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The joint evolution of the electromagnetic field and of the plasma in a nonequilibrium discharge produced in

a gas by a focused laser beam is investigated. The maximum electron density in the breakdown wave N, p,,,
which is determined by the electrodynamic mechanisms that limit the electron avalanche (by refraction
and absorption) is obtained. The value of N,,, is proportional to the square of the convergence angle of
the beam and increases (logarithmically) with decrease in the initial (pre-breakdown) density.

PACS numbers: 52.50.Jm, 52.35.Hr, 52.40.Mj, 52.40.Db

An important problem in the theory of a laser spark,
just as of any other high-frequency discharge, is the de-
termination of the electron-density level that limits the
avalanche breakdown process. In the earlier experi-
mental and theoretical investigations (see the mono-
graph1 and the literature cited therein) there was real-
ized and analyzed the situation that is the simplest from
the point of view of the indicated problem, wherein the
growth of the electron density continues until the gas is
completely ionized. At the present time, however,
(principally in connection with the planned expansion of
the research on the laser-spark to include longer wave-
1engths,2'3 no less interest attaches to the study of the
dynamics of the optical (or quasioptical) discharge un-
der conditions when the “electrodynamic” mechanisms
that stop the avalanche become substantial; these mech-
anisms are connected with the weakening of the field of
the wave in the plasma by absorption or refraction. In
the present paper we consider a discharge in the field
of a single-mode long-focus beam, in which the indica-
ted mechanisms limit the electron density to a rather
low level, and by the same token prevent effective
heating of the gas and stop the development of the dis-
charge during the initial nonisothermal stage. The
problems of the kinetics of the elementary process in
such a discharge are in general the same as for the
start of the avalanche process, and can be regarded in
the main as solved; the principal focus of attention in
the problem is now on the electrodynamics, i.e., on
the investigation of the joint evolution of the wave field
and of the plasma at a certain albeit quite restricted
type of nonlinearity.

1. In the electron balance equation

dN,
—L=1N.,,

1
n N.=N,, expj:-ydt (1)

we regard the rate y of the avalanche (the difference be-
tween the frequencies of the ionization and of the elec-
tron loss) as a known (increasing) function of the ampli-
tude of the electric field, y=v(E), and assume that the
unperturbed beam is stationary (it is turned on instan-
taneously at the instant =0) and Gaussian:
2\~ r

Bo(r2)=Ex (1 +7) exp(-3) - (2)
Here z is the axial coordinate measured upstream from
the focal plane along the flux of the incident radiation,
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7 is the distance from the beam axis, a’=az’+6%2% and
lp=Fkay’ are the transverse and longitudinal dimensions
of the focal region, 9=(kaF)'1 is the beam focusing angle
(it is assumed that 6 <1), k=21/A=w/c, w is the field
frequency, and Ej is the amplitude of the field at the
center of the focal spot.

At any section of the beam where z is constant (where
¥ >0) the growth of the electron density N, continues un-
til refraction and absorption of the wave weaken sub-
stantially the field in the plasma produced ahead of this
section (in the region of larger z). As a result, on the
leading front of the breakdown wave,” which propagates
in the region z <0 in the direction of decreasing unper-
turbed avalanche velocity v,=7(E,) (i.e., in a direction
opposite to the incident radiation), mutually compatible
drops take place in the field amplitude E and in the
electron density N,, whereas in the region z <0, as
everywhere behind the front of the breakdown wave, the
ionization stops rapidly. To estimate the maximum
density N, ... (z) reached at the instant ¢, of the strong
slowing down of the avalanche, it is necessary to deter-
mine, at {=¢,, the characteristic structural parameters
of the screening region adjacent to the given cross sec-
tion z. These parameters are the distance Az along the
axis over which the argument of the exponential in (1)
decreases by unity, and the width b of the radial profile
(which is approximated in the paraxial region by the para-
bolaN,(r)~1 —»%/b%). Atsufficiently small values of the
initial (“bare”) density N,(In(N, .../N,) >1), when the
principal part of the growth of N, takes place in the un-
perturbed field E, at a constant rate y,=y(E,), the arg-
ument of the exponential in (1) for T=¢, can be approx-
imately set equal to y,(2)¢,, so that we can obtain for
Az and b the following expressions:

~ { 1=(2/pQ)",  z<ly(28Q)~" (3)
a*/pQe*z, 2>1.(2Q) "’
b~a(2/8Q)", (4)

where @ =In(N,,.../N,,) > 1 (asarule, @ ~ 30 —40); g=(E/
(E/y)dy/dE. In the case of rapid ionization of the ex-
cited atoms by the incident radiation we have 8=
2(y < E?. If no such ionization takes place and the loss
of electron energy to excitation is large, the value of

B is 2-3 times larger. 1.6 Under the condition

kas>(BQ/2)" ((pQ/2)"=~5-T), (5)

which is more stringent than the simple condition
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kap=6"">>1 that the beam be paraxial, the size of the
discharge is large compared with the wavelength and

its action in the field can be described within the frame-
work of quasi-optical concepts.

