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Impact of electron collisions on the skin effect in a photoionized inert gas plasma
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The interaction of monochromatic electromagnetic radiation with a photoionized plasma formed during
multiphoton ionization of inert gas atoms is studied. It is shown how electron collisions with neutral atoms affect
the surface impedance and absorption coefficient. The possibility of a significant absorption coefficient growth in
the regimes of high-frequency and normal skin effects due to the manifestation of the Ramsauer-Townsend effect
was revealed. The conditions under which the interaction of test low-frequency radiation with a photoionized
inert gas plasma is similar to the interaction with a dielectric with a permittivity having a small imaginary part
are established.
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I. INTRODUCTION

A photoionized plasma with a nonequilibrium electron dis-
tribution that differs qualitatively from Maxwellian is formed
during ionization of inert gas atoms by a short pulse of laser
radiation. A number of papers have been devoted to studying
the characteristics of the angular [1–7] and energy [1,6–10]
distribution of photoelectrons, as well as their spin polariza-
tion [11–13] in various ionization modes of inert gas atoms.
The nonequilibrium distribution of photoelectrons is approx-
imated by different functions. The anisotropic bi-Maxwell
distribution [14,15] or toroidal distribution [14,16,17] is often
used to describe photoelectrons in a tunnel regime of atom
ionization, depending on the polarization of ionizing radia-
tion. In the case of multiphoton or above-threshold ionization
the distribution of photoelectrons is approximated by the one-
or multipeak distributions [18,19], including the anisotropic
ones [20]. The patterns of the plasma photoelectron distribu-
tion significantly affect the ionized gas properties. In particu-
lar, the presence of the distribution function anisotropy leads
to the development of aperiodic instabilities, accompanied by
the generation of a magnetic field [21,22] or a quasipotential
field [23,24]. There is a possibility of electromagnetic radia-
tion pulses amplification in their interaction with an unstable
anisotropic photoionized plasma [15,25].

In weakly ionized plasma, the elastic scattering of electrons
by neutral atoms leads to isotropization of the distribution
function. The photoelectron distribution over energy still re-
mains nonequilibrium for a relatively long time. For a plasma
formed during above-threshold ionization, the energy photo-
electron spectrum consists of a set of individual peaks, each
of which corresponds to the absorption of a certain number
of photons (see, e.g., Refs. [8,26]). Longitudinal waves with
a linear dispersion law and a group velocity comparable to
the characteristic velocity of photoelectrons can exist in an
isotropic photoionized plasma [19,27]. The number of waves
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is greater the greater the number of peaks in the distribution
function [19]. The new physical properties appear due to
the presence of the Ramsauer-Townsend effect in the pho-
toionized inert gas plasma [28–30]. The peculiar behavior
of the photoelectron scattering cross section corresponding
to this effect leads to the possibility of amplification of low-
frequency radiation pulses [18,31].

The present paper considers the specific features of
the monochromatic electromagnetic field penetration into a
plasma formed by multiphoton ionization of inert gases,
continuing the study of the unusual properties of a nonequi-
librium photoionized plasma. The conditions when elastic
electron collisions with neutral atoms led to isotropization
of the photoelectrons distribution, but the energy distribution
remained highly nonequilibrium, are considered. Particular
attention is paid to the study of the effects associated with
the electron scattering cross section minimum on the neutral
atoms of inert gases. The field penetration is studied in the
regimes of high-frequency and normal skin effects, as well as
in the case when the properties of the photoionized plasma
are similar to the properties of a dielectric. Expressions for
the surface impedance and absorption coefficient are obtained
for different ratios between the plasma frequency and the
incident radiation frequency. It is shown that in the regimes
of normal and high-frequency skin effects, the presence of
a positive derivative of the collision frequency at a point
corresponding to the characteristic speed of photoelectrons
leads to an increase in absorption by several times. For not ab-
normally small collision frequencies of electrons, collisional
absorption is dominant in the whole range of considered radi-
ation frequencies. The contribution to the absorption from the
Cherenkov interaction of electrons with the field is relatively
small.

II. INERT GAS PHOTOELECTRONS

Let us consider a weakly ionized plasma formed during
the multiphoton ionization of inert gas atoms by a short laser
pulse (see, e.g., Refs. [8,9,18]). In such a plasma, the energy
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(a) (b)

FIG. 1. Dependence of the collision frequency of photoelectrons with (a) xenon neutral atoms and (b) krypton neutral atoms on the average
photoelectron energy ε. Na = 2.5 × 1019 cm−3 is the concentration of atoms at atmospheric pressure.

photoelectron distribution has the form of one narrow peak
corresponding to the absorption of the minimum required
number K of photons to overcome the ionization threshold
determined by the ionization potential of the atom Ei. The
maximum position of the photoelectron distribution function
corresponds to the energy ε0, determined according to the
formula for the multiphoton photoelectric effect ε0 = Kh̄� −
Ei and having a value of the order of several eV. Here, h̄ is the
Planck constant and � is the frequency of ionizing radiation.

