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An experimental study has been made of nanosecond microwave discharges produced in various
gases by the very intense field of an electromagnetic beam in which the oscillator energy of the
electrons appreciably exceeded the ionization potential of the atoms and amounted to £ _ = 1.2—
3.5keV. The electron-impact ionization rate as a function of the microwave field amplitude was
observed to approach a constant for E /o = 5X 10~ 7-2X 10~ ® V sec/cm. The existence of a
lower limit of the gas breakdown range with respect to pressure, a limit independent of the
microwave field amplitude, was established. It was found that because of the high translational
electron energies acquired in the microwave field, the gas ionization process continues after
cessation of the microwave pulse and results in formation of a dense plasma with density far above
the critical density. During the collapse of the discharge plasma, intense fluxes of accelerated

ions, up to 20keV, were recorded.

1.INTRODUCTION

In the last few years, in connection with the develop-
ment of powerful sources of electromagnetic radiation, the
freely localized microwave discharge in a wave beam has
been extensively studied theoretically and experimental-
ly."* Such a discharge is an interesting new subject in non-
linear physics, since nonlinear electrodynamic processes
play a fundamental role in its formation and dynamics. The
discharge in an electromagnetic beam has been studied in a
fair amount of detail at a moderate field strength, in which
the oscillatory energy of the electrons

e~=e’E*[2m(w*+v?)

is much lower than the average electron energy £ and the
ionization potential of the atoms I;: £ _ €< I,.

Progress in relativistic microwave electronics*® has
opened up an essentially new area in discharge physics, i.e.,
the study of ionization processes acted upon by a very in-
tense microwave field®'° in which the energy of the oscilla-
tory motion of the electrons £ _ is much higher than the
ionization potential of the atoms I;: £_ >I,. Under these
conditions, the development of a discharge is accompanied
by a number of effects not observed during the breakdown of
gas in fields of moderate intensity. Certain effects, for exam-
ple, appearance of discrete ionization sites at individual pri-
mary electrons,’ change in the kinematics of the breakdown
wave in the beam,'® and nonlinear shifting of the frequency
of an electromagnetic pulse in an ionizing medium,!' are
associated with high values of electron-impact ionization
frequency. Other effects, for example, ionization self-chan-
neling of electromagnetic radiation in a wave beam in a plas-
ma,'? can manifest themselves as a result of the decrease in
ionization frequency as the strength of the very intensity
field increases.

The variety of possible effects accompanying the pro-
cess of ionization in a very intense field has stimulated ex-
perimental studies of nanosecond microwave discharge
(produced by radiation of high intensity and short duration)
in a wave beam. An important objective of such studies is to
determine how the ionization frequency depends on the
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magnitude of the field in the little-studied region of very"
intense fields. The present paper deals mainly with an ex-
perimental study of a microwave discharge in a very intense
field in low-pressure gases, where the frequency v of electron
collisions with neutral particles is much smaller than the
field angular frequency w. At low pressures in the experi-
ment, electron oscillatory energies on the order of several
kiloelectron volts were achieved, and new effects associated
with high translational energies of the electrons were detect-
ed. Use of low gas densities also made it possible to study the
breakdown of a gas under conditions in which the electron
mean free path was comparable to the characteristic electric
field gradient length, so that the electron impact ionization
frequency is no longer a local function of the field amplitude.

2.SKETCH OF EXPERIMENT

In the experiments, the discharge was initiated in a con-
ventional arrangement.'® The radiation, generated by a rela-
tivistic microwave oscillator (carcinotron,* wavelength
A=3 cm, pulse width 7, =50 nsec), was transformed by a
quasioptical converter into a wave beam with a Gaussian
distribution of the field along the transverse coordinate, and
was directed into a vacuum chamber, where it was focused
by a parabolic mirror of focal length F = 40 cm.

The rms electric field strength at the beam focus was
E =70-120kV/cm. At these field values, the oscillatory en-
ergy of the electrons substantially exceeded the ionization
potential of the atoms and molecules and amounted to
e_ =e’E?*/2mw?* = 1.2-3.5 keV.

