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Expressions are obtained for the probability of ionization of atoms and solid bodies in the
field of a strong electromagnetic wave whose frequency is lower than the ionization potential.
In the limiting case of low frequencies these expressions change into the well known formulas
for the probability of tunnel auto-ionization; at high frequencies they describe processes in
which several photons are absorbed simultaneously. The ionization probability has a number
of resonance maxima due to intermediate transition of the atom to an excited state. In the
vicinity of such a maximum the ionization cross section increases by several orders of magnitude. The positions and widths of the resonances depend on the field strength in the wave.
It is shown that for optical frequencies the mechanism under consideration, of direct ionization by the wave field, may be significant in the case of electric breakdown in gases, and especially in condensed media.

AN

essential feature of the tunnel effect, a feature of importance in practical applications, is the
practical absence of time lag. In other words, the
probability of tunneling remains constant up to the
highest frequencies of the radio band. The reason
for this is that the tunneling time is determined
essentially by the mean free time of the electron
passing through a barrier of width
l =I I eF,

where l-ionization potential and F-electric field
intensity. The average electron velocity is of the
order of (I/m) 112 (m-electron mass). Therefore,
up to frequencies on the order of
ffit = eF ll/2ml

the tunnel effect is determined simply by the instantaneous value of the field intensity.
At higher frequencies there should appear a
frequency dependence of the tunneling probability,
since the electron does not have time to jump
through the barrier within one cycle. Values typical of the tunnel effect in semiconductors are
I~ 1 eV, m ~ 10- 28 g, F ~ 10 5 V/cm, yielding
Wt ~ 10 13 sec- 1 , i.e., the dispersion can be noticeable at infrared and optical frequencies. A similar
estimate is obtained for atoms, where I ~ 10 eV,
m = 10- 27 g, and F ~ 10 7 V/cm.
With the appearance of lasers, the question of
the tunnel effect at such frequencies became timely,
since this is apparently the most effective mechanism for the absorption of high-power radiation in

the transparency region. By transparency region
we understand here the region of frequencies
tiw < I, in which the substance is transparent to
low-power radiation. Recent papers report gas
breakdown in the focus of a laser beam [ 1• 2J. This
group of questions was considered theoretically by
Bunkin and Prokhorov[ 3].
At first glance there exists at such high frequencies still another absorption mechanism, which
competes with the tunnel effect. We have in mind
the multi-photon absorption, in which the transition
of the electron into a free state is accompanied by
simultaneous absorption of several quanta. We
shall show, however, that the nature of these two
effects is essentially the same. We shall obtain a
common formula which goes over into the usual
formula for the tunnel effect[ 4-G] at low frequencies
and very strong fields, when w « Wt, and describes
multi-photon absorption when w » wt.
In the simplest case of ionization of atoms, the
general formula for the ionization probability is
Io )'''(

w = Affi ( /i(J)