In the case of linear polarization of the ionizing radiation
field, an anisotropic distribution is formed, in which the
electron velocities are mainly oriented along and against the
vector of field strength. However, under conditions of weak
ionization of a not abnormally rarefied gas, scattering of
photoelectrons by neutral atoms leads to a rapid relaxation of
their momentum. Therefore, it is justified to use the isotropic
velocity distribution function, which remains nonequilibrium
and corresponds to the peaklike energy spectrum at times
exceeding the inverse effective frequency of photoelectron
elastic collisions. Further we use the distribution function
corresponding to the “cold” plasma model,

f (v) = n

4πv2
0

δ(v − v0), (1)

when studying the penetration of an electromagnetic field
into a photoionized plasma, where n is the photoelectron
density, v0 = √

2ε0/m, and m is the electron mass. The spread
in photoelectron energies is considered insignificant in such
a model. The nonequilibrium distribution (1) relaxes to the
Maxwell distribution due to electron-electron collisions and
quasielastic collisions of photoelectrons with neutral atoms at
significantly longer times. Further we will consider the effect
of radiation, the frequency of which is much greater than the
inverse time of relaxation of the distribution function (1).

Further consideration will be carried out in relation to
the plasma obtained by ionization of inert gas atoms. Under
typical conditions of multiphoton ionization, a weakly ionized
plasma, in which the energy corresponding to the peak in
the photoelectron distribution does not exceed several eV, is
formed. In the case of monoatomic inert gases, the lower ex-
citation threshold of intra-atomic electronic states in electron

and atom collisions is noticeably higher. For example, for
the Xe atom, such a threshold exceeds 8 eV, and for the Kr
atom it exceeds 10 eV. Therefore, photoelectron scattering is
determined mainly by elastic collisions with neutral atoms.
A characteristic feature of the elastic electrons scattering by
inert gas atoms is the presence of a minimum scattering
cross section in the energy region slightly lower than 1 eV
[28–30] called the Ramsauer-Townsend effect. In particular,
for xenon the minimum takes place near the energy ε =
mv2/2 ∼ 0.6 eV, and for krypton ε ∼ 0.5 eV. Further we will
use the photoelectron collision frequency with neutral atoms,
defined as ν(v) = Nσtr (v)v, where N is the concentration of
neutral atoms and σtr (v) is the transport cross section for
electron scattering by neutral atoms, which depends on the
photoelectrons speed. Using the values of the transport cross
section for elastic electron scattering by atoms Xe given in
[32], for ν(v) we have the dependence shown in Fig. 1(a).
Points on a curve in Fig. 1(a) correspond to the experimental
data of [32]. A similar dependence of the collision frequency
on energy in the photoelectron scattering by krypton atoms is
shown in Fig. 1(b). The experimental data for krypton is taken
from [33]. In xenon, the collision frequency increases in the
energy range ε ∼ (0.6–6) eV and in krypton it increases in
the range ε ∼ (0.5–10) eV. Further it will be shown that the
presence of such an interval is responsible for enhancing the
incident electromagnetic wave absorption.

III. INTERACTION OF AN ELECTROMAGNETIC
WAVE WITH A SEMIBOUNDED PLASMA

Let us consider the normal incidence of a
monochromatic electromagnetic wave E(z, t ) =
(1/2)(E0, 0, 0) exp [−iω(t − z/c)] + c.c. to a photoionized
plasma occupying the half-space z > 0 and having a
photoelectron distribution of the form (1), where c is the
speed of light and ω is the frequency. Such an electromagnetic
wave generates in the plasma an electric field directed along
the ox of the form (1/2)E(z) exp (−iωt ) + c.c. and leads to a
small perturbation of the photoelectron distribution function
over velocities of the form (1/2) δ f (v, z) exp (−iωt ) + c.c.
We use the linearized kinetic equation with the collision

023105-2



IMPACT OF ELECTRON COLLISIONS ON THE SKIN … PHYSICAL REVIEW A 102, 023105 (2020)

integral, which describes relaxation along the directions of
the photoelectron momentum without changing their energy,
to determine δ f (v, z)

−iωδ f (v, z) + vz
∂

∂z
δ f (v, z) + evxE (z)

mv

∂ f0(v)

∂v

= −ν(v)

[
δ f (v, z) −

∫
d�

4π
δ f (v, z)

]
, (2)

where e is the electron charge and d� is the solid angle
element.