The initial gas pressure in the vacuum chamber was
Po= 107" torr. To localize the breakdown in the very in-
tense field, use was made of pulsed injection of the gas into
the focal region of the beam immediately before passing the
microwave radiation with a controlled vacuum valve. The
gas density distribution in space at different times relative to
the start of the injection was recorded with a mobile PMI-10
transducer. The characteristic change in gas pressure with
time in the region of the wave beam focus is shown in Fig. 1.
The microwave breakdown at different pressures
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FIG. 1. Distributions of gas density at different times: 1—¢ = 6 msec, 2—
8 msec, 3—10 msec, 4—6 msec (for quick-acting valve).

p=2X10"3-1 torr in helium, nitrogen, and argon was
studied by passing the microwave pulses at different times
relative to the start of the gas injection.

The fact of microwave breakdown of the gas was deter-
mined by different methods. The change in shape of the mi-
crowave signal transmitted during the discharge was detect-
ed with a microwave located behind the focal plane of the
beam. The appearance of plasma luminescence was recorded
with a photomultiplier and FR-16 photodetector. The elec-
tron density in the ionization region was measured with a
microwave interferometer at wavelength A = 8 mm. The
working channel of the interferometer was located in the
beam cross sectionat a distance of 10 cm in front of the focus.
These methods permitted reliable detection and study of the
discharge.

3.MEASUREMENTS OF IONIZATION FREQUENCY

The gas ionization rate in a very intense field was deter-
mined, as in the experiment of Ref. 9, by measuring the time
7 until the onset of breakdown, using the cutoff of the micro-
wave signal transmitted from a calibrated detector. Another
detector was used to measure the incident microwave power,
and the measured distribution of the field in the focal cross
section was used to calculate the rms electric field strength at
the beam focus. To reduce the error associated with the mea-
surement of the ionization frequency v;, conditions (inci-
dent power level, magnitude of gas pressure) were selected
such that the cutoff time 7 was greater than rise time of the
pulse. The ionization frequency v;, which in view of the in-
significant role of the electron losses was equal to the elec-
tron-avalanche development constant during the pulse, was
calculated from the formula

10 (Nes/New) 1)

v =
T

where N, and N,s were the initial and final electron densi-
ties.

The experiments were carried out in two regimes. In the
first case, the initial electron density N,,, which was less
than the value N, < 10°cm 3, was produced by a spark gap
located near the breakdown region, or directly by the brems-
strahlung of the relativistic electron beam of the microwave
generator. At this initial electron density, the measurements
of v; were carried out in the pressure range p = 2X 10~ %-1
torr, where the plasma emission in the ionization region was
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uniform. As in Ref. 9, the magnitude of the logarithm in Eq.
(1) was taken in the calculations to be 20, which corre-
sponded to a density ratio of ~10°% The uncertainty of
N,s /N, in this regime amounted to several orders of magni-
tude and essentially determined the measurement error of
v;.
In the second series of experiments, the ionization fre-
quency v; was measured at a high level of the initial electron
density. The electron density at the level N, ~10'°-10"
cm ™ was produced by a high-frequency induction dis-
charge. In these experiments, the logarithm was determined
exactly, since the densities N, and N,; were located in the
measurement range of the microwave interferometer. By
changing the triggering time of the hf oscillator relative to
the gas injection, it was possible to establish the pressure at
which v; and the preionization level were determined. The v;
measurements were carried out in the pressure range
p = (3-8) 1073 torr, where the hf oscillator produced a ho-
mogeneous plasma, and the time to onset of breakdown was
significantly longer than the microwave pulse rise time.

Results of the v; measurements are shown in Fig. 2. To
represent the dependence v;(E) in the region v <o, the
plane of the parameters (v,/p;E /w) was used. The figure
also shows the data from v; measurements in a strong field,
carried out in other studies.®'? In our experiment, high elec-
tric field strengths made it possible to carry out the measure-
ments of v, in the previously unstudied range of parameter
values E/w=5X10""7-2X10"°% Vs/cm. As is evident
from the plots, in this region of £ /w, the ionization frequen-
cy depends weakly on the electric field strength, and it can be
approximated by the expression v, = 4-10%p, where p is in
torr, and A = 1.2 and 7 for helium and nitrogen, respective-
ly.