Xexp{-
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ffi(2mlo)''• I eF,
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where the effective ionization potential is defined
by
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and for the s-th bound state
S(y, 10/11 w) is a relatively slowly varying function
of the frequency and of the field, defined by formula
f i ( I 8 t---;;;-smmt
eFu8 •
)}
'i's(r,t) =\jl.(r) explT
. ( 7)
(18) below, and A is a numerical coefficient of the
order of unity.
Formula (1) describes the indirect transition of
We have in mind here the hydrogen atom, in which
an electron from the ground state of the atom to the the Stark effect is nonlinear in the field. In the
free state. However, in the case when one of the
wave function of the final state (6), we have neglechigher harmonics of the incident monochromatic
ted for the time being the influence of the Coulomb
wave is close to resonance with the electronic
field of the ionized atom. The role of this interaction, as well as of the quadratic Stark effect, will
transition, in which the atom goes over into the
be discussed below.
s-th excited state, an appreciable role can be asLet us calculate now the probability of the transumed by a two-step process consisting of the exsition from the ground state to a free-electron
citation of the atom followed by ionization of the
state of the type (6). The difference between our
excited state. The probability of such a resonant
procedure and the usual perturbation theory lies
process is described by the formula
thus only in the fact that we calculate the probaw(,·J =~~I ln
eFus
ln
eFu.
bility of transition not to a stationary final state,
4 •
•
hm
• \ hm
but to a state (6) that already takes exact account
of the main effect of the electric field-the accelerX
IVosl2ws
(3)
ation of the free electron. The matrix elements of
(Io- l; + 1/2e 2F 2as- nshm) 2 + h 2 (m., + '\'s) 2
the transition between the bound states, on the
where J n-Bessel functions; Ws-probability of
other hand, are taken into account only in the lower
ionization of the s-th excited state, described by
orders of perturbation theory, since they are proformula (I) in which, however, 10 must be replaced
portional to eFa 0, and as will be shown below, the
by Is-ionization potential of the s-th level; CJs and transition matrix elements which we take into acas-coefficients that describe the Stark shift of the
count in the continuous spectrum are proportional
s- th level in a static electric field:
to eFa 0 .JI 0/li w. The ratio li c..; /1 0 will be assumed to
be sufficiently small. For the lasers presently in
I.(F) =Is- eFus- 1/ze 2F 2 a,;
(4)
existence it is of the order of 0.1.
v 0s-matrix element of the transition from the
The probability of direct transition from the
ground state to the s-th state in a homogeneous
ground state to the continuous spectrum is of the
electric field:
form

+I(

Vos =

)+ _J

)12

~ \jl,.*(r)eFr\jl 0 (r)d3r;

1

Wo

ns-integer closest to (1 0 - ls)/liw; Ys-radiation
width of the level.
We present now a detailed derivation and analysis of formulas (1) and (3). On the basis of theresults we shall then derive briefly analogous expressions for the ionization probability in a solid.
The electric field of the wave exerts the strongest action on the states of the continuous spectrum
and on the degenerate levels of the excited bound
states. Therefore, as the first step, we take into
account these effects. The wave function of the free
electron in an electric field
F(t) = F cos mt

(5)

-,;z lim Re ~
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Let us expand the expression
eF
\
(
L(p, t)= Vo\ P+-sinwt 1
(!)

is of the form

I

r

{ i I
1 f
eF
X expltz J L Io + 2m\, p +~sin ulT

)21 dT }

(10)

0

in a Fourier series in t:
(6)

oo
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p2
e2F2
) }
L(p,t)= ~ exp -,;:- I o + - + - -2 -nhw t Ln(P),

n=-00
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1 n
Ln(P) = - I Vo

2n J-n

eE
(p + -sinx
l
w
1

eFp
e2F2
X exp 1f - _i - ( nliwx - --cos
x - --sin
2x )} dx.
1.

liw

2mw

8mw 2

(12)

Substituting this expansion in ( 8), we obtain after
the usual transformations

The positions of the saddle points depend on p.
However, contributions to the total probability of
ionization (14) are made only by small p, satisfying
the condition p 2 « 2mi 0 • Consequently we can put
p = 0 in the pre-exponential factor, and we can expand in the exponential in powers of p up to second
order inclusive. Substituting then the resultant expression in (14) and integrating with respect top,
we transform (14) to
Wo=

X

p2
e2F2
J
o ( Io+--+---nnw
,
2m
4mw 2

l/2J';
n

(

\ 'I•

y

- - w --=:-)
~1

+y

2-

S ( y ,lo- )
liw

(13)

+
+ 2y

1 y-y
)'1- - y-2 ]}_;
2lo [
X exp { ---sinh-

nw

or, using the presence of 6-functions

1

(16)

2

Here
2n 1 d 3p
Wo = h J (2nfi)3 j L(p) j2

y =

""

(
pz
e2F2
)
6\Io+-+---nliw
,
2
2m
4mw
n=-oo

X]