Following [34], after the joint solution of (2) and the
Maxwell system of equations, in the case of specular reflec-
tion of electrons from the plasma boundary z = 0, for the field
in the plasma we have

E (z) = 2E0

1 + Z (ω)

iω

c

+∞∫
−∞

dk

π

exp(ikz)

εtr (ω, k) ω2/c2 − k2
, (3)

where the transverse permittivity of the plasma has the form

εtr (ω, k) = 1 + 4πe2

mω

∫
v2

x dv
ω + iν(v) − kvz

∂ f0(v)

v ∂v
. (4)

The expression (4) differs from that used previously [34] by
the dependence of the collision frequency on the electron
velocity, which allows one to take into account the Ramsauer-
Townsend effect. For a “cold” photoionized plasma with the
photoelectron distribution function (1) the transverse permit-
tivity (4) has the form

εtr (ω, k) = 1 − ω2
L

ωkv0

[
arcth

(
kv0

ω + iν

)

×
(

1 − α
iν(ω + iν)

k2v2
0

)
+ α

iν

kv0

]
, (5)

where ωL =
√

4πne2/m is the Langmuir electron frequency,
and ν ≡ ν(v0), α = ∂ ln ν/∂ ln v0 is the value determined by
the average photoelectron energy and the energy dependence
type of the scattering transport cross section. The arctanh(u) is
the inverse hyperbolic tangent of a complex argument defined
according to 4.6.3 from [35]

arctanh(u) =
∫ u

0

ds

1 − s2
, (6)

where the integration path does not intersect the real axis from
−∞ to −1 and from 1 to +∞. The function Z ≡ Z (ω) =
iωE (+0)/cE ′(+0) in (3) represents the surface plasma
impedance. The relation between the surface impedance and
the field at the plasma boundary has the form Z/(1 + Z ) =
E (+0)/2E0. The surface impedance determines the absorp-

FIG. 2. Integration contour for the electric field inside the plasma.

tion coefficient A(ω) according to the relation

A(ω) = 1 −
∣∣∣∣Z (ω) − 1

Z (ω) + 1

∣∣∣∣
2

. (7)

IV. ELECTRIC FIELD IN PHOTOIONIZED PLASMA

The electric field in the plasma (3) is determined by the
integral over the real variable k, corresponding to the inverse
Fourier transform. We continue analytically the integrands in
the upper half-plane of the complex variable k to calculate
it. Taking into account properties of the function (6) in the
complex plane [35], we use the contour C shown in Fig. 2 to
calculate the integral (3). In the plane of the variable k the cut
starts from the point k = (ω + iν)/v0 and goes to ∞ along
the ray coming out of the origin at the angle arctan(ν/ω)
to the real axis k. The contribution from the integrals over
a circle of infinitesimal radius centered at (ω + iν)/v0 and a
semicircle of infinitely large radius in the upper half-plane are
0. Then, according to the Cauchy theorem, the electric field
in the plasma (3) can be represented as the sum of two terms:

E (z) = E1(z) + E2(z). (8)

Here, the first term E1(z) is related to the contribution to
the integral from the pole of the integrand (3) inside the
integration contour C. The second term E2(z) corresponds
to the total contribution from the integrals along the banks
of the cut, taken with the opposite sign. The solution of the
transcendental equation

εtr (ω, kp) − k2
pc2

ω2
= 0, (9)

where εtr (ω, k) is defined by the expression (5), allows us to
find the pole position kp ≡ kp(ω) of the integrand (3). Using
a numerical analysis of Eq. (9) it was found that the integrand
(3) in the upper half-plane of the complex variable k has a
single pole, the real part of which is positive. In this case, the
contribution to the field E1(z) can be represented as

E1(z) = − 4E0

1 + Z (ω)

c

ω

[
∂ (εtr (ω, k) − k2c2/ω2)

∂k

∣∣∣∣
k=kp

]−1

exp[ikp(ω)z]. (10)
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To find E2(z) we use the properties of the function (6) in (5) on the banks of the cut. By changing the variable k = t ·
(ω + iν)/v0 we get the integrals along the real axis, where the new variable varies within 1 < t < ∞. There are the relations
along the banks of the cut

arctanh (t ± i 0) = ±i
π

2
+ arccoth(t ), t > 1,

where the upper (lower) sign corresponds to the upper (lower) bank of the cut on the contour selected for integration. Given the
above, we have for E2(z)

E2(z) = 2E0

1 + Z

c

v0

(
ω + iν

ωL

)2 ∫ ∞

1
dt t

(
1 − i

αν

ω + iν

1

t2

)
exp

[
iω − ν

v0
zt

]{[
ω(ω + iν)

ω2
L

t

×
[

c2

v2
0

(
ω + iν

ω

)2

t2 − 1

]
+ arccoth(t )

(
1 − i

αν

ω + iν

1

t2

)
− i

αν

ω + iν

1

t

]2

+ π2

4

(
1 − i

αν

ω + iν

1

t2

)2}−1

. (11)

The ratios (10) and (11) form the basis for further analysis of
the field in the plasma.

