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Abstract

The evolution of non-equilibrium plasma channel created in xenon by powerful KrF-femtosecond laser pulse is studied. It
is demonstrated that such a plasma channel can be used as a waveguide for both transportation and amplification of the
microwave radiation. The specific features of such a plasma waveguide are studied on the basis of the self-consistent
solution of the kinetic Boltzmann equation for the electron energy distribution function in different spatial points of the
gas media and the wave equation in slow-varying amplitude approximation for the microwave radiation guided and
amplified in the channel.
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INTRODUCTION

Long-distance plasma channels in different gases produced
by high intensity laser pulses are of interest for a number
of physical processes and their practical applications.
Among them are the generation of X-ray-ultraviolet attosec-
ond pulses (Agostini & DiMauro, 2004; Krausz & Ivanov,
2009), remote sensing of the atmosphere (Penano et al.,
2012), the transportation of heavy ion beams (Penache
et al., 2002; Neff et al., 2006), and radio frequency (RF) ra-
diation (Chateauneuf et al., 2008; Zvorykin et al., 2012). An
important feature of the plasma structure appearing in the
field of an ultrashort laser pulse is its strong non-equilibrium.
Such non-equilibrium is very important for the number of
above mentioned applications.
The possibility to use high-intensity focused laser beams

in order to create plasma waveguides for transportation of mi-
crowave radiation was proposed by Askaryan (1969). Pro-
gress in femtosecond laser technology of terawatt level and
observation of the filamentation phenomenon of femtosec-
ond laser pulses (Couairon & Mysyrowicz, 2007) allowed

to raise the question about creating a cylindrical hollow
waveguide whose walls are formed by a set of plasma chan-
nels that arise during the multi-filamentation of laser
radiation (Dormidontov et al., 2007). However, as the maxi-
mum value of the plasma conductivity in the filament is sev-
eral orders of magnitude lower than the conductivity of the
metal, such a plasma waveguide cannot provide efficient
transportation of microwave radiation. For example, in the
experiment (Chateauneuf et al., 2008) for a waveguide
with a diameter of 4.5 cm formed in multi-filamentation of
100-fs pulse of Ti:Sa laser radiation, the propagation length
of the RF radiation with wavelength λ= 3 cm was only
16 cm.

It seems that the sliding mode regime proposed in the ini-
tial paper (Askaryan, 1969) is more preferable. In this case, a
hollow cylindrical plasma channel of a large radius R≫ λ
(λ is the wavelength of the propagating radiation) is suggest-
ed to be used for the transportation of RF radiation, which
provides the guiding of sliding modes. Such a regime is
based on the effect of total internal reflection of RF radiation
at the boundary of the plasma, which is optically less dense
medium than a non-ionized gas. Theoretical consideration
of such a sliding-mode plasma waveguide was performed
by Zvorykin et al. (2010). The experimental realization
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(Zvorykin et al., 2012) of a 5 cm radius waveguide with an
electron density of plasma walls ne ~ 10

12 cm−3 created by
the radiation of 70 ns KrF laser pulse provided the possibility
to transport the microwave signal (λ= 8 mm) up to a length
of 60 m, which is more than two orders of magnitude higher
than the result obtained by Chateauneuf et al. (2008).
An important feature of the plasma channel produced by the

intense femtosecond laser pulse is the strong non-equilibrium
of the photoelectron energy spectrum. For femtosecond laser
pulses, the average time interval between electron-atomic col-
lisions is typically much less than the pulse duration. Hence,
this spectrum consists of a set of peaks formed in the process
of the above threshold ionization. Bogatskaya and Popov
(2013) proposed to use such a plasma channel to enhance
the electromagnetic radiation in the microwave frequency
band. Indeed, in this case, the electron energy distribution
function (EEDF) is characterized by inverse population in def-
inite energy ranges that can be used for amplification of elec-
tromagnetic radiation in plasma (Bekefi et al., 1961; Bunkin
et al., 1973). Detailed analysis of the relaxation of the
EEDF in the plasma channel created by a femtosecond KrF
laser pulse and calculation of the gain factor in dependence
on initial plasma parameters and the frequency of the RF radi-
ation in a number of atomic and molecular gases is given by
Bogatskaya et al (2013). In particular, it was found that
among both atomic and molecular gases that can be used for
amplification of the RF radiation the xenon has some advan-
tages. It was demonstrated that the range of frequencies of
the amplified radiation in xenon plasma is wider in compari-
son with other gases. Also the time interval of the positive
gain factor existence is the largest for xenon plasma that
makes it possible to amplify the pulses of 100 ns duration.
In this paper, we note that a strong non-equilibrium of pho-

toelectron spectrum can also cause unusual refractive proper-
ties of the plasma channel appearing in the process of
multi-photon ionization of the gas by femtosecond laser
pulse. In particular, the real part of the permittivity of the
plasma can be a larger than unity, i.e., plasma turns out to
be optically more dense medium in comparison with the sur-
rounding non-ionized gas. Such a channel seems to be similar
to the dielectric waveguide which can be used for both trans-
portation and amplification of the microwave radiation. The
process of guiding and amplification of the microwave radia-
tion in the plasma channel formed by powerful KrF laser fem-
tosecond pulse in xenon is studied numerically on the basis of
the self-consistent solution of the Boltzmann equation for the
EEDF evolution in the non-equlibrium plasma, and the wave
equation for the transported through the channel RF pulse.
The conditions under which the RF pulse can be guided and
amplified in a non-equilibrium plasma channel are discussed.

