Laser-induced breakdown in air in a constant electric field
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An explanation is given of the observed dependence of the threshold for the optical breakdown in air
on the electric field. The development of the electron cascade in the focal volume is discussed with
allowance for drift escape and Joule heating of electrons in the constant electric field.

In a recent paper Tulip and Seguin{'] reported a
change in the threshold for optical breakdown in air
when a constant electric field was applied to the gas.
The breakdown was produced in a low-pressure chamber
placed inside the cavity of a CO. laser when the radia-
tion was focused by a lens in the space between two
plane-parallel electrodes. The measured dependence of
breakdown probability on the constant electric field at
constant laser radiation intensity takes the form of a
curve with a minimum, It follows that there is a range
of electric fields in which the development of the optical
breakdown is impeded by the presence of the electric
field.

The aim of this note is to explain the observed de-
pendence of the breakdown threshold on the constant
electric field. It turns out that this can readily be done
if, in the cascade description of the optical breakdown,
we additionally take into account the escape of electrons
from the focal region, their heating by the constant elec-
tric field, and the electrical breakdown. The electron
drift velocity U in the constant electric field is propor-
tional to the field strength E, and the Joule heating of
the electrons is proportional to E® Hence, as E in-
creases, the optical breakdown threshold at first in-
creases, due to the drift escape of electrons from the
focal volume, and then begins to fall because, in a suf-
ficiently strong constant electric field, the Joule heat-
ing of electrons more readily facilitates the develop-
ment of the cascade than it prevents the drift escape of
electrons. In strong constant fields, the investigation of
optical breakdown is restricted by electrical breakdown
between the plane electrodes. The threshold E* for the
electrical breakdown is governed by pressure and the
properties of the gas.

Optical breakdown by CO: laser radiation can only
have the cascade character because the quantum of
radiation hw is too small for the multiphoton ionization
of the molecules. The necessary condition for the de-
velopment of the electron cascade is the presence of
initial ‘nucleating’ electrons. The mechanism responsi-
ble for their appearance will be discussed below.

These initial electrons are heated in the radiation
field and the constant electric field, and those with en-
ergy € > 1 (where I is the ionization potential) ionize
the gas molecules. The rate of change in the tempera-
tures of the electron is given by
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In this expression n(r, t) and T(r, t) are, respectively,
the density and temperature of the electron, E and E
are the alternating and constant electric fields, o and
o are the conductivities of the plasma in the alternating
and constant electric fields, which are given by

e’n vei
R 0= o* v’ @

819 Sov. Phys.-JETP, Vol. 39, No. 5, November 1974

and v, is the frequency of elastic electron-molecule
collisions. The measurements reported in'* were per-
formed at pressures of 6 and 20 Torr and, therefore,
yél <« w?. The elastic energy losses are then negligible
and the amplitude of the electron oscillations in the light
field is much less than the mean free path, so that the
conductivity has the simple form given by (2). The ioni-
zation frequency vj is an exponential function of -I/T
(see, for example,!?!), so that the electron temperature
increases only up to a certain value after which the en-
tire energy taken up by the electrons in the field is lost
through ionization, and the cascade develops practically
at constant temperature. The dependence of tempera-
ture on the electric field is logarithmic, and in the field
strength range which we are considering it follows from
(1) that T =3 eV.

Equation (1) does not contain terms describing elec-
tron energy losses through excitation of atoms and,
therefore, the above temperature is somewhat too low.
It cannot be improved because, after a series of break-
downs in air, the chamber contains a mixture of atoms
and molecules whose quantitative composition and
electron-impact excitation cross sections are not known.
However, the above simplifications are not fundamental,
and this is in fact confirmed by the agreement between
these results and the experimental data.

The electron density in the focal volume is given by
the continuity equation
on s D
W*“ilvl—(v.«—ﬁ) n. (3)
In this expression j is the electron current in a con-
stant electric field:

j=0E/e=eEn/mv,=nU.

The right-hand side of (3) contains the electron source
vin and the electron sink —Dn/A® which effectively
takes into account diffusion losses of electrons from the
focal volume (D is the electron diffusion coefficient and
A is the diffusion length).

We can now introduce a cartesian set of coordinates
with the Y axis along the constant electric field and the
Z axis along the laser beam, so that the y = 0 plane
touches the cylindrical focal volume. The segment
(0, do) along the Y axis is illuminated by the laser
radiation (do is the diameter of the focal spot).

The electrons drifting through the focal volume along
the electric field experience different numbers of ioniz-
ing collisions near the Y axis and at large distances
from it, and provide different contributions to the de-
velopment of the cascade. However, the shape and size
of the focal region and the distribution of intensity in the
focal spot were not measured in the experiment de-
scribed inl'!, However, for the sake of simplicity, we
shall solve the problem for the electron density averaged
over the coordinates x and z within the limits of the
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focal volume. In this way we lose a factor of the order
of unity in (6) (see below) which would be present in the
final result given by (10) as part of the argument of the
logarithm.

With the above averaging, the boundary condition for
@)
n(0, t)=n, 4)

describes the transport of cascade electrons from the

y = 0 plane into the focal region by the constant electric
field, and the arrival of the initial electrons which re-
place them. When t = 0, the focal volume contains the
following initial electron density:

n(y, 0)=n,. (5)
The solution of (3)—(5) has the form

no exp (vi—D/A*)y/U,
no exp(vi—D/A%)t,

y<Ut
y=Ut’

nw,0={ (6)
and describes the distribution of electron density in the
focal volume, averaged over x and z.