Figure 2 also shows the results of calculations of the
ionization frequency, carried out for a strong field in Refs. 6
and 7 in our study (see Sec. 4), and for a wide range of field
values in Ref. 14.

4.CALCULATIONS OF IONIZATION RATE

Calculation of the ionization frequency requires deter-
mination of the energy electron distribution function
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FIG. 2. Ionization frequency in nitrogen (1-4) and helium (5-7): A, ®—
our experiment and calculation (curves 1 and 2); /\, O—data of Ref. 9;
curves 3 and 5—data of Ref. 13; curve 4—calculation of Ref. 14, curve 6—
calculation of Ref. 6, curve 7, calculation of Ref. 7.
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(EDF). In solving the kinetic equation for the velocity EDF
in an electromagnetic field, numerical methods are used'®
because of the complicated nature of the collision integral.
In the limiting case of high electron energies, when the EDF
is determined mainly by the “production” of new electrons
as a result of the electron-impact ionization of atoms and
molecules, the collision integral representation permits an
appreciable simplification.® This permits a fairly effective
analysis of the discharge kinetics in very intense electromag-
netic fields.

Assuming for simplicity that the electron field is homo-
geneous in space and neglecting the change in electron mo-
mentum during collisions and the energy of the electrons
produced by the ionization, we write the kinetic equation for
the velocity EDF f(v,t) in the form

=2 (W) ! 2
g=d G(U)—:E v (W), ), (2)
where v; (v) = v, (|v]) = 0; (V)N |v] is the rate of ionization
of neutral particles by electron impact, o; (v) is the ioniza-
tion cross section, NV is the density of the molecules, and §(v)
is the Dirac delta function. This approximation also holds
for very intense fields, when the energy obtained by the elec-
tron from the field during the characteristic ionization time
reaches values at which the ionization cross section substan-
tially exceeds the transport collision cross section. The valid-
ity of this approximation for high-frequency fields (o> v;)
is confirmed by the results of numerical modeling of the gas
breakdown kinetics (see Ref. 8).

When the frequency of the field is high (o> v;), the
ionization processes can be averaged over the field period,
assuming

f(v, t)=F (v+v,sin ot, t), (3)

wherev, = eE /mw, E = E, cos wt,and the time dependence
of the velocity distribution function of the “leading centers”
F(u,t) is smooth on the field frequency scale. The averaging
yields the following equation for F(u,t) (Ref. 8):

—a—Fa%ﬂ=g(u) j vi(u'—u)F(u',t)du’, (4)
where
1 . N S S
g(u)=£;-t-_£ 6(u—vo sin e)d6 —_I;—(vnz_uz)‘la * (5)

The solution of this equation is quite simple to find if the
“ionization capacity” (v;) of the electron is independent of
the velocity of its translational motion u (v = ¥ — v, sin w?),
i.e., the frequency of ionizing collisions, averaged over the
field period, is the same for all electrons:

v (u)= —1—-}. v; (u—v, sin 0) dO
27

Yo

= j v;(u—u')g(u')du’ = const. (6)

In this case, in accordance with the results of Refs. 6-8,

244 Sov. Phys. JETP 71 (2), August 1990

so-called equidistribution of electrons over the “initial
phases” in a high-frequency field takes place:

F(u, t)=N.g(u)exp({vot) [1+D(u, t)], (7
where N, is the electron density at the initial instant, we
have ®(u,t) -0 ast— «, and

5 O (u, t)du=0.

-0y

If, however, as is actually the case, (v;) (1) # const, the equi-
distribution of the electrons breaks down, and numerical
methods are required to determine the EDF.