ELECTRODYNAMIC FEATURES OF THE
NON-EQUILIBRIUM PLASMA CHANNEL

The given EEDF n(ε ) in plasma provides the possibility to
study the electro-dynamic features of a plasma channel. For

the radiation with frequency ω, these features are determined
by complex permittivity ξω= ξω′ + iξω′′ or complex conduc-
tivity σω= σω′ + iσω′′ which are related with each other by
the expression

ξω = 1+ i
4πσω
ω

. (1)

The general expression for complex conductivity for the rela-
tively weak electromagnetic field when the two-term expan-
sion for the electron distribution function is valid can be
written in a form (Ginzburg & Gurevich, 1960; Raizer, 1977):

σω = 2
3
e2ne
m

∫∞

0

ε3/2(ntr(ε)+ iω)
ω2 + n2tr(ε)

− ∂n(ε, t)
∂ε

( )
dε. (2)

Herene is the electron concentrationandntr(ε) = Nσtr(ε)
������
2ε/m

√
is the transport frequency of electron-atomic collisions, σ tr

(ε) is the transport cross-section, and N is the gas density.
We assume also that the electron-ion collisions do not con-
tribute to the transport frequency as we restrict our consider-
ation to the case of weakly ionized plasma only. We should
also mention that the evolution of the EEDF is rather slow in
time and external electromagnetic field of frequency ω can be
considered as the quasi-monochromatic one. The EEDF in
Eq. (2) is normalized according to the condition

∫∞

0

n(ε, t)
��
ε

√
dε = 1 . (3)

From Eqs. (1) and (2) one derives

ξω = 1− 2
3
ω2
p

∫∞

0

ε3/2(1− intr/ω)
ω2 + n2tr

− ∂n
∂ε

( )
dε. (4)

Here ωp
2= 4πe2 ne/m is the plasma frequency squared. For

the case when transport frequency do not depend on
energy, the complex permittivity is the same for any EEDF
and can be written in the well-known form

Re ξω = 1− ω2
p

(ω2 + n2tr)
, Im ξω = ω2

p ntr

(ω2 + n2tr)ω
. (5)

For weakly ionized plasma (ωp≪ ntr, ω), which is the
case for our further consideration, one obtains from Eq. (5)
the complex refractive index

nω = Re nω + iIm nω = 1− ω2
p

2(ω2 + n2tr)
+ i

ω2
p ntr

2(ω2 + n2tr)ω
, (6)

In particular, one derives from Eq. (6) that plasma is optically
less dense medium in comparison with the unionized gas.
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Imaginary part of Eq. (6) determines the absorption coeffi-
cient of the electromagnetic radiation with frequency ω in
plasma (Raizer, 1977):

μω = 2
ω

c
× Im nω = ω

c
× Im ξω = ω2

p ntr

c(ω2 + n2tr)
. (7)

For an arbitrary dependence ntr (ε), the definite expression
for the EEDF is of importance. In this case, more general
expressions for refractive index and absorption coefficient
should be used:

Re nω = n′ω = 1− 2πσ′′ω
ω

= 1− 1
3
ω2
p

∫∞

0

ε3/2

ω2 + n2tr
− ∂n
∂ε

( )
dε,

Im nω = n′′ω = 2πσ′ω
ω

= 1
3

ω2
p

ω

∫∞

0

ε3/2ntr
ω2 + n2tr

− ∂n
∂ε

( )
dε,

(8)

μω = 4πσ′ω
c

= 2
3

ω2
p

c

∫∞

0

ε3/2vtr
ω2 + n2tr

− ∂n
∂ε

( )
dε. (9)

Typically, EEDF decreases with the increase of energy,
i.e., ∂n/∂ε is negative and both integrals in Eq. (8) are pos-
itive. Hence, for such a more general case, plasma channel
also appears to be optically less dense in comparison with
un-ionized media and the absorption coefficient is positive,
μω> 0.
However, as the energy intervals with positive derivative

