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Numerical simulation of microwave amplification in a plasma
channel produced in a gas via multiphoton ionisation by

a femtosecond laser pulse

A.V. Bogatskaya, E.A. Volkova, A.M. Popov

Abstract. This paper examines the evolution of a nonequilibrium
plasma channel produced in xenon by a femtosecond KrF laser
pulse. We demonstrate that such a channel can be used to amplify
microwave pulses over times of the order of the relaxation time
of the photoelectron energy spectrum in xenon. Using the slowly
varying amplitude approximation, we analyse the propagation and
amplification of an rf pulse in a plasma channel, in particular when
the rf field influences the electron energy distribution function
in the plasma.

Keywords: plasma channel, amplification of electromagnetic radia-
tion, electron energy distribution function.

1. Introduction

The formation of extended ionised channels in gases as a
result of multiphoton ionisation by intense laser pulses is of
considerable interest for a number of practical applications.
Of special note are the generation of attosecond VUV and
soft X-ray pulses [1,2], remote atmospheric sensing [3], laser
triggering and guiding of high-voltage discharges [4—7] and
microwave guiding over macroscopically large distances [8, 9].
In particular, Zvorykin et al. [9,10] presented a theoretical
analysis and described an experimental implementation of a
sliding-mode plasma waveguide, which enabled microwave
signal (4 = 8 mm) transfer to at least 60 m through a 5-cm-
radius waveguide with an electron concentration n, ~ 102 cm™=
in the plasma wall.

An important feature of the plasma resulting from gas
ionisation by an ultrashort laser pulse is that it is in a highly
nonequilibrium state, which may play a very important role
in analysis of the above processes. The energy spectrum of
photoelectrons produced by multiphoton ionisation of a gas
at a pulse duration comparable to the average electron—atom
collision time or shorter is known to comprise a number of
peaks, each corresponding to the absorption of a particular
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number of photons. Such an electron energy distribution
function (EEDF) is characterised by the presence of energy
intervals with an inverted population of electronic states in a
continuum, which can be used to amplify electromagnetic
radiation in an ionised gas [11]. The possibility of using a
plasma channel produced in xenon by an intense femtosecond
KrF excimer laser (i = 5 eV) pulse for amplifying rf pulses
was discussed in Ref. [12]. Analysis of the feasibility of ampli-
fying electromagnetic radiation of the subterahertz frequency
range in various atomic and molecular gases [12, 13] showed
that a xenon plasma as a gain medium has a number of advan-
tages over both molecular gases (nitrogen and air) and other
rare gases.

In this paper, based on a joint self-consistent numerical
integration of the wave equation in the slowly varying ampli-
tude approximation and Boltzmann’s kinetic equation for the
EEDF, we examine the propagation of an rf pulse of the sub-
terahertz frequency range through a plasma channel pro-
duced in xenon by a femtosecond KrF laser pulse. We analyse
conditions under which an rf pulse can be amplified in the
nonequilibrium plasma of the channel and evaluate the effi-
ciency of laser pulse energy conversion to energy in the sub-
terahertz frequency range.

2. Kinetics of electrons in a plasma channel
produced by an ultrashort laser pulse

When analysing the evolution of the EEDF in a plasma channel
produced by a femtosecond laser pulse, it is important to take
into consideration that free electrons result only from the multi-
photon ionisation of atoms or molecules, whereas avalanche
ionisation can be neglected. Moreover, at pulse durations
7, ~ 100 fs elastic collisions of electrons with atoms (molecules)
of the medium can also be neglected. Indeed, the characteristic
time of elastic electron—atom collisions in a gas at atmo-
spheric pressure and room temperature (7 ~ 0.03 eV) can be
estimated as 7, ~ 1/(Nov), where N ~ 2.5x10'" cm™ is the
atomic concentration; o ~ 107'5 cm? is the elastic electron—
atom scattering cross section; and v ~ 108 cm s7! is a charac-
teristic velocity of electrons resulting from the multiphoton
ionisation of the gas. Under the conditions in question, 7, ~
4x10713 s, which exceeds the laser pulse duration. As pointed
out previously [12,13], in such a situation the EEDF at the
end of a laser pulse comprises a number of above-threshold
ionisation peaks, and the time evolution of the EEDF as a
result of elastic and inelastic collisions with atoms of the
medium and electron—electron collisions occurs after the end
of the laser pulse.