In cases where the ionizing capacity of the electrons
undergoes little change for — v,<u<v,, one of the most im-
portant characteristics of the gas breakdown, i.e., the elec-
tron-avalanche development times constant ¥, can be deter-
mined with sufficient accuracy without solving the kinetic
equation, since it is evident that

mindv) <y<max{vy. (8)

The condition (8) is rigorous, as can readily be ascertained
by integrating Eq. (4) with respect to the velocities, and is
independent of the extent to which phase equidistribution of
the electrons occurs. One cannot prove the sufficiency of the
criterion

| <vd (u) —<vd (u') | <<
for satisfying the equidistribution condition in general. Nev-
ertheless, when the perturbation method is applicable, it can

be shown that the estimated of y within the scope of the
equidistribution hypothesis

N= 5 jg(v’)g(v)vi(v—v')dv dv’
is correct to second order.

To estimate the time constant of the electron avalanche
in gases, we evaluated the electron ionization capacity (v;)
numerically [see Eq. (6)] for different values of the ratio
E /o (or vy = eE /mw) and of the electron translational ve-
locity u (for — v,<u<uv,). Data on the ionization cross sec-
tion were taken from Refs. 16 and 17. Results of the calcula-
tions are illustrated in Fig. 2, which gives the values of
(min{v;))/p (curve 1) and (max{v;))/p (curve 2), i.e.,
the lowest and highest values of the ionization capacity of
electrons with different translational velocities u at a given
oscillatory velocity v, as a function of the ratio E /w. Analy-
sis of the results obtained shows that in the range of E /o
values from 5X 1077 to 2X 10~ ° V sec/cm, the measured
v; values agree with the estimate (8) with sufficient accura-
cy. Thus, the very simple method proposed for estimating
the rate of ionization of gases in very intense microwave
fields can be considered satisfactory.

Note that the correctness of the approximations em-
ployed confirms the relationship between the ionization fre-
quency v; and the transport frequency of electron collisons
v,. A calculation of their values was carried out for the veloc-
ity electron distribution function, approximated by assum-
ing equidistribution over the initial phases of their motion in
the wave field, and the data on the cross sections were taken
from Refs. 16 and 17. When the parameter E /w varies over
the range 5 10~ 7-2X 10~ ¢ V sec/cm, the frequency ratio
isv;/v, =2-3.
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5.ELECTRONDENSITY AFTER THE MICROWAVE PULSE

To study the electron component of the discharge plas-
ma, a fast-response microwave interferometer at wavelength
A = 8 mm was used. The interferometer arrangement was
chosen so that the phases and level of the signal transmitted
through the plasma were recorded simultaneously. The ac-
curacy with which the phase shift introduced by the plasma
in attenuating the probing signal from O to 13 dB could be
measured was 2-10 degrees. The upper limit of the plasma
density being measured was determined by the critical den-
sity for the probing plasma, N, ~1.7x 10'*> cm ~3, and the
lower limit was N, .;, = 3X10'® cm ~2. The electron den-
sity was measured with a 300-nsec delay after cessation of
the microwave pulse.

It was found from the analysis of the interferograms
that in the range of nitrogen pressures p = 10~ ' -1 torr, the
probing signal cutoff for 1-2 usec, after which the plasma
began to decay. At lower nitrogen pressures p = 3X 10 =2 -
10~ ! torr, no cutoff was observed, but there was a change in
the sign of the signal phase at times 7~0.5 usec after the
microwave pulse. This indicated that for 1~0.5 usec, the
electron density &, increased, then decayed. In helium at
pressures p > 0.1 torr, the cutoff time of the probing signal
was ¢~ 10-30 usec. In argon, the cutoff was observed in the
entire range of pressures p = 2 X 10~ %1 torr for a long time,
for example, at pX 10~ 2 torr, ¢~ 50 usec was obtained. Fig-
ure 3 shows the curves of maximum electron density reached
following the microwave pulse in the ionized region as a
function of gas pressure. In the analysis of the interfero-
grams, the plasma density was assumed to be uniform along
the interferometer axis, and its dimensions, determined from
integrated photographs of the discharge, remained un-
changed during the entire measuring time ~ 10> sec.