∂n/∂ε contribute negatively to the above mentioned inte-
grals, it is possible to obtain negative absorption or amplifi-
cation of electromagnetic radiation in plasma. Such a
situation when the EEDF has the energy range with inverse
population was studied by Bekefi et al. (1961) and Bunkin
et al. (1972). It was demonstrated that in order to obtain neg-
ative value of the integral (9) the condition

d

dε

ε3/2vtr
ω2 + v2tr

( )
< 0 (10)

should be satisfied in the energy range with the inverse
population and also this energy range should contribute
dominantly to the integral (9). In the low frequency limit

(ω≪ ntr), one derives from Eq. (10)
d

dε
ε/σtr < 0, i.e., trans-

port cross-section should grow up rapidly than linear depen-
dence. Such a situation is typical for rare gases with
pronounced Ramsauer minimum. In the opposite high-

frequency limit (ω≫ ntr), one needs
d

dε
ε2σtr < 0 to be satis-

fied. This inequality is harder to be satisfied for a lot of gases.
Nevertheless, the last inequality is fulfilled for argon atoms

in rather narrow energy interval 0.12–0.23 eV. This circum-
stance made it possible to observe experimentally negative
absorption (amplification) of the RF radiation in the argon
plasma afterglow (Okada & Sugawara, 2002).

Bogatskaya et al. (2013) discussed in detail the possibility
to obtain amplification of RF radiation in the plasma channel
created by powerful femtosecond ultraviolet laser pulse in
different gases. It was found that the xenon plasma has
some advantages to amplify the RF radiation in sub-terahertz
band in comparison with other rare and molecular gases.
Also it was demonstrated that it is possible to obtain the pos-
itive value of the gain factor at a level up to 0.03–0.05 cm−1

for time durations about tens of nanoseconds.
In this paper, we would like to pay attention to the fact that

the first integral in Eq. (8) can also be negative, i.e., plasma
channel with the non-equilibrium distribution function with
the derivative ∂n/∂ ε> 0 can be optically denser in compar-
ison with unionized gas. We need the inequality

d

dε

ε3/2

ω2 + v2tr

( )
< 0 (11)

to be satisfied. For the low frequency radiation (ω≪ ntr), we

obtain from Eq. (11)
d

dε
ε1/4/σtr < 0. This inequality is

much softer in comparison with inequality for the possibility
of amplification and is fulfilled for a lot of atoms and mole-
cules. It means that if both of inequalities (10) and (11) are
satisfied, the plasma channel can be used as the waveguide
for both transportation and amplification of the microwave
radiation. For the xenon plasma at atmospheric pressure,
such a guiding regime with amplification can be realized
up to sub-terahertz frequency band.

To study the temporal evolution of the real and imaginary
parts of plasma permittivity in a plasma channel, the knowl-
edge of the EEDF is necessary. In general, this can be done
on the basis of the numerical solution of the Boltzmann ki-
netic equation for the EEDF in the two-term expansion (Bo-
gatskaya et al., 2013). In this case, the kinetic equation can be
written in the form

∂n(ε, t)
∂t

��
ε

√ = ∂
∂ε

e2E2
0ntr(ε)

3m(ω2 + n2tr)
ε3/2

∂n
∂ε

( )
+

2m
M

∂
∂ε

ntr(ε)ε
3/2 n(ε, t)+ T

∂n(ε, t)
∂ε

( )( )

+ Q∗(n)+ Qee(n).

(12)

Here the first term in the right part of the equation stands for
the interaction of the plasma electronic component with the
external RF field of frequency ω and amplitude E0; the
second term is the integral of elastic electron-atomic colli-
sions, T≈ 0.03 eV is the gas temperature and m and M are
the electron mass and the mass of the atom, respectively.
The last two terms are the integral of inelastic and
electron-electron collisions and described in detail by
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Ginzburg and Gurevich (1960). It is known that effective
electron-electron collisions lead to the maxwellization of
the EEDF. That is why we should restrict our consideration
to the rather low degrees of ionization when electron-ion col-
lisions do not contribute to electro-dynamic properties of a
plasma channel.
For the case of multi-photon ionization of rare gases by

KrF laser radiation, the term Q∗ (n) in Eq. (12) could be ne-
glected as the excitation potentials exceed the value of 8.31
eV (the lowest excitation potential for a xenon atom) while
the position of the lowest photoionization peak is definitely
below 5 eV. If the transported RF field is weak enough and
the electron-electron collisions are not taken into account,
the temporal evolution of the plasma permittivity can be ob-
tained analytically (Bogatskaya et al., 2014). These analyti-
cal data as well as data obtained from the numerical
solution of the Boltzmann equation for the EEDF are present-
ed in Figure 1 and are found to be in a good agreement.
The results presented in Figure 1 are obtained on the as-

sumption that electron-electron collisions do not contribute
to the evolution of the EEDF. This is possible only for
time interval when the diffusion spreading of the photoelec-
tron peak due to electron-electron collisions can be neglect-
ed. It is easy to obtain the estimation for the duration of the
Gaussian photoelectron peak spreading:

τdif ≅
(Δε)2

2Dε
, (13)

where Dε≈ ε0
2 nee (ε0)/3 is the coefficient of the diffusion in

the energy space, nee (ε0) is the frequency of electron-
electron collisions, ε0 is the initial position of the photoelec-
tron peak, and Δε is its width. For the electron density ne=
3 × 1012 cm−3, ε0 ≈3 eV and Δ ε≈ 0.2 eV one derives from
Eq. (13) τdif≈ 10 ns. This estimation is found to be in a good
agreement with the results of numerical simulation of the
EEDF evolution in xenon taking electron-electron collisions

into account (Bogatskaya et al., 2013). It means that for such
time intervals, the distribution function keeps approximately
the Gaussian shape and gradually shifts in the energy space
toward lower energies due to elastic electron-atomic colli-
sions, while the maxwellization of the EEDF caused by
electron-electron collisions can be neglected. To demonstrate
the influence of electron-electron collisions on the electro-
dynamic features of the plasma channel, we present the cal-
culations of temporal evolution of the gain factor per one
electron and the real part of plasma permittivity for the RF
frequency ω= 5 × 1011 s−1 for different electronic densities
(see Fig. 2). It can be seen that for rather small time intervals,
the gain factor is proportional to the electronic density. Sim-
ilar situation is for real part of plasma permittivity Re ξω− 1:
for small time intervals this value increases even faster than
electronic density (see Fig. 2b). On the other hand, the incre-
ment of the electron density leads to faster maxwellization of
the EEDF, which results in the rapid decrement of the time
interval when the gain factor is still positive and the real
part of plasma permittivity is greater than unity.

Fig. 1. Time dependences of real (1, 2) and imaginary (3, 4) parts of plasma
permittivity in xenon obtained by analytical expression (4) (dashed line) and
by numerical calculations (solid line).

Fig. 2. The gain factor (a) and the real part of plasma permittivity (b) per
one electron in xenon plasma for different electronic concentrations
(cm−3): 1–1010, 2–1011, 3–1012, 4–1013, 5–1014. Negative values corre-
spond to the absorption on the RF radiation in plasma.
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In the two-term approximation used for analyzing of the
EEDF temporal evolution, the external electromagnetic
field also results in the diffusion spreading of the initial pho-
toelectron peak. This diffusion should be taken into account
for the low-frequency fields (ω≪ ntr) if the condition

e2E2
0

3mntr
≥ max

2m
M

Tntr , 〈ε〉nee

{ }
(14)

is fulfilled. Here 〈ε〉 is the averaged over EEDF electron
energy, and nee is the frequency of the electron-electron col-
lisions. For example, for xenon plasma with 〈ε〉≈ 2 eV,
gas temperature T= 0.03 eV and electronic concentration
ne= 3 × 1012 cm−3 one derives that the inequality (14) is
valid for RF radiation with intensity greater than 103 W/cm2.
The results obtained from the numerical integration of the

Boltzmann equation are in agreement with the above esti-
mates (see Fig. 3). Results of calculations of the gain factor
for different values of radiation intensity with a frequency
of ω= 5 × 1011 s−1 presented in Figure 3a demonstrate that

the time interval during which the gain factor is positive re-
duces from 20 to 2 ns with increasing of RF intensity from
zero to 103 W/cm2. For RF field intensity of 10 kW/cm2,
the amplification in the plasma channel is possible for very
short times about 0.1 ns. From a practical point of view it
means that microwave pulses of 2 ns duration can be ampli-
fied up to the intensity of about 1 kW/cm2. We also note that
the amplification of RF pulse in the plasma channel results in
a decrement of electron energy, i.e., the external electric field
of the RF pulse leads to cooling of the plasma electron com-
ponent. The data presented in Figure 3b confirm the effect of
electron cooling by RF field during the time interval of the
EEDF relaxation.

In conclusion, we should note that we take into account the
effect of amplification (absorption) arising from the electron-
ic subsystem only. That is due to the fact that RF field do not
absorbed by neutral xenon atoms or xenon ions. As about the
refractive index of a neutral gas, it is the same one both in and
outside of the plasma and hence does not influence on the
process of the propagation of the RF pulse in a channel.

PROPAGATION AND AMPLIFICATION OF THE
RF PULSES IN THE PLASMAWAVEGUIDE

In this section, we will discuss the propagation of the short
RF pulse in plasma channel created in xenon by femtosecond
KrF laser pulse. Our analysis is based on the self-consistent
solution of the wave equation for the RF pulse and the Boltz-
mann equation for the EEDF in the plasma channel in differ-
ent spatial points. If the RF field is weak enough and do not
have influence on the plasma parameters, the set of Boltz-
mann equations can be solved independently from the
wave equation. In this case, the RF pulse propagates in the
channel with given plasma properties varying in time.
Much more complicated is the situation when the RF pulse
is strong enough and produces significant effect on evolution
of the EEDF. In this case, the self-consistent analysis of the
equations is mandatory.