In the case of a KrF laser beam intensity of ~10' to
10> W cm™, xenon atom ionisation is possible as a three-
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photon process, whereas the above-threshold ionisation peaks
corresponding to the absorption of four, five or more photons
can be neglected. In this intensity range, we can also neglect
the ac Stark shift of the ground state and continuum states.
This means that the initial EEDF can be represented as a
peak of energy e = 3h Q- I; (where I; ~ 12.13 eV is the ionisa-
tion potential of the xenon atom) and width Ae, determined
by the spectral width of the laser pulse. In the intensity range
under consideration and at a pulse duration 7, ~ 100 fs, the
degree of ionisation of the forming plasma can be estimated as
a = nJN ~ 107 to 107 [14], where n, is the electron con-
centration.

In analysing the time evolution of the EEDF, we will
assume, like in a previous study [12], that a laser pulse in a gas
produces an ionised channel with a radial electron concentra-
tion distribution and a highly nonequilibrium EEDF corre-
sponding to electron generation as a consequence of the
three-photon ionisation of xenon atoms. It is convenient to
represent such a distribution by a Gaussian:

1 (e =

2
n(e, t=0) = AevVTE exp[—ngO)]. (1)

The value of Ae¢ is determined by the spectral width of the
laser pulse and is ~0.2 eV in the case of a transform-limited
pulse of duration ~50—-100 fs. The above-threshold ionisa-
tion peaks can then be neglected.

The distribution function (1) satisfies the normalisation
condition

foon(e,t=0)\/5de -1, )
0

and n(e, t)v'e is the probability density of finding an electron
of energy €.

The time evolution of the EEDF can be assessed by solving
Boltzmann’s kinetic equation. In moderately strong fields,
where the electron velocity distribution is only slightly aniso-
tropic, it is convenient to analyse Boltzmann’s equation in the
two-term approximation. This approximation was examined in
detail previously [15, 16] (see also [17] and references therein).
Given that the EEDF is influenced by the field of an rf wave
propagating in the plasma, the equation in question can be
written in the form

On(e, 1) vE=9 e’ Efvu(e) e on
ot Oe 3m(w2 + Vtzr) Oe

2m 0 312
+ M % {vlr(e)e

n(e, 1) + T%@”)]}

+ 0" (n) + Qee(n). (©)

Here, E, is the field amplitude of the rf wave (of frequency w)
propagating in the plasma; 7' ~ 0.03 eV is the gas tempera-
ture; m is the electron mass; M is the mass of the xenon atom,;
and v, = No(¢)v2e/m and o (¢) are the transport frequency
and transport scattering cross section. The term Q*(n) repre-
sents inelastic collisions of electrons with xenon atoms and
is of negligible importance under the conditions below. The
term Q..(n) represents electron—electron collisions and was
examined in detail previously [15]. The effect of electron—
electron collisions on the evolution of the EEDF reduces to a

faster maxwellisation and was analysed in greater detail else-
where [13]. In particular, this effect was shown to be essential
starting at an electron concentration n, = 10> cm=, i.e. at a
degree of ionisation & & 4x1078.

Equation (3) is a diffusion equation in energy space, with
the diffusion coefficient determined by both the gas tempera-
ture and the term representing electron—electron collisions
[15]. It is important to note that the effect of an external field
of frequency w on the EEDF can also be described in a dif-
fusion approximation, so a sufficiently strong electric field of
a wave propagating in a plasma will also contribute to the
diffusion broadening of the photoelectron peak.