V. HIGH-FREQUENCY SKIN EFFECT

In a rarefied plasma, the photoelectron collision frequen-
cies are relatively small and the conditions when ω � ν are
of interest. The influence of electron motion on the field
penetration under such conditions is most pronounced in the
anomalous skin-effect mode when v0 > cω/ωL. This mode
is described in [36]. The paper [36] also considers high-
frequency skin effect, when ω > ωLv0/c. However, in [36] we
completely neglect the impact of collisions. In this section, in
the development of [36] we study the collision effect on the
field penetration in the high-frequency skin effect when

ω � ν, kv0. (12)

In this mode, the solution of Eq. (9) lies in the small wave
number region for which the inequality |kp|v0 � ω holds and
the transverse permittivity (5) has the form

εtr (ω, k) = 1 − ω2
L

ω2

[
1 + k2v2

0

3 ω2
− i

(α

3
+ 1

) ν

ω

]
. (13)

Moreover, the solution of Eq. (9), which determines the pole
of the integrand (3), has the form

k2
p(ω)c2 = (

ω2 − ω2
L

)(
1 − v2

0

3c2

ω2
L

ω2

)

+ i
(α

3
+ 1

) ν

ω
ω2

L. (14)

In the framework of the inequality (12) for the field E1(z) (10)
we find

E1(z) = 2E0

1 + Z (ω)

ω

kp(ω)c

(
1 − v2

0

3c2

ω2
L

ω2

)
× exp[ikp(ω)z]. (15)

In turn, the integral (11) that defines the field E2(z) contains an
oscillating function of the coordinate z and, on spatial scales
exceeding the distance traveled by the photoelectron during
the change in the field z > v0/ω, the function E2(z) signifi-
cantly decreases. Consider also that under the conditions (12)
the main contribution to the integral (11) is determined by
the values of the integration variable near the lower limit. For

the maximum value E2(z), which is reached near the plasma
boundary, we have the expression

E2(+0) = 1

2

E0

1 + Z (ω)

v3
0ω

2
L

c3ω2
, (16)

which is much smaller than E1(+0). Thus, under the con-
ditions of the high-frequency skin effect (12), the field pen-
etrating into the plasma (3) is mainly determined by the
contribution (10) from the pole (14) in the upper half-plane
of the complex wave number E (z) ≈ E1(z) (see Fig. 3). The
presence of small oscillations in the inset to Fig. 3 is due to
contribution from the banks of the cut. The negligible under
the conditions of the high-frequency skin-effect Cherenkov
absorption is connected with precisely these oscillations.
Using the expressions (15) and (16), we obtain the surface
impedance of the photoionized plasma in the frequency range
(12)

Z (ω) = ω

kp(ω)c

(
1 − v2

0

3c2

ω2
L

ω2

)
+ v3

0

4 c3

ω2
L

ω2
. (17)

A. Range of frequencies less than Langmuir frequency

We consider three limiting cases. If the frequency of the
incident wave on the plasma does not exceed the Langmuir

FIG. 3. Dependence of the field absolute value in the plasma on
the distance to the plasma boundary with parameters cω/ωLv0 = 3
and cν/ωLv0 = 0.01.
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(a) (b)

FIG. 4. Dependence of the parameter α on the average photoelectron energy ε for (a) Xe and for (b) Kr.

frequency and is not too close to it

ωL − ω � ν

4

(α

3
+ 1

)
, (18)

for the pole (14), which determines the spatial structure of the
field penetrating into the plasma, we obtain

kp(ω) ≡ k′
p(ω) + i k′′

p(ω) ≈ ω2
L

2ωc

(α

3
+ 1

)

× ν√
ω2

L − ω2
+ i

√
ω2

L − ω2

c

(
1 − v2

0

6c2

ω2
L

ω2

)
. (19)

Under the inequalities (12) and (18) the relation k′
p(ω) �

k′′
p(ω) holds, according to which the decrease in the amplitude

of the electric field occurs at distances ∼1/k′′
p(ω), which is

much smaller than the spatial scale of the oscillations of the
field 2π/k′

p(ω). In this case, the characteristic scale of such
oscillations varies inversely with the collision frequency of
photoelectrons. In the same limit, from the expression (17)
we find the surface impedance

Z (ω) = −i
ω√

ω2
L − ω2

(
1 − v2

0

6c2

ω2
L

ω2

)

+
(α

3
+ 1

) ν ω2
L

2
(
ω2

L − ω2
)3/2 + v3

0ω
2
L

4c3ω2
. (20)

Note that the contribution to the field absorption is made only
by the real terms in the expression (20). Substituting (20)
into the absorption coefficient (7), for frequencies (18) not too
close to the plasma we find

A(ω) ≈
(α

3
+ 1

) 2ν√
ω2

L − ω2
+ v3

0

c3

(
ω2

L

ω2
− 1

)
� 1. (21)