As it is known, propagation of the electromagnetic radia-
tion in a medium is described by the wave equation:

∇2�E(�r, t)− 1
c2

∂2�E
∂t2

= 4π
c2

∂�j(�r, t)
∂t

. (15)

Here �E is the electric field strength and�j is the density of the
electric current in plasma. Further, we will suppose the field
is linearly polarized. To analyze the process of microwave
pulse propagation qualitatively, we used the slow-varying
amplitude and phase approximation for the solution of
Eq. (15) (for details see the monograph of Akhmanov and
Nikitin, 1997). According to this approximation for the
pulse propagation along z-direction electric field E should
be represented as

E(�r, t) = E0(ρ,z,t) · exp i kz− ωt( )( ). (16)

Fig. 3. Time dependence of the gain factor of the electromagnetic radiation
(a) and the average electron energy 〈 ε 〉 (b) for different intensities of the RF
radiation: I= 0 W/cm2 (1), 10 W/cm2 (2), 100 W/cm2 (3), 103 W/cm2 (4),
104 W/cm2 (5). The data obtained for electronic density ne= 3 × 1012 cm−3

and ω= 5 × 1011 s−1.
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Here E0 is the envelope of the RF pulse, k= ω/c is the wave
number and ρ is the perpendicular spatial coordinate.
In frames of the two-term expansion for the Boltzmann

equation, the plasma medium is a linear one and general ex-
pression for the electric current density has the form

j(�r, t) =
∫
σ(�r, τ)E(�r, t − τ)dτ, (17)

where σ(�r, τ) = 1
2π

∫
σω exp (− iωτ)dω and conductivity σω

is determined through the EEDF by the Eq. (2). If we neglect
the temporal dispersion, the expression (17) for the current
density can be written in much more simple form

j(�r, t) = σωE(�r, t). (18)

Assuming that ∂σω/∂t
∣∣ ∣∣<<ω σω| |, ∇σω| |<<k σω| |, i.e.,

plasma conductivity, is a slow-varying function in time and
space, one derives from Eq. (15) the following equation for
RF pulse envelope in the slow-varying amplitude and
phase approximation

ik
∂E0

∂z
+ 1

c

∂E0

∂t

( )
= − 1

2
∇2

⊥E0 − i
2πσω
ω

k2E0+

2π
c2

σω
∂E0

∂t

( )
+ 2π

c2
E0

∂σω
∂t

( )
.

(19)

To make the physical sense of Eq. (19) more clearly, we will
re-write it in the followinng form

ik
∂E0

∂z
+ nω

c

∂E0

∂t

( )
= − 1

2
∇2

⊥E0 + 2πσ′′ω
ω

k2E0+

i
1
2
kkωE0 + 2π

c2
E0

∂σω
∂t

( )
.

(20)

where kω=− μ ω= 4π σ′ω/c is the plasma gain factor (if kω

<0 plasma absorbs the radiation), and nω = 1+ i
2πσω
ω

is the

complex refractive index. The first term in the right part of
Eq. (20) stands for the diffraction divergence of the electro-
magnetic field, the second term describes plasma focusing
(defocusing) features, and the third term represents the ab-
sorption (amplification) process. The last term in the right
part of Eq. (12) is small in comparison with previous ones
and gives some corrections to the focusing/defocusing and
amplification/absorption of the wave field.
If the RF pulse intensity is weak enough and do not con-

tribute to the temporal evolution of the EEDF in a plasma
channel the equation (20) is a linear one and should be
solved for the given distribution of the plasma parameters ob-
tained from the analysis of the Boltzmann equation for the
EEDF. If the RF field contributes significantly to the tempo-
ral evolution of the EEDF the wave equation (20) should be

solved self-consistently with the Boltzmann equation (12) in
an each spatial point.
The case of our study is the situation when kω> 0 and

σ′′ω< 0. Such a situation is of interest with respect to creation
of the plasma waveguide being capable to amplify the trans-
ported radiation. Actually, the amplification duration τampl
corresponds to the amplification distance of about c × τampl
(τampl is the time interval of the positive gain factor existence)
which equals to tens of centimeters. The same is for focusing
properties of the plasma, but the guiding length is typically
several times longer. So the laser pulse creates the plasma
channel characterized by amplifying and guiding «trails»
(see Fig. 4). If we launch the laser pulse and the RF pulse
just one after another simultaneously, the last one will contin-
ually be located in the amplifying and guiding zones of the
laser pulse.
It can be seen from Eq. (20) that in the case of Re nω=

1− 2πσ′′ω/ω> 1, the plasma channel can partly suppress
the diffraction divergence of the RF radiation. If the
condition

(Renω − 1)k2R2 > 1 (21)