If the length 7; of the laser pulse is less than the
transit time 7t = do/ U, the electron density reaches the
value

n(y, 1)) =noexp (vv—D/A*) 1), Ur<y<d,,

and if 7; > 7t the electron density reaches the maximum
value for y =do

n(do, t)=noexp (vi—D/A*)1,.
Combining these expressions we have

nm==ngexp (vv—D/A?)1, t=min (17, 7). (7)

The question of the initial (nucleating) electrons has
frequently been discussed in the literature (see, for
example,!®). In the case of lasers with hw 2 1 eV, the
initial electrons are formed probably during the multi-
photon photoionization of impurities with low ionization
potentials, but if the photon has hw <« 1 eV, the source
of the initial electrons is different. We know!*! that, for
the first breakdown in a fresh portion of gas, the

threshold is much higher than after multiple breakdowns.

However, after the first breakdown the threshold is re-
duced to the previous value, even if the interval between
measurements exceeds one hour. This effect is ex-
plained by the ionization ‘‘quenching’’!®] during the
spherical spreading of the recombining plasma, i.e., by
the appearance of electron concentration which is inde-
pendent of time but is determined by the initial number
of particles and the size and shape of the initial distri-
bution. In the experiment described inl!! the electric
field was high enough to produce breakdown in air with-
out the laser radiation, and therefore the presence of
the initial electron density can be explained by the ioni-
zation ‘‘quenching’’ produced during the electric break-
down.,

The condition for optical breakdown is that a certain
definite electron density must be reached,'®"! namely,

a'=n"/n,~10"2,

It follows from (7) that the ionization frequency at
breakdown is

vy =1—ln£+ D
T

ne A @)

If we eliminate y; from (1) and (7), we obtain the follow-
ing expression for the breakdown threshold:
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Under the experimental conditions (seel'l) the laser
pulse length was about 200 nsec, the Gaussian diameter
of the focal spot calculated for the fundamental mode
was d ~ 0.01 cm, but the generation regime was multi-
mode and, therefore, in the numerical estimates we
assume that do = 0.04 cm, A =0.003 cm, which is not
inconsistent with the experiment.[’! In these expres-
sions, do is the effective diameter of the focal spot,
since the electron density n(x, y, z,t) was averaged
over x and z within the focal volume. At pressures of
6 and 20 Torr, at which the experiment was performed,
. D
T lnn—,,«Kl’
and, therefore, the breakdown threshold for 7 =7 is
determined only by diffusion losses. Moreover, 7 =T}
only for weak fields 0 = E < 10 v/cm where the con-
stant field has still very little effect on the threshold.
For the main range, 10 < E = 2000 V/cm, we have
T = 7t < 200 nsec, and it follows from (9) that

(10)

o (ImvyD | IE nr° K
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Vel ( e’A? ed, n n, )

Therefore, as the electric field increases, the break-
down threshold at first increases, then passes through

a maximum, and eventually monotonically decreases,

" but before it reaches zero, electric breakdown of air

between the electrodes takes place. This value of the
electric field (E*) corresponds to the break on the
curve in the figure. The increase in the threshold is
explained by the transport of electrons by the constant
field out of the focal volume, and the reduction by the
heating of the electrons by the field E.

Direct comparison of (10) with the results of the ex-
periment described inl'! is impossible because the
measurements were made on the breakdown probability
(number of breakdowns per 100 pulses) and not the
threshold. The intensity was not varied. Nevertheless,
all the comparisons which can be performed suggest
that there is good agreement between the results.

The breakdown probability for p = 20 Torr becomes
zero for 600—800 V/cm, i.e., at the point where the
curve for 20 Torr has a maximum. This corresponds to
the absence among the 100 pulses of a pulse which would
exceed the mean value by 8% in the electric field. The
probability of breakdown is unity for E = 0 and
E =2000 V/cm. The diffusion threshold on the curve
for 20 Torr is equal to the breakdown threshold for
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E = 1500 V/cm. The electrical breakdown at 20 Torr
occurs for E* = 2260 V/cm (see!®l), For p = 6 Torr,
the breakdown probability is unity when E = 1000 V/cm,
and the electric breakdown occurs at E* = 1160 V/cm.
Simultaneous breakdown by radiation and the constant
field becomes certain for E = 1000 V/cm, and the rapid
reduction in the breakdown probability to zero for

E = 800 V/cm corresponds to a small probability of ex-
ceeding the mean intensity by an amount sufficient for
breakdown at 800 V/cm. The breakdown probability is
zero for E = 800 V/cm independently of the value of p,
in complete agreement with (10). No other comparison
with the experiment!'! can be performed, but certain
predictions can be made,

All the E = E(E) curves have a maximum at

For pressures p > 30 Torr (for the other conditions
seel'l), as E increases beyond 1000 V/cm, the threshold
for optical breakdown will fall substantially before the
combined optical and electrical breakdown takes place.
For p ~ 1 Torr, the electric breakdown occurs for E*

~ 700 V/cm, and the electric field will increase the
optical threshold by only a few per cent. For p < 1 Torr,
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E* increases with decreasing p, and the optical break-
down threshold decreases with increasing E > 800 V/cm.

The author is indebted to S. I. Anisimov for pointing
out to him the paper by Tulip and Seguinl'! and for use-
ful advice, and also to D. I. Polishchuk for his assist-
ance.
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