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We consider the breakdown of gases through laser irradiation with high-energy quanta. We show that for the same
energy gain rate of the electrons in the wave field the breakdown conditions change appreciably when the quantum

energy changes.

1. The breakdown of gases through laser irradiation,
discovered by Meyerand and Haughtm has recently been
discussed in a large number of papers (see the review[?
and also™* %), This is connected both with the purely
physical interest in studying the processes accompany-
ing laser breakdown and with the practical importance of
the determination of the magnitude of threshold fluxes
characterizing the breakdown strength of gases and, in
particular, of air. However, in all cited papers the study
of the breakdown of gases was made on the basis of the
classical kinetic equation which describes only the con-
tinuous motion of the electron along the energy axis.
Recently considerable progress has been made in the
construction of lasers with high energy radiation quanta.
Lasers have been constructed with molecular nitrogen
(hw ~ 4 eV)'™ and hydrogen (fiw ~ 7.5 eV)112/%*) and
lasers with compressed inert gases (hw = 6 to
8 eV)[™*'™) have been intensely studied. The utilization
of the high-frequency range (up to the x-ray band (see
the review['*1)) is now one of the main problems of
quantum electronics. When the quantum energy is com-
parable to or larger than typical energies characterizing
the range of inelastic energy losses of an electron, the
classical kinetic equation is no longer applicable to des-
cribe the ionization process due to the discrete nature
of the gain of energy by the electron in the laser field.
Connected with this effect is the possibility of an apprec-
iably easier penetration of the electron through the reg-
ion where vibrational and electronic levels of a molecule
or an atom can be excited and this can appreciably
change the picture of the gas breakdown.

In the present paper we give an analytical discussion
of the problem of the cascade breakdown of gases
through laser irradiation with high-energy quanta.
According to the comparison with the numerical solution
of the quantal kinetic equation given below the analytical
solution is valid at least up to quantum energies of about
5 to 6 eV. We note that the only research, so far as we
know, about the breakdown of gases which takes the dis-
crete nature of the absorption of light quanta into ac-
count'*® has been done numerically under very restric-
ted conditions (hw = 1.8 eV and a radiation flux density
of 7.8 x 10'° W/cm?).

2. The quantal kinetic equation for the electron dis-
tribution function n(e, t) = noF(e)e Yt in the light field is
of the form (seel?))

YF () =GN,,{ ~a(e)F (&) —b (e) F (&) +a(e—ho) F (e—ho)

o (1)
+b(s+hm)F(e+hm)}+Q=W+Q, | Fleyae—t,

where n(¢)de is the number of electrons per cm® with
energies in the range € to € + de; nois the initial elec-
tron density; G (cm™s™") is the light quanta flux; Ny
the molecule density; a(e) the light absorption coeffi-
cient, per electron of energy ¢ and per molecule;
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b(e +hw) = {€/(c +hw)}*?a(e) is the coefficient for in-
duced radiation for an electron of energy ¢ ++hw. The
collision integral Q includes terms connected with the
creation of electrons, ionization, the excitation of vibra-
tional and electronic molecular levels, and so on.

Let us expand W in a series in iiw. In that case (1)
can be written in the form

YF=—8],/0e+0Q, (2)

where J is the electron flux in energy space which is
connected with the interaction of the electrons with the
laser field. If we retain in the expansion of W terms of
second order inhw we have for Jq the usual classical
expressiont?;

Clo aF
=—F-D—, 3
T 3 de ()

where ao = (€°E8/2mw®)veg is the rate at which an elec-
tron acquires energy in the field Eo with frequency w
(Vegs 1s the elastic collision frequency); D = Yseao is the
electron diffusion coefficient in energy space.

Writing the current in the form (3) does not take into
account the discrete nature of the energy gain by an elec-
tron in a variable electromagnetic field and can there-
fore not describe the process of the "discontinuous"
penetration of the electrons through the barriers of the
vibrational and electronic molecular energy levels. The
quantum nature of the absorption of the light can be
taken into account already in the next term in the expan-
sion of W; Planck’s constant occurs explicitly in the
kinetic equation. This statement is confirmed by the re-
sults of the numerical calculation given in Sec. 5 below.

