i o n  for  the s p a t i a l  d i f fus ion  c o e f f i c i e n t  
a v e r a g e d  o v e r  the s p e c t r u m  

D ---- <v ~ / 3 v~(v)) ~- 2~ /3mv ,~ ,  

one can  take  one ha l f  of the e x c i t a t i o n  p o t e n t i a l  of the a t o m s :  ~ ~ I * / 2 .  

Thus ,  fo r  the c o m p u t a t i o n  of the t h r e s h o l d  f i e ld  fo r  the b r e a k d o w n  of d i f f e r e n t  g a s e s  at  d i f f e r e n t  f r e -  
q u e n c i e s ,  p r e s s u r e s ,  and d i m e n s i o n s  we have  a v e r y  c o m p a c t  n u m e r i c a l  equa t ion :  

E 2 = 5.7.10-~eI] (0) ~ + v~ ~) v -~  (I3 (h) (3.2) 

~1 ~ (Vd -i- Vt) / V*, ~a = 5.8- 101~I * / v~A 2 . 

H e r e  and be low E i s  in V / e m ;  I l in eV; w , v  in s e c - l ;  a n d A  in c m ;  the  funct ion ~ (~ )  i s  g iven  b y  F i g . 1 .  

The c a s e  of " s t a t i o n a r y "  b r e a k d o w n ,  when v t << v d and v i ~ Vd, has  a l a r g e  r a n g e  of a p p l i c a t i o n s .  
A l m o s t  a l l  the  c a s e s  e n c o u n t e r e d  in p r a c t i c e ,  i . e . ,  b r e a k d o w n  b y  c o n s t a n t ,  h i g h - f r e q u e n c y ,  m i c r o w a v e  f i e l d s ,  
and i n f r a r e d  r a d i a t i o n  of CC~ l a s e r ,  come  u n d e r  th i s  c a t e g o r y .  In th i s  c a s e  the  l i m i t i n g  laws  of b r e a k d o w n  
a r e  v a l i d .  I t  is  a l so  p o s s i b l e  to d e t e r m i n e  a s y m p t o t i c  a n a l y t i c a l  e x p r e s s i o n s  for  E .  At  low p r e s s u r e s  p or  
l a r g e  f r e q u e n c i e s  w2 >> v m ~ and when d i f fus ion  l o s s e s  p r e d o m i n a t e  

f r o m  (3.2) ,we ob ta in  

VIii * co e~ 
E ~-~ 3~ vmA p A  ' (3.3) 

i . e . ,  E / w  is  a func t ion  of p A .  

A t  h igh  p r e s s u r e s  o r  low f r e q u e n c i e s  (in p a r t i c u l a r  in c o n s t a n t  f ie ld)  fo r  �9 we obta in  the a s y m p t o t i c  
equa t ion  

�9 ~ - - 6 ( - ~ a i  )~[ln(2a3,3cI)/q)] -2 , 

and in th is  c a s e  (p ~ ,  ~ - -  0) we ob ta in  

E = 5"8"i0-8 ~ (i - -  V h *  / l l  ) ( 3 . 4 )  
In (2aa~O / 1]) 

w h e r e  �9 u n d e r  the  l o g a r i t h m i c  s y m b o l  can  be t aken  as  c o n s t a n t .  I t  i s  e v i d e n t  then tha t  " b r e a k d o w n  v o l t a g e "  
EA is  a funct ion  of pA ( r e m i n i s c e n t  of the w e l l - k n o w n  p a s c h e n  c u r v e s )  and tha t  the  a s y m p t o t i c  d e p e n d e n c e  
of the t h r e s h o l d  on the p r e s s u r e  for  p - .oo h a s  the  f o r m  

E ~ p / [const + ln(pA)] , 

i . e . ,  g r o w s  s l i g h t l y  m o r e  s l o w l y  than  p and depends  on the d i m e n s i o n s  only  l o g a r i t h m i c a l l y .  

4 .  C o m p a r i s o n  wi th  E x p e r i m e n t .  By  way  of i l l u s t r a t i o n  we use  e q u a t i o n  (3.2) for  compu t ing  the 
t h r e s h o l d s  fo r  b r e a k d o w n  of a r g o n  and xenon  in d i f f e r e n t  f r e q u e n c y  r a n g e s  . t  F o r  a r g o n  we take  v m = 
7 " 109p, v * = 2.6 �9 108p ( a c c o r d i n g  to the  d a t a  p r e s e n t e d  in [16]), 11 = 16.8 eV,  I* = 11.5 eV; fo r  xenon ,  
u m = 1.5 "101~ u * = 4 "108p ( this  l a s t  va lue  is  c h o s e n  on the b a s i s  of the d a t a  in [18]), II = 13.1 eV,  I* = 
8 A eV;  h e r e  p is  in t o r r .  