2. We estimate now the maximum electron density on
the beam axis, taking into account separately the action
of the two aforementioned factors of quasioptical weak-
ening of the field-absorption and refraction—and re-
garding the plasma of the discharge as a dielectric with
a complex dielectric constant

v
a—i—n—t;n, (6)

where v is the effective electron collision frequency,
n=N,/[NJ(1+v*/w?] is the dimensionless density, and
N,=mw’/4ne’ is the critical density in the absence of
collisions. As we shall see, when the condition (5) is
satisfied the value of |g| is close to unity (r(1+v/w<1),
so that we can neglect the direct reflection of the wave
from the discharge and the large-angle scattering.

When account is taken of absorption (without refrac-
tion), the field on the beam axis takes the form

E(0, z)=E.,(0,z)e.\'p(—Tvc jn(z)dz). 7)

We estimate the maximum concentration as that value
of n at which the avalanche velocity is strongly de-
creased 6y/y=(6E/E)s=-1, i.e., the argument of the
exponential in (7) reaches a value of the order of 1/8:

v 1 v i
52 ) ndE % S max Az =1/ (8)

whence, with allowance for (3), we get
e

2 g —_—r
(20/p)" —9", 2 <oy
Timax (2) = . (9
20 L gr_"r i
v A+ (/)] (28Q)*
The largest value of n,,,(2) is reached at z=1g:
mssly) =~ 6°0. (10)

The refraction in the paraxial region of the beam in the
absence of absorption (as v/w —0) can be taken into ac-
count with the. aid of the equation for the radius of the
ray tube 7(2):

gr w10 (M)

dz2 b 2*or\ E
The amplitude E(z) of the field on the axis is connected
with the radius 7(z) by the relation E» =const. At small
n, the relative broadening of the ray tube 57/r due to
the refraction and the decrease of the amplitude 6E/
E=-5r/r can be estimated on the basis of (11) by a
perturbation method, using the expressions (3) and (4)
given above for the characteristic scales Az and b of
the density variation.

(11)

Since the width of the region occupied by the plasma
is small compared with the width of the beam (b <g), in
the estimate of 67/ in (11) it is necessary, generally
speaking, to take into account also the correction to the
diffraction term (the second term in the right-hand
side). In the focal region of the beam (z > 1,), where
the wave parameter Az/kb%> 1, the diffraction prevents
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the appearance of narrow and deep field dips in the par-
axial region, which might occur when account is taken
of only the refraction correction. In the region z> I,
the parameter Az/kb*<<1 and the diffraction are ines-
sential. In the general case, representing the field in
the form E(r) = Ey(r) + 6E(r) and recognizing that at
small n the correction 6E(7) is localized in a region of
width b << g, we obtain from (11) the following estimate
for the relative broadening of a ray tube of radius » < b

or Az\? Az \—*
T=(7) [+ (m)]
The maximum density n_,., just as in the preceding
case, is obtained from the condition that the avalanche
velocity decrease substantially 57/y *B6E/E~-1. Put-
ting 6r/r ~ —=6E/E ~ 1/B in (12) and taking (3) into account,
we obtain for both values of z indicated in (3)

(12)

nmax~0’Q, Nemax #NOQ. (13)

Itisobvious that the major of the two considered field-
weakening mechanism is the one that stops the aval-
anche at a lower electron density, i.e., that yields low-
er values of nmx. Comparing the obtained expres-
sions for nm(z) we arrive at the following results.
Under the condition v/w<<1, which is satisfied for most
optical-breakdown experiments, the principal role in the
basic breakdown zone is played by refraction, i.e., the
maximum density should be estimated from Eq. (13).
Only at a sufficiently large distance from the focus
2 < lzpw/v (if the breakdown wave reaches this region),
and under the condition (2/8Q)'/?<v/w <1 the absorption
predominates also in a small vicinity of the focus
2 <1:(28Q)"/* . At v/w>1 (in the high-pressure region)
the absorption predominates everywhere and the density
is determined by (9); at the point z=1[; we have

N, mxa.)zzv,”;e*o. (14)

Thus, the electron density in the breakdown wave is
proportional to the square of the focusing angle 6 (i.e.,
itis inversely proportional to the areaof the focal spot)?
and increases (logarithmically) with increasing initial
density N,y. The last circumstance, which is some-
what paradoxical at first glance, can be explained in
the following manner: the smaller N,,, the longer the
time t=y"*1n(N,/N,,) needed to increase N, to any spec-
ified level, the larger the density differentials pro-
duced during that time in any specified segment of the
z axis, and consequently the smaller the characteristic
scale Az of the growth of N, in the breakdown wave and
the larger should be N, ,,, in order for the weakening of
the field over this scale to become noticeable and to be
able to stop the avalanche.