In accordance with the inequality (12) and the formula (19),
the relations (20) and (21) hold for

ω � ν, (v0/c)
√

ω2
L − ω2 (22)

and the inequality (18). The absorption coefficient (21) takes
into account two different absorption mechanisms. The first
of them is related to electron collisions and is described by

the proportional ν term in (21). This term behaves as an
increasing function of the incident field frequency and differs
from the known one [34] by the parameter α, which takes
into account the dependence of the collision frequency on a
velocity due to the Ramsauer-Townsend effect. The energy
dependencies of α for xenon and krypton are shown in Fig. 4.
To obtain the graphs in Figs. 4(a) and 4(b) we used the energy
dependencies of the collision frequency given in Figs. 1(a) and
1(b), respectively. In the case of a Xe photoionized plasma
[18], for which ε0 = 2.87 eV, the parameter α/3 ≈ 1.5 > 1.
That is why taking into account the Ramsauer-Townsend
effect leads to an increase in absorption by 2.5 times.

The second term in (21) describes collisionless absorption
arising due to weak spatial dispersion, which decreases with
increasing field frequency. The two terms in the absorp-
tion coefficient A(ω) are comparable when 2ν(α/3 + 1) ∼
(v0/c)3(ω2

L − ω2)3/2
ω−2. According to Figs. 4(a) for Xe and

4(b) for Kr, the parameter (α/3 + 1) in the energy range of
interest from 0.5 to 10 eV varies in the range from 1 to 4 for
Xe and from 1 to 3 for Kr. Therefore, under the conditions
of applicability of the formula (21) [see the inequality (22)],
the absorption due to collisions becomes the main one at
frequencies ν noticeably lower than ω and increases with
increasing ν.

B. Range of frequencies close to Langmuir frequency

In the limit, when the incident wave frequency is close to
the Langmuir frequency and the inequality

|ω − ωL| � ν

4

(α

3
+ 1

)
(23)

holds, from (14) we obtain the following expression for the
wave number, which determines the position of the pole:

kp(ω ≈ ωL ) = 1 + i√
2

√
ωL ν (α/3 + 1)

c
. (24)

According to (24) k′
p(ωL ) = k′′

p(ωL ) and the field decreases
with increasing z at the same distances as its spatial oscilla-
tions. In this case, the effective depth of the field penetration
into the plasma is inversely proportional to

√
ν and greater

than in the case of lower field frequencies (18). From (17) we
find the surface impedance of the photoionized plasma when
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the frequency of the incident wave is close to the Langmuir
frequency

Z (ω ≈ ωL ) = 1 − i√
2

√
ωL

ν

1

α/3 + 1
. (25)

Corrections of order v2
0/c2 are omitted in the expression

(25) and everywhere below. This approach is justified, since
for typical values of photoelectron energy for multiphoton
ionization ε0 ∼ 1 eV the parameter v2

0/c2 ∼ 10−6 � 1. The
absorption coefficient (7) corresponding to the impedance
(25) is due to electron collisions and has the form

A(ω ≈ ωL ) ≈
√

8 ν

ωL

(α

3
+ 1

)
� 1. (26)

A comparison of the expressions (21) and (26) demonstrates
that, within the inequality (12), with increasing frequency ω

of the wave incident on the plasma and especially when it
approaches ωL, the absorption of the wave is enhanced and
accompanied by an increase in the penetration depth into the
plasma. For not abnormally low collision frequencies in the
entire region of the high-frequency skin effect, the dominant
absorption mechanism is electron collisions with gas atoms,
while the collisionless mechanism of energy transfer from the
wave to the photoelectrons associated with spatial dispersion
leads only to small corrections in the absorption coefficient.

C. High-frequency range

With a noticeable excess of the wave incident frequency
over the Langmuir frequency, when

ω − ωL � ν

4

(α

3
+ 1

)
, (27)

from (14) we get

kp(ω) ≡ k′
p(ω) + i k′′

p(ω) ≈
√

ω2 − ω2
L

c

+ i
ω2

L

2ωc

(α

3
+ 1

) ν√
ω2 − ω2

L

. (28)

Thus, in the frequency range (27), the expression (15)
describes a transverse electromagnetic wave propagating
deep into the plasma with a wavelength 2π/k′

p(ω) =
2πc/

√
ω2 − ω2

L much smaller than the characteristic distance
1/k′′

p(ω), at which its amplitude decreases. For the surface
impedance in the frequency range (27) we obtain

Z (ω) = ω√
ω2 − ω2

L

− i

2

(α

3
+ 1

) ν ω2
L(

ω2 − ω2
L

)3/2 . (29)

The absorption coefficient (7) of the incident wave in the
frequency range (27) can be represented as

A(ω) ≈
4ω

√
ω2 − ω2

L(
ω +

√
ω2 − ω2

L

)2
. (30)

As can be seen from (30) A(ω) in the linear approximation
does not depend on the collision frequency of photoelectrons.