Equation (3) subject to the initial condition (1) was solved
numerically using an implicit scheme, in the energy range
e = 0-10 eV. The integration time and energy steps, 6¢ and
e, were 10713 s and 102 eV. The cross sections of elementary
processes in xenon were taken from Hayashi [18,19]. The
transport scattering cross section of xenon is presented in
Fig. 1a. Its characteristic features are the Ramsauer minimum
and a region at energies from 0.64 to 5.0 eV where the cross
section rapidly increases with energy. It is these features of
the transport scattering cross section that are responsible for
the possibility of amplifying rf radiation in a photoionised
plasma [12].

0y[cm?

2x1071

110713

efev

£ -2
o, /eV em

8x103 |

6x10 |

4x10 +

2x103 +

0 2 4 6 8

eleV

Figure 1. (a) Transport cross section for electron scattering by xenon
atoms; (b) plot of e/e, against €.

The EEDF obtained by numerically solving Eqn (3) was
used to calculate the electrodynamic characteristics of the
plasma channel produced by a laser pulse. In particular,
the complex conductivity of the plasma at frequency w,
g, = 0., + 10/, can be written in the form [11,15]
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The real part of this expression describes the energy dissipation
of an electromagnetic wave in the plasma. The absorption
coefficient for radiation of frequency w is given by

_4mao, 1 w%f’" e vi(e)
Ue = - § -

_ On(e, 1)
¢ ¢ Jo 0 +vi(e) [ dz, ©)

Oe

where vy = 4me’n./m is the square of the plasma frequency of
the electron gas.

As pointed out previously [11,12], the integral in (5) for
the peak structure of the EEDF, which essentially means pop-
ulation inversion in a continuum, may be negative when the
condition w < vy, is satisfied. In such a situation, the medium
will be capable of amplifying electromagnetic radiation. As
shown earlier [12, 13], the amplification condition for a photo-
ionised plasma in xenon is satisfied in the case of rf radiation
with @ < 10'2 57! if the photoionisation peak is located in the
region where the transport cross section increases with energy
and if, at the same time, the condition

is satisfied, i.e. the transport cross section should be a super-
linear function of energy. Condition (6) is satisfied for xenon
atoms in the energy range ~1-3 eV (Fig. 1b).

If changes in the electron energy spectrum are only due to
elastic collisions of electrons with neutral atoms, the charac-
teristic EEDF relaxation time can be estimated as

M 1
T Ve’ @)
which gives 7, ~ 1077 s. This means that it is over such times
that one would expect amplification of electromagnetic radia-
tion in a plasma. Therefore, a plasma channel produced in
xenon by a femtosecond KrF laser beam will be able to amplify
rf pulses (with frequencies up to the terahertz range) several
tens of nanoseconds in duration.

Formula (7) takes into account only the electron energy
loss in elastic electron—atom collisions. At the same time,
electron—electron collisions lead to a faster maxwellisation of
the photoelectron spectrum and, as a consequence, to zero gain.
Estimates and numerical simulation results [13] demonstrate
that, even at an electron concentration n, = 10! cm™3, taking
into account electron—electron collisions has a significant effect
on the evolution of the EEDF. At n, = 103 cm~, maxwellisa-

d_e 0 (6) tion of the spectrum takes ~200 ns. Calculations indicate that,
de oy (e) in effect, electron—electron collisions considerably increase
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Figure 2. EEDF in a xenon plasma at times = (/) 0, (2) 3, (3) 10, (4) 30, (5) 100 and (6) 200 ns after plasma channel formation at rf field inten-
sities of (a) 0, (b) 10, (c) 100 and (d) 10* W cm™2. Electron concentration n, = 3x 102 cm™.
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the electron diffusion coefficient in energy space, leading to a
rapid broadening of the photoelectron peak and, as a conse-
quence, to a rapid decrease in the time interval during which
the gain coefficient in the channel is positive.