3. The breakdown-wave front, whose duration is
7=7"! and which moves with velocity v(z) =yAz, is ob-
viously the zone of the more active energy exchange be-
tween the radiation and the discharge—the density here
is of the order of the maximal one, and the field has
not yet been strongly enough decreased compared with
the unperturbed one. The fore-going analysis is valid
under the condition that no considerable heating of the
gas takes place in this zone(the temperature increment
AT, <10°K) and no high degree of ionization is reached
(N <N, N, is the density of the neutral particles).

e max
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The increase AT, of the gas temperature depends on the
degree of ionization N, max/ N, Of the average energy of
the electrons T, and on the time 7" of the passage of the
active zone through the given point. The quantities T,
and 7, in turn, are determined by the ratio of the ener-
gy w of the oscillatory motion of the electrons in the
wave field to the potential I of the ionization of the
atoms. At the usual radiation intensities for pulsed
laser breakdown, w lies in the range 6I <w <I, where 6
is the fraction of the energy lost by the electrons in the
collisions. Under these conditions, at incomplete ion-
ization of the gas T ,~I=10 eV, 7=y"'~y™'I/w and AT,
is quite small even if one includes in it the entire energy
given up to the electrons in the elastic and inelastic col-
lisions:

N, o8I N,
AT, =T 5vr—emaxy 1 97 Ve max
" Vi 1 o N (15)

Behind the breakdown-wave front the heating of the gas
by the electrons continues, but it now occurs actually
in the absence of a field and can be of importance only
during the succeeding stages of the discharge.

We present in conclusion some quantitative estimates,
assuming In(N, ..., /N,o)=30,16/w =102, For aneodymi-
umlaser (N, ~ 10** cm™%), atpressures p~ 1 atm, evenin
the case of very small angles 6=3 X102, the considered
breakdown-wave regime does not occur in a cold gas
(N, nax*Nps To» T,,>1). For a CO, laser (N,=10'°cm™)
at p=1 atm and §=3x10"? we have N, ,,~ 310" cm™®
and AT, ~ 100 K. In the region of longer wavelengths
and at not too low pressures, there is practically no

heating of the gas: at A=3.10"2 cm (N,~ 10'® cm™),
$=0.1 atm, and §=10"! we have N, ~3+10" cm™®
and AT, ~ 10 K.

The author is grateful to A. G. Litvak, Yu. P. Raizer
and V. E. Semenov for discussions and remarks.

DThe kinematics of the breakdown wave in a given field (with-
out allowance for the screening action of the produced plas-
ma) was investigated in Refs. 4 and 5.

A gimilar result was obtained in an investigation of the sta-
tionary regime of a nonequilibrium discharge in the field of
two waves that converge at a small angle,’ as well as in a
numerical simulation of the dynamics of a discharge in a
wave beam.?
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We registered two components of the electric field produced near the plasma due to breakdown of air by CO,
laser radiation. The appearance of a rapidly alternating component with duration of the order of the
duration of the laser pulse is connected with the separation of charges on the plasma front that propagates
in a direction opposite to that of the laser beam. It is shown that the cause of the slowly varying
component of the field is the photoeffect, induced by the plasma radiation, in the gas on the surfaces of

the bodies surrounding the probe.

PACS numbers: 52.40.Mj, 52.50.Jm, 52.80. — s, 52.35.Fp

In our preceding studies':? we investigated signals
from a differentiating electric probe located near air-
breakdown plasma initiated on the surface of a conduct-
ing target. It was shown that registered signals were
due not to radiation from the plasma, but to separation
of the charges in the moving plasma front. The duration
of these signals did not exceed the duration of the laser
pulse. In the present paper we report probe measure-
ments of the potentials ¢ of the electric fields near the
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plasma of air breakdown by radiation of a pulsed CO,
laser on a dielectric target and in the absence of a tar-
get.

It is shown that if a “transmitting” rather than a dif-
ferentiating electric probe is used (producing a signal
@) there can be registered near the plasma potentials
due not only to the proper electric field of the plasma
produced by the optical breakdown of the air, but also
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