FIG. 5. Dependence of the absorption coefficient A(ω) on the
incident field frequency ω.

With increasing ω the absorption coefficient (30) tends to
unity in accordance with the asymptotic formula A(ω) ≈ 1 −
ω4

L/16ω4, ω � ωL. The described behavior of A(ω) reflects
the fact that in the frequency region (27) almost all the energy
of the incident wave passes into the plasma, leading to the
excitation of an electromagnetic wave weakly attenuated in
space.

Figure 5 shows the absorption coefficient for the consid-
ered frequency range of the incident radiation, taking into
account the dependence of the electron collision frequency on
their energy (solid and dashed curves) and without it (dotted
curve). For Fig. 5 the values ν = 0.01ωL, α ≈ 4.47 for Xe,
and α ≈ 5.78 for Kr were used. Such α values correspond
to the average photoelectron energies ε0 = 2.87 eV and ε0 =
2 eV, respectively. The average energies were obtained from
the multiphoton photoelectric effect formula. Three-photon
ionization was chosen for xenon at photon energy h̄� = 5 eV;
four photon was chosen for krypton at photon energy h̄� =
4 eV.

VI. NORMAL SKIN EFFECT

We consider the case when the collision frequency of
electrons with neutral atoms satisfies the inequalities

ν � ω, kv0. (31)

Under these conditions, the permittivity (5) has the form

εtr (ω) = 1 − ω2
L

(ω + iν)2

[
1 + i

(
1 − α

3

) ν

ω

]


 1 + ω2
L

ν2

[
1 + 2i

ω

ν
+ i

(
1 − α

3

) ν

ω

]
. (32)

The presence of an additional coefficient 1 − α/3 allows us
to consider two different limiting cases. If, along with the
inequalities (31), the condition

ν(1 − α/3) � ω (33)
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is satisfied, then the transverse permittivity (32) can be repre-
sented as

εtr (ω) = 1 + i
(

1 − α

3

)ω2
L

ων
(34)

characteristic of a normal skin effect. As can be seen from
Fig. 4(a), for xenon the values of α, for which the range
(33) is realized, lie in the range of energies less than 0.5 eV
and greater than 4 eV. For krypton [see Fig. 4(b)] the values
of α, satisfying the condition (33), correspond to electron
energies less than 0.5 eV and greater than 5 eV. The electrons
distribution of the form (1) with energies greater than 4 eV
or 5 eV can be realized by ionizing the gas with ultraviolet
radiation. The range of energies below 0.5 eV requires addi-
tional consideration, since at such low energies the function
(1) poorly approximates the photoelectron distribution. The
solution of Eq. (9) corresponding to the formula (34) lies in
the first quarter of the complex wave number and, for collision
frequencies in the range (1 − α/3)ω2

L � ων, has the form

kpc ≈ 1 + i√
2

√
(1 − α/3)

ω

ν
ωL. (35)

In this case, the field E1(z) is given by the expression (15),
in which the term containing (v0ωL/ωc)2 is omitted. The
contribution to the full field from E2(z) (11) is less than
from E1(z), if the parameter (v0ωL/cν)3(ω/ν)3/2√1 − α/3 is
small. The surface impedance can be written as

Z (ω) = 1 − i√
2

√
νω

ωL

1√
1 − α/3

. (36)

The absorption coefficient (7) corresponding to the impedance
(36) has the form

A(ω) ≈
√

8νω

ω2
L

1√
1 − α/3

. (37)

Then, when 1 > 1 − α/3 > ω/ν, due to the Ramsauer-
Townsend effect, the absorption increases 1/

√
1 − α/3 times.

VII. PHOTOIONIZED PLASMA—DIELECTRIC

As can be seen from Fig. 4, in inert gases there is the
possibility of realizing the conditions in which

ν � ω � ν(1 − α/3) > 0. (38)

For example, for Xe this possibility is realized at energies
close to ∼0.5 eV or ∼3.5 eV [see Fig. 4(a)], and for Kr at
energies close to ∼0.5 eV or ∼4.5 eV [see Fig. 4(b)]. Under
these conditions, the transverse permittivity has the form

εtr (ω) = ε′ + iε′′ = 1 + ω2
L

ν2

[
1 + 2i

ω

ν
+ i

(
1 − α

3

) ν

ω

]
,

(39)

where ε′ = 1 + ω2
L/ν2 is much greater than ε′′ =

(ω2
L/ν2)[(1 − α/3)ν/ω + 2ω/ν]. The response of a

photoionized plasma to radiation with a frequency ω from the
interval (38) is similar to the response of a dielectric. In this
case, the value of the pole kp lies close to the real axis of the

complex wave number plane and has the form

kpc ∼= ω
√

ε′
(

1 + i
ε′′

2ε′

)
. (40)

