n(w), namely, it is easy to show that when w,; < w; < ws s < wy we have An > O,
and angle diffusion is possible in accordance with (2) {with practically no
change in frequency); on the other hand, if w¢ < ws < wi,2 < wus, then An < 0

and 63, < 6%,, i.e., the change of frequency with departure from the region from
the initial spectrum is not accompanied by angle diffusion.

It is possible that under our conditions an important role is played not

only (and possibly not so much) by phase synchronism, but by group synchronism.
The group velocity for n(w) as given by (2) 1is

_ _[dlwn) 'l_ ¢
U—C{ dw } - b @, ‘ (3)
1+

(l)o"(l) W, @

The quantity u in the interval of |we - w| from 1 to 12 cm~! changes from c/30
to ¢/1.2 (p = 5 x 10-? Torr), i.e., very strongly, and violation of group syn-

chronism may turn out to be decisive at a large frequency difference wj - w!.

J

Analogous effects were observed from the case of SRS of a laser pulse in
o-chloronaphthalene. In this case the SRS spectrum is shifted away from we to-
wards lower frequencies (by approximately 18 cm~!( and has a large width, so
that its wing overlag both resonant lines of potassium, A = 7665/99 & (Fig. 1Ba).
At pressures p = 10~* - 10-® Torr, "whiskers" are likewise produced (Figs. 1Bb,
¢) in a region of frequencies lower than wy, where n - 1 > 0 and it is possible
to have 624 > 8%,. When both the 1aser emission and the SRS of oa-chloronaphtha-
lene pass through the cell with potassium simultaneously, the "whiskers" re-
main and a band of two-quantum absorption, connected with the atomic transition
4S + 4D, is observed (Fig. 1Be).

We note in conclusion that the predominant emission of red lines at nonzero
angles (Fig. 1lAe) and their shift towards lower frequencies (relative to the
frequencies of the atomic transitions) points to a possible role of coherent
processes. However, we have no satisfactory hypothesis at present concerning
the mechanism of formation at these lines.

(1] D.N. Klyshko, Zh. Eksp. Teor. Fiz. 55, 1006 (1968) [Sov. Phys.-JETP 28,
522 (1969)1.

{2] M.E. Movsesyan and V.M Arutyunyan, Paper at First Vavilov Conference on
Nonlinear Optiecs, Novosibirsk, June 1969.
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Breakdown of gases in the microwave [1] and optical [2] bands has been in-
vestigated 1n considerable detall. We have studied for the first time break-
down produced by radiation in the intermediate region of the spectrum, namely
pluses from a €0, laser with A = 10.6 u'). The glow of the gas in the breakdown
region was continuous, since the breakdown frequency exceeded 10 Hz.

1)In each of the references [5, 6] 1t is merely stated that breakdown was ob-
served 1n gases under the influence of infrared radiation with A = 10.6 u, but
neither quantitative or qualitative data are glven.
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The gas laser operated with a C02-N2-He mixture which was continuously
drawn through the laser; the tube length was 3.5 m, the diameter 57 mm, and the
discharge current reached 90 mA. In cw operation, the laser delivered up to
70 W. The Q-switch was a rotating mirror. The pulses had a repetition fre-
quency of 50 - 250 Hz, a peak power on the order of 10 kW, and a duration
0.3 = 1.5 usec. The radiation passed through a salt window into a high-
pressure cell of 270 cm?® volume, was reflected backwards by an internal spheri-
cal mirror with £ = 1.5 cm, and focused in the center of the vessel into a
circle of radius r = 4 x 10-%®. The gases were investigated at pressures p up
to 25 atm.

We recorded simultaneously the waveforms of the incident pulse, of the
pulse passing through the breakdown plasma, and the pulse reflected from the
plasma back to the mirror, and also the visible glow of the plasma. The IR
receivers were photoresistors based on gold-doped germanium, and the visible-
light receiver was an FEU-52 photomultiplier. The signals were applied simul-
taneously to three channels of the S1-33 oscilloscope.

A typical set of oscillograms is shown
in Fig. 1. The breakdown (cascade) de-
velops rapidly, within a time not exceeding
the receiver time constant (v0.1 usec): In
Xenon, the greater part of the radiation is
absorbed by the plasma (up to 75%), and the
reflection is not less than 7% of the inci-
dent radiation. The signal reflected from
the plasma decreases with decreasing pres-
sure and vanishes at p < 5 atm (only reflec-
tion from the input window remains). The
absorption, reflection, and glow occur
practically simultaneously, at the instant
of the breakdown and at the threshold this
instant is close to the instant of the peak
power. The duration of the plasma glow ex-
ceeds the duration of the pulses, but it
smaller by three orders of magnitude than
the period between pulses.

The most reliable measurements of the
threshold intensity has been made for xenon
(Fig. 2). 'The energy of the incident pulse
was measured with a special calorimeter,
and the pulses were attenuated with cali-
brated attenuators made of polyethylene
film. The threshold was taken to be the
start of the appearance of the widely
spaced visible flashes. Figure 3 shows the
results for other gases. Unlike Xe, the
threshold of He increases noticeably with
increasing purity of the gas. The sparks
in Ar, He, and Ne glow for a longer time
than in Xe, and the absorption and reflec~
tion of the pulses is smaller. The latter
is apparently due to the fact that in He
and Ne an apprecilable role is played by
lonization of the impurities by transfer
of excitations from the atoms of the main gas (the Penning effect). The elec-
tron density in the visible breakdown is low in this case. In Xe, on the other
hand, the atoms of the main gas are lonized, and at high pressures the electron
density at A = 10.6 u the critical value 1.13 X 10'° em—*. The question of the
mechanism of the appearance of the priming electrons still remains open.