L(p) = - 1
2:t

~

V0

(14)

(p + ~u) exp{-lii ~ [ lo

1 ( p+
eF- v)
+2m
· w

(J)

2

(J)

(

v2 )

~exp{-2[<x+1>-x+n]
n=O

l ------rdu.
dv
)
1~

(1 7)

and the function S(y, I 0/ti w), which varies slowly
compared with an exponential function, is of the
form
S(y,x)=

0

w -y 2mlo / eF,

(15)

'/,

The integral with respect to u in (15) is taken along
a closed contour which encloses the segment
(-1, 1).

Formula (14) has the explicit form of the sum
of multi-photon processes. The exponential in (15)
is rapidly oscillating, so that the integral can be
calculated by the saddle-point method. The saddle
points are determined by the condition
f (
eF
\2
Io+-\P+-us) =0.
2m
w
;
It is easy to verify, however, that for the hydrogen
atom the matrix element V 0(p + e Fu/w) has a pole

at the same points, by virtue of the relation 2mi 0
= ti 2/a5. The presence of this pole is neither accidental nor typical of the hydrogen atom, but reflects the universally known fact that the scattering
amplitude has poles at complex momentum values
corresponding to bound states[ 5J. Taking these
singularities into account, we can easily verify that
the contribution of each saddle point to (15) is equal
to
- - Io
nw
2)'nao3_F
(1
2)'1 '
e ao
-Us

dv
(1- v2 )'/,

}
•

X <I> {[

_2y
{(x+1>-x+n)
"jl1 y2

+

]'I'}.

(18)

The symbol ( x) denotes the integer part of the
number x, and the function <I> (z), defined by
<l>(z)

=~

eY'-z'dy,

(19)

is expressed in terms of the well known probability
integral.
The function S(y , I 0/ti w) describes the spectrum
structure connected with the discreteness of the
number of absorbed photons. It obviously has characteristic threshold singularities of the type
(10 - ntiw) 112 • The effective threshold energy of
absorption 10, defined by formula (2), exceeds the
ionization potential Io by the value of the average
oscillation energy of the electron in the field of the
wave. This is precisely the quantity which enters
into the 6-function that expresses the law of energy
conservation in the general formula (14).
For the case of low frequencies and very strong
fields, when y « 1, the main contribution in expression (18) for Sis made by large n ~ y- 3 • Consequently, going over from summation over n to
integration, we obtain
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as a result of which the ionization probability is
described by the formula
Wo

=

then into the continuous spectrum. The probability
of such a transition is equal to
1
) d3p
~ lim Re - - - L 8 <rJ (p T) cos roT
fi 2 8 T-+-oo
( 2nfi )3
'

l'6n !!._(_!_Ffi )''•
4
fi m'hio'''

w<rJ = -

_i "{2mi '1'( 1 _mro
I
X exp { 3 efiF
5e F2

T

2 0 )}

0

2

(20)

·

X ) L 8 (r)* (p, t) cos rotdt,

(22)