The scale of spatial oscillations is ∼c/ω
√

ε′ and significantly
less than the distance 2(c/ω)

√
ε′/ε′′, at which the amplitude

of the electric field decays. From the surface impedance
definition it follows that

Z (ω) ∼= 1√
ε′

(
1 − i

ε′′

2ε′

)
. (41)

Substituting the obtained impedance (41) into the expression
for the absorption coefficient (7), we obtain

A(ω) ∼= 4
√

ε′

(1 + √
ε′)2

=
4ν

√
ν2 + ω2

L(
ν +

√
ν2 + ω2

L

)2
. (42)

For ν � ωL the absorption coefficient is proportional to the
collision frequency and increases to unity at ν � ωL.

VIII. DISCUSSION

Let us discuss some of the conditions under which the
above described regularities of probe radiation interaction
with photoionized plasma can be observed. Since the prop-
erties of plasma formed during the ionization of argon and
xenon atoms differ slightly, let us limit ourselves to the esti-
mates for xenon. We assume that under the influence of a short
pulse of laser radiation on the gas xenon with density of atoms
N = 2.5 × 1017 cm−3 a weakly ionized gas with the energy
of photoelectrons ε0 = 2.87 eV and the degree of ionization
10−3 is formed due to multiphoton ionization. The density of
ions and photoelectrons is n = 2.5 × 1014 cm−3 and the char-
acteristic photoelectron velocity is v0 = (2ε0/m)1/2 = 108

cm/s. Under these conditions, the plasma frequency of elec-
trons is ωL = 0.9 × 1012 s−1, the effective frequency of elec-
tron elastic collisions with neutral atoms according to Fig. 1 is
equal to ν = 4 × 1010 s−1, and the parameter α according to
Fig. 4(a) is 4.47. For comparison, the frequencies of electron-
electron νee and electron-ion νei collisions are given below.
Since ions are single ionized, νee = νei = 4πe4n�/m2v3

0 =
1.5 × 109 s−1. In this estimation for the Coulomb logarithm
the ratio � = ln (ε0v0/ωLe2) = 7.7 is used. The frequency of
electron inelastic collisions with neutral Xe atoms is even less:
νε = (2m/M )ν = 3.3 × 105 s−1. Under the above conditions,
after rapid multiphoton ionization of the Xe atoms in the time
range from 1/ν = 25 ps and up to 1/νee = 0.65 ns, there is
a plasma with nonequilibrium distribution of photoelectrons
of the form (1). If such a plasma is exposed to radiation
with the frequency ω = 0.5 × 1012 s−1, i.e., approximately
0.1 THz, then the inequalities (12) and (18) are satisfied, be-
cause ν � ω as well as kv0 = (v0/c)ωL = 0.3 × 1010 s−1 �
ω and (ν/4)(1 + α/3) = 2.5 × 1010 s−1 � ωL − ω = 0.4 ×
1012 s−1. In this case the absorption coefficient of terahertz
radiation A = 25%, according to (21). Due to the Ramsauer-
Townsend effect, the absorption coefficient has increased by
2.5 times. Slightly different absorption conditions are imple-
mented at test radiation frequency equal to 0.15 THz, that
is, at ω = ωL. In this case, the inequalities (12) are still
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satisfied, as the frequency has increased and the characteristic
wave number k has decreased [see ratio (24)]. Instead of the
inequality (18), the reverse inequality (23) is now realized and
the absorption coefficient is described by the expression (26).
For the above parameters the absorption coefficient is equal to
A = 94%. Due to the Ramsauer-Townsend effect, there was a
relative increase of absorption by a factor of 1.6. The above
estimates relate to the conditions under which the mode of
high-frequency skin-effect is implemented.

Now let us consider the conditions when we can speak
about a normal skin effect. At atmospheric pressure, the
density of xenon atoms is N = 2.5 × 1019 cm−3. We assume
that due to multiphoton ionization of Xe a weakly ionized gas
with the density of ions and electrons n = 2.5 × 1016 cm−3

and the characteristic energy of photoelectrons ε0 = 5 eV
was formed. In this case, α = 1.5, according to Fig. 4(a),
and the elastic collision frequency of photoelectrons with
Xe atoms is ν = 9 × 1012 s−1, according to Fig. 1(a). The
electron-electron collision frequency is νee = 5.4 × 1010 s−1

and plasma frequency is ωL = 9 × 1012 s−1. Under these
conditions in the time range from 1/ν = 0.1 ps and up to
1/νee = 18 ps the distribution of photoelectrons is described
by the expression (1). When such a plasma is exposed to probe
radiation with a frequency ω = 0.5 × 1012 s−1, the normal
skin-effect mode is realized, since the conditions (31) and
(33) are satisfied. The wave number described by the formula
(35) should be used when the condition (31) is checked. As
a result, for the absorption coefficient of the terahertz range
radiation according to the ratio (37) we have the estimate A =
94%. Due to the Ramsauer-Townsend effect the absorption
coefficient has increased by 1.4 times.