In the above analysis of the evolution of the energy spec-
trum of photoelectrons in a plasma channel, the radiation
being amplified was assumed to be weak and have no effect
on the EEDF. Clearly, this is justified when the electron
energy diffusion coefficient related to the field being ampli-
fied is smaller than the energy diffusion coefficients related to
elastic collisions of electrons with gas atoms (molecules) and
electron—electron collisions. Estimating the electron energy
diffusion coefficient related to rf radiation in the plasma
(for w < v,) as D, ~ e2Egel(3mv,,), we find that the above
reasoning is correct if

e’E}
3mvy

< max{zmevtr, <e>vee}, (8)

where (¢) is the spectrum-averaged electron energy and v, is
the electron—electron collision frequency. For example, in the
case of xenon atoms, (¢) ~ 2¢eV, T~ 0.03 eV and an electron
concentration 7, = 3x10'> cm3, condition (8) is satisfied at rf
field intensities far below 1 kW cm™,

The above estimates are supported by numerical calcula-
tion results. Figure 2 shows EEDFs in a xenon plasma at dif-
ferent instants in time for cases where the initial energy distri-
bution (1) relaxes in the presence of an rf field (w ~ 5x10!! s7!)
of various intensities. It is seen that, indeed, the field markedly
accelerates the diffusion broadening of the photoelectron peak:
the EEDF relaxation to a steady state takes ~100 ns at an rf
field intensity of 100 W cm™2 and just 10 ns at an intensity of
1 kW cm™.

As pointed out above, the diffusion broadening of the
photoelectron peak reduces the ability of a plasma channel to
amplify rf radiation. Indeed, the gain coefficients k, = —u,,
calculated for various radiation intensities at a frequency w =
5x10'" s7! (Fig. 3) demonstrate that the time interval during
which £k, is positive decreases from 20 to 2 ns as the intensity
increases from zero to 1 kW cm2. At a radiation intensity of
10 kW cm™2, the plasma channel retains amplifying properties
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Figure 3. Time dependences of the gain coefficient for electromagnetic
radiation in a plasma channel in xenon at radiation intensities of (/) 0,
(2)10,(3)100, (4) 10*and (5) 10* W cm2. Negative values correspond
to electromagnetic radiation absorption in the plasma. The calculations

were performed for an electron concentration r, = 3x 1012 cm=,

for just 0.1 ns. This means that the intensity of microwave
pulses up to 2 ns in duration can be amplified to ~1 kW cm=2.
Note also that the amplification of an electromagnetic wave
in a plasma suggests that taking into account the effect of the
field being amplified on the EEDF in the plasma channel
leads to a reduction in electron energy in it, i.e., in the condi-
tions under consideration, the electric field of an rf wave leads
to cooling of the electron component of the plasma. Indeed,
the data presented in Fig. 4 demonstrate that taking into
account the effect of rf radiation leads to faster plasma cool-
ing in the initial stage of EEDF relaxation.
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Figure 4. Time dependences of the spectrum-averaged photoelectron
energy in a xenon plasma at rf field intensities of (/) 0, (2) 10, (3) 100,
(4) 103 and (5) 10* W cm2,

In particular, in the intensity range 0—100 W cm™> the
spectrum-averaged electron energy decreases with increasing
intensity in the time interval 20—25 ns. At an intensity of
1 kW cm™, faster electron cooling is only observed within
~3 ns. Subsequently, the average electron energy plateaus
at ~2.6 eV. By contrast, an tf field of intensity 10 kW cm™
heats the electron gas: its average energy increases from its
initial value of 2.87 eV to ~3.5 eV in just 2—3 ns.