0

As w- 0, the exponential in (20) coincides with
1
eF
)
i t [
L.<rJ (p, t) = iii Vs ( p +--;-sin rot exp { 7i- ) I,
the known expression for the tunnel auto-ionization
0
of atoms in an electric field[ 4• 5J, whereas the exponential factor is different from the correct one.
2
+
p +:~sin ro't) - eFa, cos ro't d't}
This is connected with the fact that we have used
for the wave functions of the final state the funct
. t'
tions of the free electron (6), i.e., we have neglecX ~ Vos cos wt' exp { -:- ) [Io- I,+ eFa, cos w't} d't} dt'.
ted the Coulomb interaction in the final state, which,
0
0
(23)
as is well known, changes the power of F in the
After transformations analogous to (ll)-(I3), this
pre-exponential expression, without changing the
expression reduces to the form
exponential itself. For the same reason, the preexponential factor in (I6) must also be corrected,
1 "LJ
~ 'n-1 eFa,
eFa.
w(r) =
- ) +In+! ( - ) 12
but this is of less significance, since all the depen4 sn
' fiw
fiw
dences are determined essentially by the exponential function. A crude quasiclassical analysis
I Vo.l 2
2n r d 3p
shows that, apart from a numerical coefficient, the
X (Io- I.- nfiw )2 h J (2nfi) 3
inclusion of this interaction results in a correction
1
factor I 0y/nw (1 + y 2 )11 2, which we have taken into
X L4jLn•-t(P)+Ln'+t(P) j2
n'
account in (I).
p2
e2F2
)
In the opposite limiting case of high frequencies
X [ 6 ( I.+-+---n'fiw
and not very strong fields y » I, the fundamental
.
2m 4mw 2
role in (I8) is played by the zeroth term, and
p2
e2F2
)]
(24)
+6 (\ Io+-+---(n'+n)fiw
,
formula (I) describes in this case the probability
2m 4mw 2
of simultaneous absorption of several photons:
where Jn-Bessel function of order n.
Carrying out summation over n' and integration
2
r3 F2 )}
Wo = Aro ( -Io
_--- )"' exp f1 2<To
1) - To(
- 1
over p, and retaining in the sum over n only the
\ ftro
~
fie,)
firo
2mro 2I 0
term ns closest to resonance IIo- Is- nsnwl « nw,
we obtain formula (3), but with a denominator in
0
X ( -e2F2
- - 1\ I,Ji'i.,+l<1> 2 <To
- + 1 -2T
. (2I)
which we take account also of the shift of the
\
8mro 2I 0 ;
firo
firo
atomic levels in the second order of the Stark
After introducing the correction for the Coulomb effect, and of the attenuation of the level Is due to
interaction in the final state, formulas (1) and (21)
its ionization Ws and its spontaneous emission y s·
should be applicable, accurate to a numerical facFormula (3) describes also the radiation of atoms
tor of the order of unity, to a description of the
at frequencies nws = Io- Is, if we replace Ws by
ionization of any atom, not only hydrogen. Indeed,
y s in its numerator.
as can be seen from the preceding deduction, this
The quantity eFa s/11 w, which enters in (3), is
probability is determined essentially by the action
of the order of 1/y, and therefore formally when
of the field on the final state of the free electron,
y » I the probabilities w(r) and w 0 can be of the
and not on the ground state of the atom. Therefore
same order of magnitude. Numerically, however,
the use of another wave function for the ground
w(r) is in the mean very small compared with w 0,
state changes only the matrix element V0(p), i.e.,
owing to the factor 1/ns! in the definition of J n.
the pre-exponential factor.
Directly near resonance, however, w(r) becomes
So far we have considered a transition from the
many orders larger than w 0:
ground state directly to the continuous-spectrum
"' ( _!__
~fiw3 )21 ,/tiro
state. Let us consider now, in the next higher order
( w<r) )
Wo
•max
ns!
e F2
of perturbation theory, a process in which the elec-

!n (

J

I

+

[f

(

+- -

>

)'!']

)2(

tron first goes over into an excited state ( 7), and

This resonance is of course very narrow and
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therefore difficult to observe. It is interesting to
note that if the frequency of the incident radiation
lies in a relatively broad region, such that
II 0 - Is- nsnwl :S e 2F 2a:s/2, then we can observe
just as sharp a resonant change in the ionization
probability when the field intensity in the wave is
changed, for the resonant frequency itself is displaced in this case.
We note, finally, that in the case of the purely
quadratic Stark effect (us = 0) the situation does
not change qualitatively, although quantitatively
w(r) becomes somewhat smaller. The Besselfunction arguments in (3) then contain in lieu of
eFu s the quantity e 2F 2a: s/ 4, and their index ns - 1
is replaced by (ns- 1)/2 for odd ns and ns/2- 1
for even ns. In the case of even ns, Vos is replaced
by V~l/-the correction to Vos in first-order perturbation theory.
The formulas presented above pertained to the
ionization of individual atoms, i.e., to gases. We
now turn to ionization by a strong electromagnetic
wave in a crystal. In this case the ionization process reduces to the transfer of the electron from
the valence band into the conduction band, in other
words, to the creation of an electron-hole pair.
Therefore the energy of the final state is not
simply the energy of the free electron, but is equal
to the sum of the energies of the electron and of the
hole:
e(p) = Ec(P)- Ev(p).