Another of the above-mentioned modes of test radiation
interaction with photoionized inert gas plasma is realized
under the conditions when, as before, the density of xenon
atoms is N = 2.5 × 1019 cm−3 and the density of ions and
electrons is n = 2.5 × 1016 cm−3. However, the energy of
photoelectrons is so close to the value ε0 = 4 eV that the
parameter α almost does not differ from 3 [see Fig. 4(a)].
When α = 3, inequalities (38) are easily achievable with
a proper selection of the probe radiation frequency. Under
these conditions, as before, ωL = 9 × 1012 s−1, but the col-
lision frequencies of photoelectrons are different. According
to Fig. 1(a) at ε0 = 4 eV for the elastic collision frequency
of photoelectrons we have ν = 8 × 1012 s−1. The frequency
of electron-electron collisions is slightly higher than in the
case described above νee = 7.1 × 1010 s−1. The time range
in which the photoelectron distribution (1) is implemented
is quite wide: from 1/ν = 0.13 ps to 1/νee = 14 ps. The
influence of spatial dispersion, as can be seen from the ratio
(40), as before, is insignificant. Under these conditions, the
response of photoionized plasma to terahertz radiation, for
example, with a frequency ω = 2 × 1012 s−1 (i.e., 0.3 THz)
is similar to the response of a dielectric which, according to
the ratio (39), has a dielectric constant of ε′ + iε′′ = 2.3 +
i0.63. Finally, for the absorption coefficient described by the
expression (42), we have the estimate A = 96%.

It can be seen from the presented discussion that the
features of the probe radiation interaction with photoionized
inert gas plasma having atmospheric pressure or close to it
are of interest for the study of the terahertz frequency range.

At the ionization of a highly rarefied noble gas, a plasma
with a lower density of photoelectrons is formed. As a result,
the plasma frequency and electron collision frequencies are
reduced. In such conditions, the above described interaction
features of the test radiation are realized in the microwave
range, or at even lower frequencies.

IX. CONCLUSIONS

The features of the monochromatic wave penetration into a
semibounded plasma obtained as a result of multiphoton ion-
ization of inert gas atoms are studied above. An expression for
the permittivity of such a plasma is obtained. The main feature
of this expression is the parameter α—a value determined by
the average photoelectron energy and the type of energy de-
pendence of the scattering transport cross section. The plasma
field is represented in the form of two terms. The first of them
arises from the pole in the upper half-plane of the complex
wave number and the second corresponds to the contribution
from the banks of the cut in the same half-plane. Under the
conditions of the high-frequency skin effect, when the role of
spatial dispersion is small, the second contribution is less than
the first by ∼v2

0ω
2
L/c2ω2 times. Expressions for the surface

impedance and absorption coefficient in different frequency
ranges of the probe wave are obtained: when the frequency
is not close to Langmuir frequency, close to Langmuir fre-
quency, and exceeds Langmuir frequency. Field absorption
is mainly determined by collisions of photoelectrons with
atoms. For frequencies noticeably lower than the Langmuir
frequency, the field decays at a distance ∼c/

√
ω2

L − ω2 , and
the absorption coefficient linearly depends on the collision
frequency. When the field frequency approaches Langmuir’s
one, the effective penetration depth is inversely proportional
to

√
ν and turns out to be significantly larger than in the low-

frequency case. The absorption also increases and depends on
the frequency of collisions like

√
ν. Taking into account the

Ramsauer-Townsend effect leads to an increase in absorption
over the entire range of frequencies under consideration by
(α/3 + 1) times. With a further increase in the frequency,
the length of the transverse electromagnetic wave propagating
in the plasma becomes much smaller than the characteristic
scale of its amplitude attenuation. The absorption coefficient
ceases to depend on the collision frequency in the linear
approximation and tends to unity. The low-frequency field
penetration in the normal skin-effect mode is described. It is
shown that in this mode the absorption coefficient increases
by 1/

√
1 − α/3 times. Finally, conditions are found under

which the properties of a photoionized plasma are similar
to those of a dielectric with a positive real part of the
permittivity ε′ = 1 + ω2

L/ν2 and a small positive imaginary
part ε′′ � ε′. The possibility of realizing the field penetration
regimes described above depends on the ratio of the field
frequency ω, the collision frequency of photoelectrons ν, their
plasma frequency ωL, and how the photoionized plasma is
created. The last one is due to the fact that the character-
istic energies of photoelectrons are set during multiphoton
ionization and the derivative of the effective frequency of
photoelectron collisions with inert gas atoms depends on these
energies.
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