It is worth pointing out that, physically, the effect under
consideration — amplification of electromagnetic radiation in
a highly nonequilibrium plasma — is similar to the negative
absolute conductivity of a gas discharge plasma in a dc electric
field, which was predicted by Rochlenko [20] and Shizga and
McMahon [21] and discussed in detail in a number of publica-
tions [22—-24]. A negative absolute conductivity of a plasma
is a kinetic effect that leads to the formation of an electron
flow opposite in direction to the force acting on each electron.
In such a situation, the electrons, on average, give up their
energy to the field of the electromagnetic wave, thereby ensuring
amplification.

3. Propagation of rf pulses in a plasma channel

In this section, jointly solving the wave equation and Boltz-
mann’s kinetic equation we examine the propagation and
amplification of an rf pulse in a plasma channel produced in
xenon by a femtosecond KrF laser pulse. The propagation of
electromagnetic radiation in a medium can be described by
the following wave equation:

1 3°E _ 4n 0j
VE-=22 = 22 9
c? ot ©)
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Here, E is the electric field of the wave and j is the current
density in the plasma, which is eventually determined from
Boltzmann’s kinetic equation. The rf field is taken to be linearly
polarised (along the x axis) and to propagate along the z axis.

In numerical analysis of Eqn (9), we employ the slowly
varying amplitude (SVA) approximation [25]. In this approxi-
mation, the electric field of an rf pulse propagating along the
z axis, E(r,z,t), can be represented in the form

E(r,z,t) = Ey(p, z, t) expli(kz — w1)], (10)
and the electric current through the plasma, with negligible
dispersion, is then given by

Jj(p,z,t) = 0,(p,z,t) Eg(p, z, t) expli(kz — wt)]. (11)
Here, E, is the rf pulse envelope; k is the wavenumber, o =
5x10" s7!; and p is a transverse coordinate. In what follows,
the electron concentration in the plasma channel is taken to
be sufficiently low (n, < 10'3 cm™), so that the pulse propa-
gates through the channel at the speed of light. Therefore,
k = wlc. In addition, the conductivity of the plasma is taken
to be a slowly varying function of time and spatial coordinate,
ie. |do,/dt| < w]o,| and |Vo,| < k|o,|. The following
expression can then be obtained for the envelope of the rf pulse:

(%4 195

1
oz "¢ ot

) =~ SViEy + 5 ko(p,z. ) KE,

(12)
where k,(p, z, t) is the spatiotemporal distribution of the gain
coefficient for electromagnetic radiation in the plasma and
V? is the transverse Laplace operator. The first term on the
right-hand side of (12) describes the diffraction divergence of
the electromagnetic pulse and the second term represents its
amplification (absorption) in the plasma.

If the rf field is relatively weak and has no effect on the
EEDF relaxation process in the plasma (in the conditions
under consideration, this is so at intensities 7 < 10 W cm™),
Eqn (12) is linear and should be solved for a preset distribu-
tion of the gain coefficient &, (p, z, ), which can be found from
the EEDF obtained by numerically integrating Boltzmann’s
equation. In contrast, if the rf field has a significant effect on
the EEDF in at least some regions of space, Eqn (12) should
be solved self-consistently with Boltzmann’s equation for the
EEDF at every spatial point.

It follows from the above analysis of the EEDF relaxation
process that the amplification time 7, in the plasma channel
may range from several nanoseconds to 15—-20 ns, depending
on the intensity of the pulse being amplified. For this reason,
a femtosecond laser pulse propagating in a gas produces a
spatial trail — an amplification region several tens of centi-
metres in length, ct, (Fig. 5). To ensure the most efficient
amplification of an rf pulse in such a situation, it is convenient
to create conditions under which pulses travel through the
medium one after another, so that an rf pulse is constantly in
the amplification zone produced by a laser pulse.