Thus, the measurements showed that the electron den-
sity after the microwave pulse substantially exceeded the
critical density N, ~ 10> cm ~? for powerful microwave ra-
diation. This effect appears to be a characteristic feature of
the discharge in very intense fields.

In the plasma formed as a result of gas breakdown in
very intense fields, after the field has been switched off for
some time, there are electrons whose energy substantially
exceeds the ionization potential. The bulk of these electrons
lose energy chiefly as a result of ionizing collisions. There-
fore, after the intense field has been switched off, an appre-
ciable increase in plasma density is possible owing to the
continuing process of ionization. Let us note for comparison

FIG. 3. Maximum electron density reached after the microwave pulse as a
function of nitrogen pressure.
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that in the plasma of a microwave discharge in a weak field,
the electrons lose energy mainly as a result of excitation of
atoms and molecules, since at electron temperatures typical
of such adischarge (T, ~ 1-10eV), the excitation frequency
substantially exceeds the ionization frequency. Therefore,
after the weak microwave field has been switched off, the
electrons cool too fast to produce any appreciable additional
ionization of the gas.

The main characteristics of the process of additional
ionization of the gas after the microwave pulse has been
switched off can be estimated by means of a spatially uni-
form model, since the additional ionization takes place faster
than the expansion of the ionized region as a result of the
quasineutral expansion (or diffusion, if the mean free path of
the particles is short) of the plasma. Assuming that an ioni-
zation collision causes the electron to lose energy of the or-
der two ionization potentials /;, we find that after the micro-
wave pulse has been switched off, the plasma density can
grow by a factor of approximately £ _ /21, in a time

®

 de 9)
BEADN

T =~ \
v
1

i

If the dependence v, (¢) is approximated by the function
Vi(€) =Vim(em/e)"™,

where v,,, is the maximum value of the ionization frequency
and ¢,, is the electron energy corresponding to it, then the
time of additional ionization is

1 &n (e~)"‘
Tai X — —) .
Vim 3; \ €m

For nitrogen at pressure p = 5X 102 torrand ¢ _ = 2keV,
we obtain 7, ~0.5 usec. As is evident from the expressions
(9) and (10), the time 7, can also be estimated with satis-
factory accuracy from the simple relation

(10)

(11)

Additional ionization of the gas was also observed when
the level of initial preionization was high. For example, in
helium at p =2.5X 10~ 2 torr and N, =3X10~*cm~3,
the maximum electron density following the microwave
pulse was N,,, = 6X10'? cm ~3, but the microwave pulse
transmitted past the ionization region was not distorted in
comparison to the incident pulse. This experiment indicated
that during the microwave pulse, the electron density in-
creased by a factor of only 2-3:

T~ €] 2 Vim.

Nk=Ng° exp (Vi‘mTp) NNEOev

but after the field was switched off, the “hot” electrons
formed during the pulse performed an additional ionization
during the time 7, and N, increased appreciably:

€~

~5.40'2 o —3
o7, 5-10%cm

Nem=Neo exp (VimTp)

(estimate for e _ = 2 keV).

Thus, after a low-pressure discharge in a very intense
microwave field, the stage of additional ionization, during
which the average electron energy drops to values of the
order of the ionization potential, is significant, and ¥, in-
creases appreciably, whereupon plasma relaxation begins.

In the range of nitrogen pressures p = 3 X 10~?-1 torr,
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FIG. 4. Reciprocal electron density as a function of time at various nitro-
gen pressures: O—p = 5x 102 torr, ®—3x10~"' torr, A—6x10""
torr.

the initial stage of plasma relaxation was determined by the
bulk recombination. Figure 4 shows the change in reciprocal
electron density as a function of time. The linear dependence
of N[ ! on time in nitrogen characterizes the plasma decay
due to dissociative recombination with coefficients
a=4x10"% cm?/sec at p=5%x10"% torr and
a=2Xx10"* cm3/secat p = 0.3-0.6 torr. Such a recombina-
tion coefficient indicates an appreciable electron tempera-
ture at times f~ 10 usec after cessation of the microwave
pulse. Indeed, by approximating the dependence of the re-
combination coefficient on the electron temperature by the
power-law expression a = ay(300/7T,)%°, where a,
=2.7X 1077 cm?®/sec (Ref. 18), we obtain T, ~1and 5 eV
respectively.