FPig. 1. Breakdown of Xe, p = 21
atm. Major division along the
abscissa equals 1 usec. Curves
1 and 2 - incident and trans-
mitted pulses; 3 and 4 - inci-
dent and reflected pulses. with
signal 3 attenuated by a factor
of 30 compared with 4; 5 - pulse
of plasma glow.
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Fig. 3. Thresholds in Ar, Ne, and
He. The dark circles correspond
to helium of higher purity. The
low experimental accuracy and the
influence of the impurities do
not make it possible to guarantee

2 2.2 2 the correctness of the ratios of
de/dt =e?E?y /ma’ +vp ; T=cE/4n, the thresholds in the different
gases.

The measured thresholds can be ex-
plained by suing the concepts of cas-
cade ionization. Under the influence
of the field, the electron acquires
energy at the rate

where w and J are the frequency and in-
tensity of the light, and vm(e) is the frequency of the electron-atom collisions.

The development of the cascade is hindered by elastic and inelastic energy loss
and by the diffusion drift of the electrons from the range of action of the
field; the corresponding effective energy~-loss rates are

e | -

2m €
de/dt], = ——en; |de/dt]" = 7 ——; lde/dtly=—

*

where M is the atom mass, €¥ and I are the excitgftion and ionization potentials,
1/t¥ 1s the frequency of the excitations, Tq = A“/D is the characteristic dif-

fusion time, D is the diffusion coefficient, and A = 1/7m. Roughly speaking,

the cascade develops 1f the rate of energy acquisition exceeds the overall loss
rate. The characteristic times of the processes I|-de/dt|~! are somuch shorter
than the pulse duration, that for the development of the cascade it suffices to
have only a slight excess of ionization over the loss. Consequently, the thres-
hold corresponds to a stationary electron density, just as in the microwave
breakdown [1], in contrast to the case of short-duration pulses of ruby and
neodymium lasers [4].

Let us consider specificallg Xe. On the basis of_the data on the cross
sections, we choose Vo = 9 x 10l Potm sec‘l, D = 610p;tm cm?/sec, and 1/t1%

= 3,1 X% 1010patm sec~l (at 9 < € < 13 eV). The elastic losses in the heavy Xe

are always negligible, and at our values of p and A = 1.3 x 10~% the inelastic
losses are much more important than diffusion. Equating the rates of acquisi-
tion of energy and of the elastic losses, in accord with the stationarity con-
ditlons, we obtain immediately g = 500 MW/cmz, which agrees in order of magni-
tude with the measured thresholds.

It is more correct, of course, to start from the kinetic equation for the
electron energy distribution n(e,t). Any detailed analysis would lead to ex-
tremely cumbersome calculations and to complicated formulas [1]. We introduce
simplifications in the spirit of the theory of [4], but we improve on [U4]. We
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omlt the elastic-loss term and assume that Vi D, and 1* are independent of ¢

(with € < €¥); when € < ¥ we have 1/t¥ = 0. We assume that the electrons that
have attalned the energy I ionize the atoms instantaneously, i.e., n(I) = 0.

We subject the flux along the energy axis j(e) to the multiplicatlion condition
j(0) = 2j(I). 1In addition, n and j are continuous when & = ¢¥, Then the equa-
tion can be solved in elementary fashion and the stationarity condition 9n/d9t

= 0 leads to a simple transcendental equation for the ?%mensionless threshold
field Z = Z(€,b), where £ = (1y/7#)1/2 and b = (1/e*)1/2=1.2. The practically

universal function Z(£) increases monotonically (Z(0) = 0.55, Z(3) = 0.75, Z(5)
= 0.95, Z(10) 1.56) and approaches the asymptotic value Z = 0,145 when & > 10.
In our case § 9patm'

The threshold intensity is equal to

I u

9 Dv 2
J=2 o I m(1+ w)zz(f)_
2 nel A2 W

m

This formula yields J = 200 - 250 MW/cm? at p = 2 - 20 atm, which is
closer to the experimental values, although the minimum of J turns is dis-
placed, being at p = 5 atm in place of the experimental 15 atm. It is remark-
able that this simple and compact formula describes well the experimental data
[1] on microwave breakdown of xenon in the range of p from 1072 to 10% mm Hg.

The authors are deeply grateful to A.E. Abaliev and D.I. Roitenburg for
help with the experiments.
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It was shown in [1] that the intensity of the transition radiation of high-
energy particles 1is directed mainly forward and is concentrated in the x-ray
band. If the radiation is registered in a definite frequency interval, then
the radiation intensity has a strong dependence on the particle energy.

It was shown in [2] that if we register the radiation also in a definite
angle interval 0 -0, then the dependence on the particle energy becomes even
stronger.

Indeed, it can be shown that if o/w? << (me2/E)2 and 62 << (mec2/E)2, then
the radiation intensity is
d 2 g
Y e L ME/me?),

deo 2 nc ©

where ¢ 1s the square of the plasma frequency.
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