In the approximation which is cubic in hw we have
o Sy E ]
e 2 de*

4)

qui[p—za
3
where a = wo(l +‘l‘1w/e)3/2 is a more accurate way to
describe the rate at which the electron gains energy.
The collisional term Q,, which occurs in Q is connected
with the excitation of vibrational molecular levels and
can also be written in the form (see below)

Qu=—08J/%. ()

The term in @ which is connected with the ionization and
with the excitation of the electronic molecular levels
can, as inl®, be written in the form

if N
e={ % 2 (6)

ol if e>e,’

where ef ~ I corresponds to the energy of excitation of
the first electronic level of the molecule.

We can thus write Eq. (1) in the region € <Iin the
form

-_9 7
AP === (A ). (M
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Introducing now the effective probability k for the pene-
tration of electrons through the region of excitation of
electronic molecular levels we can write down the boun-
dary conditions for the current:

(1) emo=d(0) =Jo (1) (1+F) = I+ 1) emi (1+F). (8)
Moreover, we have

F(I)=0, 8"

(0F/0€) emr=0 8")

Condition (8') means physically that electrons with € = I
lose their energy instantaneously in ionization and con-
dition (8") that the region of energies where F(¢) =
must be of the order of the quantum energy hw (as a
consequence of the discrete nature of the absorption of
light).

Integrating Eq. (7) and using (8) we get

Y=k(1q+1u)s=l. (9)

For small k (which is the case of practical interest) the
current Jq(e) + J(€) ~ constant and the problem of de-

termining ¥ can be reduced to solving the equation

(hw)? o 0°F a oF 1
5 5-6—62—2 —3—a—+ F+J.,(e) —T, (10)
IF(e)da=1. (10%)

We now turn to a determination of the current J.
which is connected with the interaction between electrons
and the vibrational molecular levels. The collision in-
tegral Qv has the form

Q=M. 2{

m=0

Oom (e+f'lmam)F(a+flmom)v(e+hmom)—aom(8)F(8)v(a)}, 11)

where 0, is the cross-section for the excitation of the
m-th vibrational level of the molecule with a quantum
energy hwom; v is the electron velocity. We can expand
Eq. (11) in a power series in hwgy,. This is connected
with the fact that the average energy lost by an electron
when it excites a molecule, i.e., the average magnitude
of the quantum absorbed by the molecule <'h“’0m>

=~ 0.1 eV is uppreciably less than that energy of an elec-
tron for which vibrational levels are effectively excited
(1 to 3 eV). In that case

al, o

Qv——x=—[a (e)F(e)],

(12)
o (&) =Naw(e) Y 8on(e) Boom,
where a*(€) is the rate of electron energy losses through
the excitation of vibrational levels.

The region 2A in which an effective excitation of the
vibrational structure of the molecule occurs is small
compared to I. In our calculations we can thus assume
that
le—gl<A
le—gl>A"

a'=const if

“@= {7 a3)

where ¢; is the average electron energy in that region.

We can solve Eq. (10) separately in three regions:

e<m—A, &-A<e<ptA, e>atA,

and afterwards join the functions F(€) and their deriva-
tives in the points € =€ — A and € =€z + A. In the first
two regions the solution of Eq. (10) has the form
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4 O +C e+ Coe™, B—A<e<E A

ko 3“’/“1""1

F(e)= 3 , o (14)
_1 + Cset+Ciete, e<g—A
Koy
where
2 Qe h
SR IOy I Ty
(hw)? (ho)* (hw) a:
2 'h
hoya = 28, 4 de 2 ] i
(ho)® (he)*  (ho)*

Qs(2) =% (1+hm/51(z))’/’v
while €, is the average energy in the region € < €2— A.
In the region € > €; + A we shall look for the function
F(¢€) in the form
F(e) =3y/ka,texp(a(e)/ (hw)*),

0(e) =00 (£) +hwa, (&) + (A0) 202 (e) + . .. (15)
Using (8') and (8") we then find
3y e\ 1 o\
Fo = {t=(7) e[ () ]} e>era o)

We get from (10’) for the constant y which describes the
development of the cascade

k1 +(1 1 )
3*{_3040 ay 3o
2+b1

—2uA
[2" (5

X { —Cz—_»‘—i—z[ZC—e—”“‘A’ (

x [-1+e-m (:—sh 2bA+ch 2bA)] +

1
{ 28t —— sh 2bA+2a ch 2bA )]} +(i+ )

a  daT—a

ahd(ei-a) ~2echd(e-8) ) |} (17)

bz
e~22 sh 2bA.