(here R is the plasma channel radius) is satisfied, the
channel will look like the waveguide and can transport
the radiation without divergence. For ω= 5 · 1011 s−1 and
k= ω/c≈ 16.7cm−1 and Δnω= Re nω− 1~ 0.001 (see
Fig. 2b), the guiding regime of propagation will be realized
for R> 2 cm. It means the laser pulse in order to create
such a plasma channel with electron density ne ~ 10

12

cm−3 should have the power at least at the sub-terawatt
level.
For the numerical integration of Eq. (20), we introduce new

variables: ζ= z and retarded time τ= t− z/c. Taking into

Fig. 4. Spatial structure of radio (1) and laser (2) pulses for a given instant of
time. Dash curves are the spatial profiles of the gain factor and the refractive
index.
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account that the laser pulse propagates through the gas
with the speed of light and, hence, σω (ρ,z,t)= σω (ρ, t− z/
c)= σω (ρ, τ ), Eq. (20) can be re-written in the following form

ik
∂E0(ρ, ζ, τ)

∂ζ
=

− 1
2
∇2

⊥E0 + 2πσ′′ω(ρ,τ)
ω

k2E0 + i
1
2
kkω(ρ,τ)E0

+ 2π
c2

E0
∂σω
∂τ

( )
+ 2π

c2
σω

∂E0

∂τ

( )
(22)

Here the last term in the right part of the equation results in
slowing down of the RF pulse with respect to the laser one.
Numerical solution of Eq. (22) was realized by using

the finite element method in the spatial domain of 0≤ ρ≤
ρmax= 40 cm, 0≤ ζ≤ zmax= 120 cm. The full time of inte-
gration did not exceed tmax= zmax/c≈ 4 ns, that corresponds
to the propagation distance zmax . The electric field strength at
remote boundaries ρ= ρmax and ζ= zmax was assumed to be
zero. As the initial condition at ζ= 0 the temporal profile of
the RF pulse was chosen in a Gaussian form

E0(ρ, ζ = 0, τ = t) = A × R(ρ) × sin2
πt

τp
(23)

where A is the amplitude of the RF pulse at the axis ρ= 0, τp
is its duration, and the function R(ρ ) gives the initial radial
electric field distribution. Further, we assume that τp= 50T
(T= 2π/ω ), which corresponds to the RF pulse duration
of τp≈ 0.628 ns for ω= 5 × 1011 s−1. The initial radial dis-
tribution R(ρ) was also chosen in the Gaussian form

R(ρ) = exp −ρ2/2ρ2f

( )
, (24)

where ρf is the RF beam radius. The radial profile of the elec-
tron density created by KrF laser pulse and determining the
value of the gain factor (or absorption coefficient) and the
plasma refractive index was also assumed to be Gaussian:

ne(ρ) = ne(ρ = 0) × exp −ρ2/2ρ2e
( )

, (25)

where ne (ρ= 0) is the electron density in the center of the
formed plasma channel, ρe is its width.
Integration steps in time and space domains were chosen

as Δt= τp/512, Δz= cΔt, Δρ= ρ max/640. In addition, for
any spatial point (ρ,ζ), the Boltzmann equation for the
EEDF was solved numerically to determine the electro-
dynamic features of the plasma channel.
First, we discuss the results of numerical integration of the

wave equation (22) with initial and boundary conditions
(23)–(25) for the case of weak field when the contribution
of the amplified RF pulse to the EEDF evolution in the
plasma channel can be neglected. Distributions of the electric

field envelope E0(ρ,ζ,τ)
∣∣ ∣∣ for the initial beam radius and the

radius of the plasma channel ρf= ρe= 2cm versus the vari-
able τ= t− z/c (for ρ= 0) and the radial variable ρ (for
τ= τ p/2 that corresponds to the maximum of the envelope
of the initial pulse) are presented in Figure 5. The first of
these distributions can be considered as the temporal enve-
lope of the pulse at different fixed values of z or as a distri-
bution over z-coordinate at a fixed instant of time. The
value of retarded time τ= t− z/c= 0 corresponds to the ini-
tial edge of the propagating RF pulse; coordinate τ= t− z/
c= τp is its trailing edge. For the RF pulse duration τp=
50T, the spatial length of the pulse is equal to cτp≈ 1.9
cm. For such a pulse, kω≈ 0.04 см−1 can be considered to
be nearly constant during all propagation time (see Fig. 3).
The electric field E0 increases with propagation length ap-
proximately exponentially E0 ~ exp (hz) with h≈ 0.024
cm−1. This value is a little larger than kω/2≈ 0.019 cm−1,
this difference arises from the partial focusing effect during
the propagation of the RF pulse in the plasma waveguide.
As about the radial distribution (see Fig. 5b) it is nearly