(25)

Here the indices c and v denote the conduction
and valence bands, and Ec, v(P) is the dependence of
the energy on the quasimomentum in these bands.
The quasimomenta of the initial and final states,
should naturally be the same, since the homogeneous electric field cannot change the momentum of
a system that is neutral on the whole.
The Bloch wave functions of an electron, accelerated by the field inside each of the bands, have a
form analogous to (6):

'IJ~'"(r, t) = u~'S>(r)exp { ~
p (t) = p

[p(t)r

-~Ec,v(p('r))d-r]}•

+ (eFjw) sin wt,

(26)

Up'

where
v (r) are periodic functions that have the
translatwnal symmetry of the lattice. Calculations
perfectly similar to (8)-(15) lead to a general
formula for the ionization probability

w=

2:rt (' d3 p
h J (2:rth)3 I Lcv(P)

where, however,

12

-~

-LJ b(e(p)- nhw),
n

(27)

f (

1
eF
)
E(P)= 2:rtJ E P+-;-sinx dx,

(28)

-n

n

X exp{

~ vi) (1 : :

n! Je(IP +

2 ) •;,

}aa.

(29)

The matrix element of the optical transition
from the valence to the conduction band is determined in the following fashion:
Vcv (p) = i1i

~ u~· (r) eFV Pup" (1·) d3r.

(30)

The saddle points of the integral (29} are now determined by the relation
E(p

+ eFus I w) =

(31)

0.

The matrix element Vcv(P + eFu/w) has at these
points, as for isolated atoms, a pole with a universal residue value [ 6, 7]
res Vcv (p

+ eFus I w} =

+ihw I 4.

(32)

The essential difference from the case of atoms
is, however, the fact that the function E(p + eFu/w)
has at the point Us not a simple zero, but a branch
point of the root type. Calculating Lcv(P) with allowance for these singularities, we find that the
contribution to (29) made by each of the saddle
points is equal to
c-hw

3

exp{-~-·

u,

rE( p+

hw ~

\

I

eF u
du
\
w
; ( 1 - u2) '/, f

·

Further calculations are perfectly analogous to
those that lead to formula (16), but call for the use
of a concrete type of dispersion law E(p). For typical semiconductors[S,?] we have
(33)

where C.-width of the forbidden band separating
the valence band from the conduction-band and mreduced mass of the electron and the hole,
1 I m = 1 / me

+ 1 I mh.

In this case, having in mind small p (but not
p + eFu/w) and introducing dimensionless variables
x and y defined by
(34)

where p 11 and Pl are the quasimomentum components parallel and perpendicular to the direction
of the field F, we obtain

1312

L. V. KELDYSH

+

-

2 { }"1
y2 (
e(p) = -!1
--E

v

n

+

v

}"1

+y

2

1

1
)
-=-

}"1

Q (y, x) =

+ yz

x 2+ - v K (-1- ) -y2 }
E ( -1- ) }"1 y2 2
}"1 y2
}"1 y2 2
(35)

+

+

+

[n!2K(V 1 + r

l/

2)]'

x~exp{-n[K(v/ 2)\
n-~o
+r

and for the argument of the exponential in (2.9) we
get
i ;· (

-Je

liw

0

eF \ du
P+-ul--=·
w
-y 1 - uz
1

(39)