The prolonged relaxation of electronic energy after a
microwave discharge in a very intense field, particularly at
higher pressures, is apparently due to the influence of colli-
sions between electrons and electronically excited nitrogen
molecules. ' The population of the electronic levels of nitro-
gen after a powerful microwave discharge can be apprecia-
ble, since a major portion of the microwave energy absorbed
by the discharge, at a high value of the parameter E /N (N
being the gas density), is expanded in ionization and excita-
tion of the electronic levels of the molecules. A calculation of
the EDF in a decaying plasma, carried out in Ref. 15, shows
that the EDF is enriched with high-energy electrons due to
collisions of the second kind with the metastable molecules
N, (A3ZF).

Prolonged relaxation of electron energy not only affects
the decay rate of the plasma, but also gives rise to a long
afterglow. The integrated emission of the nitrogen plasma
(i.e., mainly the lines of the second positive system) at low
pressure reaches its maximum value after cessation of the
microwave pulse. This effect, previously observed in Ref. 19,
is due to the high electron temperature during the micro-
wave pulse, which substantially exceeds the energy corre-
sponding to the maximum of the excitation cross section of
the electronic levels responsible for light emission. There-
fore, the main excitation of the molecules takes place after
cessation of the microwave pulse, when the electron energy
drops appreciably. Thus, the process of electron energy re-
laxation after a discharge in a very intense microwave field is
nontrivial, gives rise to several effects, and apparently, re-
quires a detailed theoretical analysis.
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6. DETERMINATION OF THE BREAKDOWN THRESHOLD

For each regime of the experiment (with different ini-
tial preionizations; see Sec. 3) for specified values of the gas
density gradient length A, and field amplitude A, we
found the lowest gas pressures at which the microwave inter-
ferometer detected appreciable ionization of the gas. At ini-
tial electron density N, < 10°cm ~?, the minimum gas pres-
sure at which breakdown occurred was p,, (Ar)

=2X 10772 torr, p,,, (N;) = 3 102 torr. At higher ini-
tial electron density (in the second regime, see Sec. 3), an
increase in plasma density in the region of the wave beam
was observed at gas pressures below the threshold p,,, and
above the threshold p,,, in helium, argon, and nitrogen:
Pz (He) =5Xx 1073 torr, p,,(Ar)=2X10""* torr,
Pm2(N,) =3Xx 10~ torr.

The effect of spatial variation in the gas density and
field during the breakdown in very intense microwave fields
consists first, in the fact that electrons of high translational
velocity leave the discharge region without being able to pro-
duce ionization; and second, that all electrons, including
“slow” ones, are forced out of the region of the strong high-
frequency field under action of the average ponderomotive
force,?® f= — mV(v2/4). The first of these effects causes
depletion of the EDF by ““fast” electrons, and, as a conse-
quence, decreases the effective ionization frequency v, .,
which, in the case of large ionization length /, > A, can be
roughly estimated from

y2
View ~—— V= Ay,
li 14

) (12)

where A = min{A y,A;}. The result of the action of the sec-
ond effect can be described by means of the effective frequen-
cy of electron losses from the discharge region:

Vet NUU/AE- (13)

Thus, at low gas pressures, the time constant of the elec-
tron avalanche in a strong field can be estimated by allowing
for the inhomogeneity of the gas and field by means of the
formula

’Yzmax{A<’Vi>2/Uo—vo/AE}- (14)

The threshold pressure is determined from the condition
Yy =0, or

<Vi>=UO/(AAE)%' (15)

For estimates of the ionization frequency, (v;) can be as-
sumed equal to the maximum value v,,,, and v, = v,, is the
electron velocity corresponding to this frequency. Under the
experimental conditions, the spatial dimensions were
Ay ~15cm, Ag ~3 cm; therefore, for example, for nitrogen
[Vim =7X10°Xp (sec™ '), v,, ~8X 10°® cm/sec], the mini-
mum pressure, estimated from Eq. (15), at which micro-
wave breakdown is possible, is p,, ~4 X 10* torr. This value
of p,, is close to that found in the experiment, p,,, ~3X 10~
torr.