Fig. 5. Temporal (1) and radial (2) profiles of the electric field envelope of the
amplifying pulse at the different propagation distances z: 1= 0 cm, 2= 30 cm,
3= 60 cm, 4= 90 cm, 5= 120 cm. Initial peak intensity is 0.1 W/cm2.
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Gaussian one for all instants of time. We would also note that
for Δnω ~ 0.001 for the propagation length of zmax= 120 cm,
the deviation of the velocity of RF pulse from the speed of
light is negligible and can be omitted.
The case of the initial RF pulse with relatively high inten-

sity when the guiding RF field contributes significantly to the
evolution of the EEDF in the plasma channel is more interest-
ing. The results of such calculations for the initial RF inten-
sity I0= 103 W/cm2 are presented in Figure 6. It can be seen
for the same propagation length 120 cm there is an increase
in the peak intensity of the RF pulse of about six times.
The pulse shape is found to be distorted significantly,
mainly because of the dominant enhancement at the leading
edge of the pulse. As for the trailing edge of the pulse it can
be seen in Figure 6a that for the propagation distances of
60 cm a more significant absorption of the RF intensity is ob-
served due to dramatic reconstruction of the EEDF by the RF
pulse. As a result, the shorter RF pulse with leading peak and
broader spectrum is formed in such a propagation regime.
To confirm the reconstruction of the EEDF by the strong

RF pulse, the spatial distribution of the gain factor (absorp-
tion coefficient) on the axis of the channel in dependence

of the variable τ= t− z/c is presented (see Fig. 7). As it
can be seen from the data in Figure 7, for the propagation
length of 60 cm, the gain factor decreases approximately
twice at the trailing edge of the RF pulse. At a distance of
90 cm, more than half of the RF pulse is found to be in the
zone of absorption, while the zone of the positive value of
the gain factor decreases continuously as the pulse propa-
gates. On the other hand, this absorption is partly compensat-
ed by the temporary increment of the refractive index
Re nω− 1 in the middle part of the channel (see Fig. 8) that
partly improves its guiding properties. Nevertheless, for
much longer propagation lengths in such a situation, the signif-
icant reduction of the pulse duration is expected, which impos-
es additional restrictions on the validity of studying the RF
pulse propagation in frames of the SVAP approach.
We would like to mention that at least in the weak field

limit, the time delay between the laser and RF pulses of sev-
eral nanoseconds will result in more effective regime of

Fig. 6. The same, as at Figure 5, but for the initial peak intensity 1 kW/cm2.

Fig. 7. Temporal profiles of the gain factor at the different propagation dis-
tances z: 1= 30 cm, 2= 60 cm, 3= 90 cm, 4= 120 cm. Initial peak inten-
sity is 100 W/cm2.

Fig. 8. Temporal profiles of the refractive index Re nω −1 at the different
propagation distances z: 1= 30 cm, 2= 60 cm, 3= 90 cm, 4= 120 cm. Ini-
tial peak intensity is 100 W/cm2.
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guiding and amplification as both of gain factor kω and refrac-
tive index n′ω increase in time for initial time intervals (see
Fig. 2). More effective regime of RF pulse propagation for
the delays of≤10 ns was found to exist in our simulations.
We also note that from a practical point of view, the case

where the plasma channel is created not by multi-photon ion-
ization of the gas, but by a single-photon ionization of impu-
rities with low ionization potential can also be of an interest.
In this case, the laser pulse may have reasonably low power.

CONCLUSIONS

Thus, in this paper, we demonstrated that the plasma channel
appearing in the process of multi-photon ionization of the gas
by a femtosecond ultraviolet laser pulse is characterized by
unusual electro-dynamic properties and can be used as a di-
electric waveguide for both transportation and amplification
of radio frequency pulses in a sub-terahertz frequency
band. Guiding and amplification of a radio frequency radia-
tion in a plasma channel formed by the powerful KrF laser
femtosecond pulse in xenon is studied numerically on the
basis of the self-consistent solution of the Boltzmann equa-
tion for the EEDF evolution in the non-equilibrium plasma,
and the wave equation in paraxial approximation for the
transported through the channel RF pulse. It was found that
there is an opportunity to reach significant amplification by
simultaneous launching of a laser and RF pulses with ap-
proximately the same propagation velocity, so that the RF
pulse is continually located in the guiding and amplification
zones of the laser pulse.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation for Basic
Research (project no. 15-02-00373). Anna Bogatskaya also
thanks the Dynasty Foundation (program for support of students)
and the LPI Educational Complex and Special Program of RAS Pre-
sidium for young scientist support. Numerical modeling was per-
formed on the SKIF-MSU Chebyshev supercomputer.

REFERENCES

AGOSTINI, P. & DI MAURO, L.F. (2004). The physics of attosecond
light pulses. Rep. Prog. Phys. 67, 813–855.

AKHMANOV, S.A. & NIKITIN, S.YU. (1997). Physical Optics. London:
Oxford.