t E l a s t i c  l o s s e s  in a r g o n  a r e  s m a l l ,  and in xenon  they  a r e  g e n e r a l l y  i n s i g n i f i c a n t .  
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The t h r e sho ld  f ie lds  for m ic rowave  b reakdown of a rgon  are  shown in F ig .  2. The con t inuous  c u r v e s  
p e r t a i n  to c o m p u t a t i o n s ,  the dashes  to e x p e r i m e n t .  The e x p e r i m e n t a l  da ta  a re  taken f r o m  [16]. Curve  1 is 
for  the f r e q u e n c y  of the f ie ld  equa l  to 2.8 MHz (co = 1.8 �9 101~ r a d / s e c ) ,  A = 0.15 cm;  c u r ve  2 for  the f r e -  
quency equa l  to 0.99 GHz (w = 6~2 �9 109 r a d / s e c ) ,  A = 0.63 m m .  The r e  are  no compu ta t ions  for argon in 
[16]. The t h r e s h o l d  f ie lds  for m ic rowave  breakdown of xenon a re  shown in F ig .  3. The e x p e r i m e n t a l  da ta  
we re  t aken  f r o m  [16]. The f r equency  of the f ie ld  is  2.8 MHz, A = 0.10 c m .  The con t inuous  c u r ve  p e r t a i n s  
to the compu ta t i on .  In [16] the re  a re  no compu ta t ions  for  xenon .  

The t h r e s h o l d  f ie lds  for  the b reakdown of a rgon  and xenon by the r a d i a t i on  f rom CO~ l a s e r  (~ = 
10.6 ~ ,  ~ = 1.99 . 10 ~4 r a d / s e c )  a re  given in F ig .  4. The e x p e r i m e n t a l  da ta  were  taken f r o m  [17]; the pu lse  
length  t 1 ~ 1 ~ sec ,  the r a d i u s  of the focus 4 �9 10 -3 c m;  b lack  s q u a r e s  a re  for  a rgon,  white for  xenon .  The 
uppe r  cu rve  p e r t a i n s  to computa t ion  for  a rgon ,  the lower  to the computa t ion  for  xenon .  The t h r e sho ld  f ie lds  
for  the b reakdown of a rgon  by n e o d y m i u m  l a s e r  are  shown in F ig .  5. The e x p e r i m e n t a l  po in ts  are  taken 
f r o m  [19]. The pulse  length  tl = 50 nsec ,  A = 1.64 �9 10 -3 c m .  The con t inuous  cu rve  g ives  the r e s u l t  of the 
compu ta t i on .  The t h r e sho ld  flux dens i ty  of photons for the b reakdown of xenon by n e o d y m i u m  l a s e r  a r e  
g iven  in F ig .  6. Here  the e x p e r i m e n t a l  points  a re  taken f r o m  [20]. The pulse  length  is 3 5 n s e c , a n d  the 
r ad ius  of the focus is 4.5 �9 10 -3 c m .  The con t inuous  c u r v e s  pe r t a i n  to the compu ta t i on .  

F u r t h e r m o r e ,  on the ba s i s  of the g e n e r a l  equa t ion  for  the ion iza t ion  f r e q u e n c y  obta ined above,  we c o m -  
puted the f i r s t  ion iza t ion  coef f i c ien t  of Townsend  for  a c o n s t a n t  f ield a i  = v i /#  E ,  where  ~ = e / m y  m is the 
m o b i l i t y .  F r o m  (2.5) the a sympto t i c  equa t ion  for a i  (at l a rge  p r e s s u r e s  and s m a l l  E / p )  is  

ai ~- A ~ E e - B p / E ,  A i  = 2a3~/I1 

B a - - 1  V 611mvm~* __ 5 . 8 . 1 0  -s a - - 1  | / I 1  vm v* (3.5) 
a " e~p 2 a p p 

where  A i is in  ion p a i r s / V  and B is  in V / c m  �9 t o r r .  F o r  a rgon  with the s a m e  cons t an t s  B = 53, A i = 0.04. 
If the e x p e r i m e n t a l  cu rve  (graph 4.49 in [21]) is app rox ima ted  by func t ion  (3.5), we obtain B = 31, A i = 0.01. 
F o r  xenon,  the a g r e e m e n t  is  s t i l l  be t t e r :  B = 85, A i = 0.05 f rom the compu ta t ion ;  B = 85, A i = 0.1 f rom the 
e x p e r i m e n t .  
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Thus the approximate theory  discussed above, which led to a v e ry  simple and universa l  equation (3.2) 
for  the breakdown threshold gives reasonable  agreement  with the exper iment  in all f requency ranges f rom 
constant  field to optical and in a wide range of p r e s su re s  c lea r ly  demonstrat ing the cha rac te r i s t i c  r egu la r i -  
t ies of the phenomenon. 
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