To numerically integrate Eqn (12), it is convenient to
introduce new variables: { = z and v = ¢t — z/c (retarded
time). Given that both pulses travel at the speed of light, i.e.
ko(p,z,t) = k,(p,t—zlc) = k,(p,T), Eqn (12) can be rewritten
in the form

ikaEO(paCsT) — 1

ag _jviEO_"%kkw(pa‘[)EO(pagaT) (13)

Amplification region

Figure 5. Spatial structure of (/) rf and (2) laser pulses at some instant
in time. The dashed curve shows the spatial gain coefficient profile.

Equation (13) was solved numerically using the finite-element
method in a spatial region of dimensions 0 < p < p,, =40 cm
and 0 < ¢ <z, = 100 cm. The total simulation time did not
exceed fpax = Zmax/¢ & 3.3 ns, which corresponded to laser
pulse propagation over a distance z,,,c. As boundary condi-
tions, the electric field was taken to be zero on the distant
boundaries p = p. and ¢ = z.,.. At { =0, we set the tem-
poral profile of the rf pulse:

Ey(p.£=0,7=1) = AR(p)sin*(nt/t,), (14)
where A4 is the amplitude of the rf pulse on the axis (p = 0)
and R(p) is the radial electric field distribution function. Sub-
sequently, the pulse was taken to consist of 50 field periods,
i.e.atw =5x10'" 5! the pulse duration was 7, ~ 0.628 ns and
the function R(p) was represented by a Gaussoid:

R(p) = exp[-p*(2p7)], 15)
where p; is the rf beam radius. The radial electron concen-
tration profile produced by a KrF laser pulse, which deter-
mines the gain (absorption) coefficient, was also taken to be
Gaussian:

n(p) = np = 0)exp[-p(2p?)], (16)
where n.(p = 0) is the electron concentration in the centre
of the plasma channel and p, is its width.

The integration time and coordinate steps were ¢ =
7,/512, 6z = ¢6t and §p = Py, /640. The gain coefficient was
determined at each spatial point with coordinates p and ¢ by
integrating Boltzmann’s equation.

Consider first the results obtained by numerically inte-
grating the wave equation (13) subject to the boundary con-
dition (14) in the weak-field regime, where the effect of the rf
pulse on the EEDF in the plasma channel can be neglected.
Figure 6 shows the intensity profiles I = cE3(p,,7)/(8%) for
an initial beam radius p; = 2 cm and a plasma channel radius
pe =1 cm at variable 7 (p = 0) and p (r = 7,/2, which corre-
sponds to the maximum in the initial pulse envelope). The
first profile can be viewed, for example, as the temporal pulse
envelope at different fixed values of z or as a distribution
with respect to the z coordinate at fixed instants in time. The
point 7 = 0, or z = ¢t, corresponds to the leading edge of the
propagating pulse, and the coordinate r = 7, corresponds to
its trailing edge. The spatial extent of the pulse, cty, is then
~1.9 cm. In the case under consideration, the gain coefficient
is k, =~ 0.04 cm™" and can be thought to be constant during
the entire period of pulse propagation (Fig. 3). In the absence
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Figure 6. Spatiotemporal structure of a microwave pulse with an initial
peak intensity of 1 W cm™ at propagation lengths in the medium L =
(1)0,(2)18.3,(3) 55.2 and (4) 92.1 cm. The plasma channel radius is
pe=1cm.

of diffraction divergence, this would lead to an increase in
intensity by about 40 times over a length L = 92.1 cm. How-
ever, the diffraction length corresponding to the radius of the
beam being amplified is Ly = kp? ~ 17 cm. As a result, at
propagation lengths L > L4 the peak intensity first grows
more slowly and then decreases because of the diffraction
broadening of the beam.

Figure 7 presents results of analogous calculations of the
spatiotemporal structure of an rf pulse at a larger plasma
channel radius (p, = 2 cm). In this case, the diffraction length
is Ly ~ 70 cm, so the pulse propagates almost without diffrac-
tion over distances of ~100 cm, and its intensity increases by
I(L)/I, ~ 30 times over a length L =92.1 cm.