ASKARYAN, G.A. (1969). Waveguide properties of a tubular light
beam. Sov. Phys. JETP 28, 732–733.

BEKEFI, G., HIRSHFIELD, Y.L. & BROWN, S.C. (1961). Kirchhoff’s
radiation law for plasmas with nonMaxwellian distributions.
Phys. Fluids 4, 173–177.

BOGATSKAYA, A.V. & POPOV, A.M. (2013). On the possibility of the
amplification of subterahertz electromagnetic radiation in a
plasma channel created by a high-intensity ultrashort laser
pulse. JETP Lett. 97, 388–392.

BOGATSKAYA, A.V., VOLKOVA, E.A. & POPOV, A.M. (2013). Plasma
channel produced by femtosecond laser pulses as a medium
for amplifying electromagnetic radiation of the subterahertz fre-
quency range. Quant. Electron. 43, 1110–1117.

BOGATSKAYA, A.V., POPOV, A.M. & SMETANIN, I.V. (2014). Amplifi-
cation of the microwave radiation in plasma channel created by
the ultrashort high-intensity laser pulse in noble gases.
J. Russian Laser Res. 35, 437–446.

BUNKIN, F.V., KAZAKOV, A.E. & FEDOROV, M.V. (1973). Interaction
of intense optical radiation with free electrons (nonrelativistic
case). Sov. Phys. Usp. 15, 416–435.

CHATEAUNEUF, M., PAYEUR, S., DUBOIS, J. & KIEFFER, J.-C. (2008).
Microwave guiding in air by a cylindrical filament array wave-
guide. Appl. Phys. Lett. 92, 091104/1–3.

COUAIRON, A. & MYSYROWICZ, A. (2007). Femtosecond filamenta-
tion in transparent media. Phys. Rep. 441, 47–189.

DORMIDONTOV, A.E., VALUEV, V.V., DMITRIEV, V.L., SHLENOV, S.A. &
KANDIDOV, V.P. (2007). Laser filament induced microwave
waveguide in air. Proc. SPIE 6733, 67332S/1–6.

GINZBURG, V.L. & GUREVICH, A.V. (1960). Nonlinear phenomena in
a plasma located in an alternating electromagnetic field. Sov.
Phys. Usp. 3, 115–146.

KRAUSZ, F. & IVANOV, M. (2009). Attosecond physics. Rev. Mod.
Phys. 81, 163–234.

NEFF, S., KNOBLOCH, R., HOFFMAN, D.H.H., TAUSCHWITZ, A. & YU,
S.S. (2006). Transport of heavy-ion beams in a 1 m free-standing
plasma channel. Laser Part. Beams 24, 71–80.

OKADA, T. & SUGAWARA, M. (2002). Observation of the negative ab-
sorption of a microwave induced in argon afterglow plasma.
J. Phys. D: Appl. Phys. 35, 2105–2111.

PENANO, J., SPRANGLE, P., HAFIZI, B., GORDON, D., FERNSLER, R. &
SCULLY, M. (2012). Remote lasing in air by recombination and
electron impact excitation of molecular nitrogen. J. Appl. Phys.
111, 033105.

PENACHE, D., NIEMANN, C., TAUSCHWITZ, A., KNOBLOCH, R., NEFF, S.,
BIRKNER, R., GEIßEL, M., HOFFMAN, D.H.H., PRESURA, R., PEN-
ACHE, C., ROTH, M. & WAHL, H. (2002). Experimental investiga-
tion of ion beam transport in laser initiated plasma channels.
Laser Part. Beams 20, 559–563.

RAIZER, YU.P. (1977). Laser-Induced Discharge Phenomena.
New York: Consultants Bureau.

ZVORYKIN, V.D., LEVCHENKO, A.O., SMETANIN, I.V. & USTINOVSKY,
N.N. (2010). Transfer of microwave radiation in sliding mode
plasma waveguides. JETP Lett. 91, 226–230.

ZVORYKIN, V.D., LEVCHENKO, A.O., SHUTOV, A.V., SOLOMINA, E.V.,
USTINOVSKY, N.N. & SMETANIN, I.V. (2012). Long-distance di-
rected transfer of microwaves in tubular sliding-mode plasma
waveguides produced by KrF laser atmospheric air. Phys. Plas-
mas 19, 033509/1–15.

Guiding and amplification of radiation 25

https://doi.org/10.1017/S0263034614000755 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034614000755

	Guiding and amplification of microwave radiation in a plasma channel created in gas by intense ultraviolet laser pulse
	Abstract
	INTRODUCTION
	ELECTRODYNAMIC FEATURES OF THE NON-EQUILIBRIUM PLASMA CHANNEL
	PROPAGATION AND AMPLIFICATION OF THE RF PULSES IN THE PLASMA WAVEGUIDE
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