1 emeanf © h hd at—
tamg] et (e randen) ] 5

Here
28, 48, 2 3a* K
- - + 2y
() ? (o) (ﬁm)z( P, )] '
_ 2 4ot 2 ]‘/’
T ey (o)* (Rayz ] -

If a*/ao < 1, which corresponds to the case of atomic
gases, we get from (17)

y=ka,/l,

which agrees with the result of (3, If a*/ao > 1 and
fw ~ 0 (physically this case corresponds to the break-
down of molecular gases, for instance, the breakdown of
air by the radiation from a CO: laser)

18)

3Aa’ ) '

&2

19)

The same result, reflecting the classical process of the
diffusion of electrons through the barrier of vibrational
levels, was obtained in[®

If a*/ao > 1 and hw is sufficiently large
(hw > €:V(az/a*)) we can write Eq. (17) in the form

k 1 /1 1 3a* shd
r_Z ~I—2A)——-—[2 -*(ZA—-—-— +2 hA)]
3y oco(3 o 3a’ Bl a 4 &
B
+—1—{[25‘—e—°’( (82— A)sm +2t-:‘cosB)]
a (20)
shA
x[—1+e-*(i—+chA)] [1 e“’( +cosB)]
3a® sh4
x 24 2% -v———}
a2 ¢ A4 )
where
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b= 4Az; _ Zéx(Ez—A)
(ho)?’ (o)t
2A W —g—A
===, B=12ZZ.
oV a, ' ho

For large fiw we get for y expression (18); in that case
the conditions for breakdown of molecular gases ap-
proach those for atomic gases. In other words, the
transmission coefficient of the vibrational level barrier
tends for sufficiently large hw to unity.

3. The probability k for the penetration of an electron
through the region of excitation of electronic molecular
levels A, = I— ef also depends on the energy of the quan-
tum. Let us estimate that effect.

As A, is small compared to I the electron distribu-
tion in the excitation region is almost stationary. For
the same reason we may assume the probability 1/7* for
the excitation to be energy-independent and also in J_ put

¢ = (¢) ~ I in the coefficient of 8 F/5¢" ({e) is the
average energy in the region A,). The kinetic equation
for the electrons in the region A, then will be of the form

(hw)* oo 0°F ao 0°F  ay OF F
=2 —_—t = 2
2 3 9¢’ 3 92 30 T 0. (1)
F(1)=0, (9F/de).—1=0. (21"

The probability for an electron to penetrate through the
excitation region is, clearly, equal to the ratio of the
currents, k = Jq(I)/Jq(eI‘)o The solution of Eq. (21) which
satisfies the boundary conditions (21') is

A—A
F = const {exp(l.e)— )’ ; exp[A.e+ (A —A2) 1]

V2 A3

(22)

4 M
A—As

explhse+ (h—ho) ] }

where
1 ¥3
AM=Bty, A=A:s'=p— ?y + -5 iz,

y=(F - +Vr—8) "+ ('~ yn’=8") ",
2= (F—n*+T—0) *— (B*—m’~Tn°—56") %,

)’ (e

4 1 ) e
9 Ta,(hw)d :

Bz?(flm)“’

= ( T (?;im)z

Taking the ratio of the currents and making a few
straightforward transformations we get

e~ (B+v)a,

e (ho)?
k= */s(ﬁm)2(9y2+3zz)( 2

><(ﬁ-+y)’—21(p+y)+1+84,,,,A,{[ (fi(;).z

(3p*y—3py*+%/y*—3/ 2%y —322B)
z¥3
_3/ 23/ ,2
oy ST 3y_]
z¥V3 z¥V3
V3 ho)?
xsin—zzA,—[%

X

@3)

(5280

- %y’-— —:z—zz) —21(5+y)+1]

X CO: 13 zZA
57 ;})

Let us consider the most interesting limiting cases.
a) In the case when hw =~ 0 we have
k=exp (—YT"/1"), (24)

which is the same as the result obtained by Raizer[?]
taking into account terms quadratic in fiw in the kinetic
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equation, Here T* = A%/D = 3A%/2Iao is the time for the
diffusion of the electron through the excitation region A;;

b) in the case of large quantahw > A, we get for k
the following expression:
P 3e~t
1+2 exp (—%/,E) cos (3"&/2) ’

6A13 )'/:

g:('lz'o:.,(fiu))z (25)

We see easily from (25) that the transmission coefficient
for the barrier of the electronic levels tends to unity as
fiw increases.