At high initial electron density, the bulk of the electrons
can escape from the breakdown region only together with
ions, i.e., much more slowly than with the characteristic
translational velocity v,. As a result, the effective frequency
of electron losses becomes (m/M,)'’? times smaller than
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vo/Ag, and the effective ionization frequency increases in
comparison with (12): v, =~(v;). This apparently ac-
counts for the experimental reduction of the threshold pres-
sure p,,, by an order of magnitude in comparison with p,,,, .

Thus, in a very intense microwave field, we have estab-
lished the existence of the lower limit of the gas breakdown
range with respect to pressure, a limit independent of the
field amplitude. The magnitude of the threshold pressure in
the experiment was determined by the characteristic dimen-
sions of the field inhomogeneity. In addition, we have detect-
ed the development of an electron avalanche at a fairly high
level of gas preionization under conditions where the elec-
tron means free path appreciably exceeded the size of the
field localization region.

7.SPECTRUM OF ACCELERATED IONS

During the breakdown of a gas in a very intense micro-
wave field in a wave beam with electron energy of the order
of several keV, the inhomogeneous plasma bunch acquires a
high potential. Therefore, the expansion of an inhomogen-
eous plasma into a vacuum may involve acceleration of
ions,?"?? as, for example, in experiments with laser dis-
charges. Thus, the appearance of ions of appreciable energy
characterizes a microwave discharge in a very intense field,
and the specific mechanism of ion acceleration needs to be
studied.

In the experiment, the energy spectrum of the ions was
studied with a five-channel analyzer located outside the
vacuum chamber. The instrument’s collimator axis was in
the focal plane of the wave beam and coincided with the
direction of the electric vector. Ions of atomic nitrogen N *
and molecular nitrogen N," were detected for the discharge
in nitrogen. The mass of the particles was determined from
their transit time between the ionized region and the analyz-
er, and the number of recorded particles #n was estimated by
integrating the current with allowance for the gain in each
analyzer channel. Figure 5(a) shows the energy spectra of
the N+ and N, ions.

Analysis of the results obtained showed that the energy
spectrum of the ions broadens toward high energies as the
gas pressure decreases. At the same time, there is a change in
the ratio of atomic and molecular nitrogen ions. Such behav-
ior of the change in the ion spectrum is in qualitative agree-
ment with effect of additional ionization after cessation of
the microwave pulse. Thus, the number of fast ions is ap-
proximately proportional to the lifetime of “hot” electrons
in the plasma, i.e., to the total of the microwave pulse plus
electron cooling time 7,;. As the pressure decreases (7, in-

creases), the number and energy of fast ions increase. This
effect is also enhanced by the increase in ion mean free path
as the gas pressure decreases. In addition, the energy spec-
trum of the ions was affected by the fact that the scale of the
gas inhomogeneity was greater than the dimensions of the
ionized region, and as the plasma expanded, the ions had to
get past a gas “coat.”

To obtain the condition for expansion of an inhomogen-
eous plasma into a vacuum, an experiment with a small gas
cloud was carried out. A quick-acting vacuum valve was
used in the study of the ion spectrum only. In work with this
valve, the scale of the gas density inhomogeneity and field
amplitude became approximately equal, Ay ~Ag, and the
distribution of gas density in space is shown in Fig. 1 (curve
4). For this series, the energy spectrum of the ions is shown
in Fig. 5, b. Thus it was established that for an electron oscil-
latory energy of the order of 3 keV in a microwave field,
there exists a flux of ions with energy up to 20 keV. The
maximum energy of the fast ions [see Fig. 5 (aand b)] in-
creases as the scale of the gas density gradient and hence, the
plasma density gradient, increases. Apparently, therefore,
the acceleration effect is due to collective processes develop-
ing at the front of the expanding dense plasma.
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