_- -~{11
+V [K(· V
\ -E(-"-)]
liw
v
}"1 + yz)
}"1 + yz
2

In the derivation of (37) we have made use of an
identity known from the theory of elliptic integrals:
K(x)E("V1- x 2 )

- K(x)K(}"1- x 2 )

v .( v )
+ 2 }"1 +-~K }"1 + yz
Y2

+

iyx [ 1 - 2 }"1

+ -y1 ~ vz K (

+y

-y1:

2

E(

}"1

+ K("V1- x2)E(x)

+ y2 J

V

(36)

vzl ]} ·

The functions K and E in (35) and (36) are complete
elliptic integrals of the first and second kind. The
term in (36), which is linear in x, will henceforth
be left out, for when account is taken of both saddle
points it gives rise in L(p) to a rapidly oscillating
factor of the type 2cos x, which reduces after
squaring and integrating with respect to x to a
factor 2, which we can take into account directly
in the final answer. The quantity y in (35)-(42)
differs from (1 7) by a factor 1/VZ:.

=

n I 2.

Asymptotically, the behavior of the ionization
probability in a solid (37) is similar to the variation
of the ionization probability in gases (16), both for
low and for high frequencies. In the case of low
frequencies and strong fields y « 1, the ionization
probability reduces to the formula for the tunnel
effect[B,B]:
2 l1 ( mll )'" ( e1iF
w = 9n2 7i V
m'l•f1'1•

)'!.
(40)

At first glance (40) differs from the corresponding
formula (19) in [ sJ by a factor of the order
(en F /m 112 .6. 312 ) 112 in front of the exponential. This
is connected with the fact that (40), like the general
formula (2 7), describes the average ionization
V = w"Vmll I eF.
probability over a time which is much larger than
The ionization probability is given by the expres- the period of the external field 27f /w, while formula
(19) of[B] yields the instantaneous tunneling probasion
bility in a slowly varying field. If we introduce in
this last formula a field of the type F(t) = F cos wt
w = 2w ( l"T+Y2 mw )'/,
(
K\.
{ _ n ( fiw
'X
1)
9n
V
li
Q y, liw / exp
and average it over the time, then the result
agrees with (40).
In the opposite limiting casey » 1, we again obtain a formula that describes the probability of
multi-quantum absorption:
where b.-effective ionization potential:
1
_ 2 (mw)% <!J [ (I 2\/A
21:\)'
W - 9- W -1i
--+ 1) - Jiw
- •]
2
n
1
'nw
1
1
A=-=-ll--y ~" E(
---).
(38)
n
V
}"1
yz

+

+

The symbol ( x) again denotes the integer part of
the number x, and Q(y, ..6:/nw) is a function analogous to Sin (16):
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Ionization in solids can proceed also via intermediate states, similar to the process described
by formula (3). The role of the excited states can
then be played by the excitons, if their binding
energy is commensurate with or larger than the
energy of the quantum of incident radiation n w, or
else by the local level of the impurities and lattice
defects, if their concentration is sufficiently high.
The corresponding formula is perfectly analogous
to (3) and will not be written out here.
Owing to the presence of the dielectric probability, the influence of the Coulomb interaction of
the free electron and hole on the ionization probability is negligibly small [ sJ.
We now present some quantitative estimates.
Having in mind the hydrogen atom (I 0 = 13.6 eV)
and emission in the red region of the spectrum at
frequency w R:! 3 x 10 15 sec- 1 , we obtain (I 0/fiw + 1)
= 8. The field intensity is best expressed in terms
of the power of the incident wave W and the transverse cross section of the beam 0 R 2:

e2F 2
2mro 2Io

1

W

2ne 2

-=---=-----~
y2

mcro 2I 0 R 2

W
RZ ·

25·10- 22 •

After substituting in (21) we obtain
Wo

~

10 17 (2 · 10-9 WI R 2 ) 8 sec-1.