4. Let us consider a concrete example: we shall esti-
mate the magnitude g* of the threshold radiation flux
density in the case of the breakdown of molecular
nitrogen and compare it with results obtained using the
approximation (3). For an estimate we can simplify (20)

to read
2A [6a"y
h—(—) —1].
¢ hm( a2 ) 1]

From the breakdown criterion y7 = 40 we get from (26)
the following expression to determine g* (in W/cm?):

k 1

~ 2El

3 e o (26)

kV,HT Iev
310~ =
B30 o T3 @7)
281ev ( [ 310" (24 )" Fidom ey EGom 1% _1)
(1+ho/e)™ o.(I+ho/e)" g ] )

According tol?% for molecular nitrogen Zogm =3

x 107 em?, 04, = 1.2 x 107° em®, (fiwqy,) = 0.5 eV. We
give in Fig. 1 the threshold radiation flux densities

qf, qf, and q¥, obtained, respectively, from Egs. (18),
(19), and (27), as functions of iw for 7= 10"°s, k ~ 0.1,
p = 1 atmos, v.ee ~ 3 x 10" s7%. This figure illustrates
the effect of the vibrational levels of nitrogen on the
conditions for optical breakdown for different magnitudes
of the quanta iw. From the results given here it is clear
that the quantum nature of the absorption of radiation by
electrons begins to affect the results whenhw ~ 1 eV
and when hw 4 eV the damping of the electrons by
vibrational levels ceases to play an important role and
nitrogen behaves like an atomic gas.

5. To check the applicability of the expansion (4) for
the description of the quantum nature of the energy gain
by the electrons in the field of a light wave we solved
the kinetic equation (1) for the distribution function
numerically on an M-220 digital computer. In the calcu-
lation we took into account the excitation of the vibra-
tional and electronic levels of the molecule, and also
ionization. We took the cross-sections for these proces-

4% Wiem?
I o ]
0" e i
C P ]
FIG. 1. Threshold radiation r yd 1
flux densities q¥, q}, and q3, ob- /7 1
tained, respectively, from Egs. 3 / 7 R
(18), (19), and (27) for nitrogen 0" —= |
as functions of hw for 7 =107 C //’ ]
s,k=0.1,and p=1 atm. r S .
L al i
/
, /
v ”{F— / =
/ 1
7 *
4 / } ‘,;’ J }
to, eV
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ses from [?17%%) for the nitrogen molecule which is of
practical interest. We evaluated for the calculated dis-
tribution function the rate of excitation of the electronic
levels (vy) and the rate of ionization (v;). In Fig. 2 we
give vy and v; as functions of the magnitude of the laser
radiation quantum for q/(hw)® = 1.5 x 10 W/em® eV?.
For comparison we show the results of the solution of
the classical kinetic equation. When the quantum of the
incident radiation increases the quantities vy and vj in-
crease appreciably as compared to their classical mag-
nitude. This is connected with the "jump' of electrons
through the barrier of the vibrational levels.

In Fig. 3 we give the threshold radiation flux as func-
tion of hw obtained from a numerical calculation. The
breakdown criterion was y7 =40 (y = Vi)° We obtained
then for the transmission coefficient for the barrier of
the electronic levels of nitrogen the magnitude k = v; /Vx
~ 107% to 10™*. For comparison we have given in Fig. 3
the results of an analytical calculation using Eq. (27)
withk =107% 7=10"s.

The good agreement between the results of the analy-
tical and the numerical calculations confirm the ade-
quacy of retaining in the approximate kinetic equation
the term which is cubic in hw/e, at least for hw ~ 4 to
5eV.

In conclusion the authors express their gratitude to
N. G. Basov and O. N. Krokhin for discussions of the re-
sults.
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