There is special interest in the case where a pulse has a
relatively high initial intensity and thus has a significant effect
on the evolution of the EEDF in the plasma channel in the
amplification process. Results of such calculations for an ini-
tial radiation intensity /, = 1 kW cm™2 are presented in Fig. 8.
It is seen that, over the same propagation length L =92.1 cm,
the peak intensity of an rf pulse increases by just a factor
of 9.5. This is accompanied by marked distortion of the
pulse shape, because its leading edge is amplified stronger. At
distances L > 90 cm, the central and trailing parts of the laser
pulse are in a region where the signal is absorbed as a result
of changes in the EEDF, which leads to a reduction in pulse
duration and an increase in the spectral width of the pulse.

The above is confirmed as well by the t dependences of
the gain (absorption) coefficient on the channel axis, calcu-
lated from the EEDF by jointly solving the wave equation

Intensity/kW cm™

0.6 t/ns

Intensity/kW cm™>

6 8

plem

Figure 7. Same as in Fig. 6 but for a plasma channel radius p, = 2 cm.

Intensity/kW cm™2

0.6 t/ns

Intensity/kW cm™

8 plem

Figure 8. Same as in Fig. 7 but for a pulse with an initial peak intensity
of kW cm™2.
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and Boltzmann’s kinetic equation (Fig. 9). It is seen in Fig. 9
that the signal amplification zone constantly narrows down,
so that at L ~ 100 cm most of the pulse is in the absorption
region. Subsequently, in such a situation the pulse duration
decreases rapidly, which places significant limitations on the
possibility of describing the pulse propagation process in
terms of the SVA approximation.

k,Jem™

0.03
0.02F

0.01F 5 a

-0.01F

-0.02 1 I

1
0.6 7/ns
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0.005
2.510.01

2.0F0.015 \

0.02

0 0.15 030 045 7/ns

Figure 9. Gain (absorption) coefficient for microwave electromagnetic
radiation in a plasma channel in xenon: (a) distributions along the channel
axis at propagation lengths in the medium L = (/) 18.3, (2) 55.2 and
(3) 92.1 cm; (b) two-dimensional distribution in the form of contour
plots for L = 92.1 cm. The initial peak intensity is [, = 1 kW cm™ and
the plasma channel radius is p. = 2 cm. Negative values correspond to
absorption of electromagnetic radiation in the plasma.

Our calculations make it possible to estimate the efficiency
of KrF laser pulse energy conversion to rf energy. Indeed, the
laser energy needed to ionise a xenon atom is 3w = 15 eV.
Therefore, at a propagation length L ~ 100 cm and photo-
electron concentration n, = 3x 10'2 cm=, the energy deposited
in the medium is ~7x10* J cm™2. On the other hand, the
initial energy of a pulse with a peak intensity of 1 kW cm™
is ~5x1077 J cm™2, and the pulse energy increases by almost
one order of magnitude over a length of 100 cm. This means
that, in the conditions under consideration, ~1% of the
energy deposited in the plasma during gas photoionisation is
then converted to microwave energy. Note that the energy
conversion efficiency can be increased, in particular by
increasing the spatial dimensions of the plasma channel.

Note also that, from a practical point of view, it may be
of interest to examine the case where a plasma channel is

produced not via multiphoton gas ionisation but via the single-
photon ionisation of easily ionasable impurities. A laser pulse
producing a plasma channel may then have a relatively low
intensity, but the ionisation potential of the impurity should
be chosen such that the corresponding photoionisation peak
lies in the desired energy range.

4. Conclusions

The present results demonstrate that a nonequilibrium plasma
channel produced in xenon by a femtosecond KrF laser pulse
can be used to amplify rf pulses having a carrier frequency in
the subterahertz frequency range. An appreciable gain can be
achieved when such pulses travel through the medium one
after another, so that an rf pulse is constantly in the amplifi-
cation zone produced by a laser pulse.
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