Thus, for example, for W =50 MW and R 2 = 10- 6 cm2
we get w 0 R:! 10 9 sec- 1 , i.e., within a time on the
order of 0.001 /-(Sec the gas is completely ionized.
However, at lower values of the power or in the
case of poor focusing, the effect decreases very
rapidly. Thus, for W = 50 MW but R 2 = 10- 4 em,
the frequency is w 0 R:! 10- 7 sec- 1 •
Analogously, for ionization of the first excited
level of hydrogen, I 1 = 0.25 I 0, we get
w1 ~ 1016 (8 · 10-9 W 1fl 2) 2 sec-1.
The Stark splitting for this level is 3eFI1 2jme2.
Substituting these expressions in (3) we obtain for
the resonant part of the ionization probability the
following estimate:

resonance can be assumed to be satisfied almost
always, since the energy which is lacking for
resonance can be obtained from (or given up to)
the vibrational degrees of freedom, which are
strongly excited in some fields. The total ionization probability is in this case of the order of

eFcr8 ) zn. Ws
w.-.. ro ( - --nro

Ws

+Y•

The main contribution to the ionization is made by
the excited states with the highest ionization potentials.
In a real situation, the resonant ionization is
decisive in a much wider frequency range, since
the power of the mcident radiation varies with
time, and the resonant frequencies in (3) are shifted
by an amount on the order of
1
e2
1'l (!iro,) = -- e2F2as = 2n- as lV.

2
c
If I I 0 - Is- nsnw I < 6(nwr), then at some instant
of time the resonance condition is satisfied exactly,
and this instant makes the main contribution to the
total ionization. The total ionization probability is
determined by the time integral of formula (3);

~ w<r>dt = 2n
e2 as

J Fos

n

[~( dF 2

\

dt

)-! _1_,
4

ln _ 1 (
8

eFcrs)

nro

12· (43 )

In the right side of this formula there should be
substituted the resonant value of the field.
If we introduce a dimensionless coefficient of the
order of unity

as =

I Vos 12 /

e2F2asio,

then (43) can be rewritten in a more illustrative
form
_
Jr w (r) dt2nas .!!!.....!
411

( eFcrs)
nro 1· '
2

lns-1'

where T-characteristic time of the order of the
duration of the radiation pulse, determined by the
relation
1

,_.. 1012 ( 6·10-

ws
9
-

R2

\
/

1i
(

(fJ

611ro

)

(45)

Under the same assumptions used to obtain the
previous estimate, we obtain (ns = 6)

2

I o- I 1 -

(44)

·

If, for example, the distance from resonance in the
denominator of this formula is of the order of
2 x 10- 2 eV, then w(r) exct:;eds w 0 by more than four
orders of magnitude.
In the case of a molecular gas, the condition of
l)In all the formulas that follow W is in MW and R in em.

Thus, for a pulse duration T ~ 100 iJ.Sec, radiation
of 50 MW power, focused in a region with dimensions R ~ 3 X 10- 3 em produces practically full
ionization.
In breakdown of gases under real conditions,
the role of the processes considered in the present
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paper is determined by their competition with the
cascade multiplication of the free electrons. The
field intensity at which the cascade breakdown
occurs increases rapidly with decreasing dimensions of the region where the field is effective, or
with decrease in the pulse duration. Therefore for
a sufficiently focused beam R ~ 10-3 em, or for
sufficiently short pulses, the breakdown should apparently be determined by the direct ionization of
the atoms in the field of the wave.
In the case of condensed media, the situation is
much more favorable for the mechanism in question, for owing to the rapid energy dissipation by
the free electrons, the breakdown fields are much
higher there, and the ionization potentials lower.
In conclusion I take the opportunity to thank
G. A. Askar'yan, V. L. Ginzburg, and M. A. Krivoglaz for valuable remarks made during the discussion of the present paper.
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